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SUMMARY OF MaAJOR CHANGES SINCE 1998

New single-wavelength and tristimulus spectrophotometric methods were added to Color (2120), and
the section’s material on standard preparation, sample collection, and quality control was revised. Tests
on Sludges (2710) includes a new modified settled sludge volume test using a larger-diameter settling
column and stirring apparatus.

Important changes to Asbestos (2570) include reduction in pore size for filtering samples and
revision of quality control information to be consistent with regulatory requirements.
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This part deals primarily with measurement of the physical
properties of a sample, as distinguished from the concentra-
tions of chemical or biological components. Many of the
determinations included here, such as color, electrical con-
ductivity, and turbidity, fit this category unequivocally. How-
ever, physical properties cannot be divorced entirely from
chemical composition, and some of the techniques of this part
measure aggregate properties resulting from the presence of a
number of constituents. Others, for example, calcium carbon-
ate saturation, are related to, or depend on, chemical tests.
Also included here are tests for appearance, odor, and taste,

INTRODUCTION

which have been classified traditionally among physical prop-
erties, although the point could be argued. Finally, Section
2710, Tests on Sludges, includes certain biochemical tests.
However, for convenience they are grouped with the other
tests used for sludge.

With these minor exceptions, the contents of this part have
been kept reasonably faithful to its name. Most of the methods
included are either inherently or at least traditionally physical, as
distinguished from the explicitly chemical, radiological, biolog-
ical, or bacteriological methods of other parts.

2020 QUALITY ASSURANCE/QUALITY CONTROL

Part 2000 contains a variety of analytical methods, many of
which are not amenable to standard quality-control techniques.
General information on quality control is provided in Part 1000
and specific quality-control techniques are outlined in the indi-
vidual methods. The following general guidelines may be ap-
plied to many of the methods in this part:

Evaluate analyst performance for each method. Determine com-
petence by analyses of samples containing known concentrations.

Calibrate instruments and ensure that instrument measure-
ments do not drift.

Assess the precision of analytical procedures by analyzing at
least 10% of samples in duplicate. Analyze a minimum of one
duplicate with each set of samples.

Determine bias of an analytical procedure in each sample batch
by analysis of blanks, known additions with a frequency of at least
5% of samples, and, if possible, an externally provided standard.

2110 APPEARANCE

To record the general physical appearance of a sample, use
any terms that briefly describe its visible characteristics. These
terms may state the presence of color, turbidity, suspended
solids, organisms and their immature forms, sediment, floating

2120

2120 A.

Color in surface and ground waters results primarily from the
presence of natural organic matter, particularly aquatic humic
matter. Humic matter consists of humic and fulvic acids; both
cause a yellow-brown color. Humic acids give a more intense
color, and the presence of iron intensifies the color through the

* Approved by Standard Methods Committee, 2001.
Joint Task Group: James K. Edzwald (chair), Penny J. Bristol, Brian A, Dempsey,
Darren A. Lytle, David J. Pernitsky, Mike I. Sadar, Jeff Throckmorton.

material, and similar particulate matter detectable by the unaided
eye. Use numerical values when they are available, as for color,
turbidity, and suspended solids.

COLOR*

Introduction
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formation of soluble ferric humates. Suspended particles, espe-
cially colloidal-size particles such as clays, algae, iron and
manganese oxides, give waters an appearance of color; they
should be removed before measurement. Industrial wastewaters
can contain lignins, tannins, dyes, and other organic and inor-
ganic chemicals that cause color. Humic materials and the color
caused by these materials are removed from potable water sup-
plies for aesthetic reasons and for health reasons because they
are precursors in the formation of disinfection by-products.
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Color also is removed to make water suitable for industrial
applications. Colored industrial wastewaters may require color
removal before discharge into watercourses.

1. Definitions

The term “color” is used here to mean true color, that is. the
color of water from which turbidity has been removed. Colloidal
and larger suspended particles scatter light interfering with the
determination of true color measurements in Method B and in
the spectrophotometric procedures of Methods C through F. The
term “apparent color” includes not only color due to substances
in solution, but also that due to suspended matter. Apparent color
is determined on the original sample without filtration. In some
waters and wastewaters, apparent color is contributed principally
by colloidal or suspended material.

2. Selection of Method

Methods B and C are applicable to measurement of color
caused primarily by natural organic matter. The measurements
apply to all surface and ground waters; wastewaters, both do-
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mestic and industrial; and especially potable waters. While all
methods (B through F) are suitable for true color measurements,
for apparent color measurements use only Method B: in such
cases, determine both true color and apparent color. For com-
parison among laboratories, calibrate Method B with Method C.
Methods D through F allow color measurement for any dissolved
chemical that gives the appearance of color in the visible-light
wavelength range. They are especially applicable to colored
waters and wastewaters having color characteristics different
from, but not excluding. platinum-cobalt standards.

3. Bibliography

Brack, A.P. & R.F. Curistman. 1963. Characteristics of colored surface
waters. J. Amer. Water Works Assoc. 55:753.

Crristvan, R.F. & M. Guassemt. 1966. Chemical nature of organic
color in water. J. Amer. Water Works Assoc, 58:723.

Trurman, EXM. 1985, Organic Geochemistry of Natural Waters. Mar-
tinusNijhoff/Dr. W. Junk Publishers, Dordrecht, Netherlands.
Sawver, C.N., P.O. McCarty & G.F. ParkiN. 1994, Chemistry for
Environmental Engineering, 4th ed. McGraw-Hill, Inc.. New York,

N.Y.

2120 B. Visual Comparison Method

1. General Discussion

a. Principle: Color is determined by visual comparison of the
sample with known concentrations of colored solutions. Com-
parison also may be made with special, properly calibrated glass
color disks. The platinum-cobalt method of measuring color is
the standard method, the unit of color being that produced by |
mg platinum/L in the form of the chloroplatinate ion. The ratio
of cobalt to platinum given ( 3b) matches the color of natural
waters.

b. Application: The platinum-cobalt method is applicable to
natural waters, potable waters, and to wastewaters, both domes-
tic and industrial.

c. Interference: Even a slight turbidity causes the apparent color
to be noticeably higher than the true color; therefore remove tur-
bidity by the filtration procedure described in Method C.

The color value of water is extremely pH-dependent and
invariably increases as the pH of the water is raised. When
reporting a color value, specify the pH at which color is deter-
mined. For research purposes. or when color values are to be
compared among laboratories, determine the color response of a
given water over a wide range of pH values.'

d. Field method: Because the platinum-cobalt standard method
is not convenient for field use, compare water color with that of
glass disks held at the end of metallic tubes containing glass
comparator tubes filled with sample and colorless distilled water.
Malch sample color with the color of the tube of clear water plus
the calibrated colored glass when viewed by looking toward a
white surface. Calibrate each disk to correspond with the colors
on the platinum-cobalt scale. The glass disks give results in
substantial agreement with those obtained by the platinum-cobalt
method and their use is recognized as a standard field procedure.

e. Nonstandard laboratory methods: Using glass disks or
liquids other than water as standards for laboratory work is
permissible only if these have been individually calibrated
against platinum-cobalt standards. Waters of highly unusual
color, such as those that may occur by mixture with certain
industrial wastes, may have hues so far removed from those of
the platinum-cobalt standards that comparison by the standard
method is difficult or impossible. For such waters. use the
methods in Sections 2120C through F. However, results so
obtained are not directly comparable to those obtained with
platinum-cobalt standards.

2. Apparatus

a. Nessler tubes. matched, 50-mL., tall form.

b. pH meter. for determining sample pH (see Section 4500-H ™),

c. Filter and filter assembly (for true color measurements):
Use a 0.45-pm-pore-diam cellulose membrane filter of 22 or 47
mm diam. Glass fiber filters also can be used. Rinse filters before
use and monitor filter blanks. Smaller-pore filters of 0.2 or 0.22
pm or even ultrafiltration may be needed to remove colloidal
particles for certain samples such as Mn or Fe oxides or other
colloids. Use a glass, TFE. or stainless steel assembly to hold the
selected filters.

3. Reagents

a. Organic-free water: Type | reagent water (see Section
1080) or equivalent water. Use for all standard preparation and
other procedures,

b. Potassium chloroplatinate, K,PtCl,, analytical grade.

c. Cobaltous chloride, CoCl,*6H,0, analytical grade.
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d. Hydrochloric acid, HC], analytical grade.
e. Sodium hydroxide, NaOH, analytical grade.

4. Preparation of Standards

Dissolve 1.246 g potassium chloroplatinate and 1.00 g crys-
tallized cobaltous chloride in water with 100 mL conc HCI and
dilute to 1000 mL. This stock solution has a color of 500 color
units (CU). Platinum-cobalt standards of 500 CU are available
commercially, and are suitable for use as the primary standard.

Prepare standards having CU of 5, 10, 15, 20, 25, 30, 40, 50,
and 100 by diluting 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, 10.0, and 20.0 mL
stock color standard with water in 100-mL volumetric flasks.
Transfer to nessler tubes for use as standards. Protect standards
against evaporation and contamination when not in use. Keep in
the dark when not in use, and keep only for 1 month.

5. Procedure

a. Sample collection: Collect samples in acid-washed amber
glass bottles or plastic bottles covered to keep out light. Rinse
bottles once with sample before filling bottle with sample. Pref-
erably take a sample of at least 100 mL. Analyze sample within
24 h of collection. Keep samples cold until analysis, and warm
them up to room temperature before measurement.

b. Sample preparation: Check sample pH. If outside the range of
4 to 10, preferably adjust sample to pH 7 and note the adjustment.

If true color is to be measured, wash membrane filter and filter
assembly by passing at least 50 mL water through filter. Filter
about 25 mL sample and discard filtrate. Filter a further portion
of about 50 mL through the same filter and retain for analysis.

¢. Sample measurement: Observe sample color by filling a
matched nessler tube to the 50-mL mark with sample and com-
paring it with standards. Look vertically downward through
tubes toward a white or specular surface placed at such an angle
that light is reflected upward through the columns of liquid. If
turbidity is present and has not been removed, report as “‘appar-
ent color.” If the color exceeds 100 units, dilute sample in known
proportions until the color is within the range of the standards.

6. Calculation

a. Calculate color units (CU) by the following equation:
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A %X 50

Color =

where:
A = estimated color of a diluted sample and
B = mL sample taken for dilution.

b. The correct units for true color are CU. One CU is equiv-
alent to one Hazen unit and to one Pt-Co unit. If samples are not
filtered, report data as Apparent CU. Report color results in
whole numbers and record as follows:

CuU Record to Nearest
1-50 1
51-100 5
101-250 10
251-500 20

¢. Report sample pH.

7. Quality Control

a. Replicate measurements: Use at least two portions of fil-
tered sample.

b. Duplicate analyses: Analyze every tenth sample in dupli-
cate (i.e., duplicating the entire procedure) to assess method
precision.

c. Pre-programmed spectrophotometers: For spectrophotom-
eters with pre-programmed calibration curves, verify calibration
curve regularly with the platinum-cobalt standards prepared un-
der 2120C.4, and adjust pre-programmed curves as needed.

8. Reference

1. BLack, A.P. & R.F. CHristTMaNn. 1963. Characteristics of colored
surface waters. J. Amer. Water Works Assoc. 55:753.

9. Bibliography

CuristvAN, RF. & M. Guassemi. 1966. Chemical nature of organic
color in water. J. Amer. Water Works Assoc. 58:723.

Sawver, C.N., P.L. McCarty & G.F. Parkmv. 1994. Color. In Chemistry
for Environmental Engineering. 4th ed., Chap. 14. McGraw Hill,
New York, N.Y.

2120 C. Spectrophotometric - Single-Wavelength Method (PROPOSED)

1. General Discussion

a. Principle: Color is determined spectrophotometrically at a
wavelength between 450 and 465 nm, with platinum-cobalt
solutions as standards.'™ True color of real samples and plati-
num-cobalt standards follows Beer’s Law.

b. Application: The spectrophotometric platinum-cobalt

method is applicable to natural waters, potable waters, and
wastewaters, both domestic and industrial.

c. Interference: The primary interference is from the presence
of colloidal and suspended particles that absorb or scatter light at
the wavelength of the spectrophotometric method. While in
Method 2120B color measurements can be made without re-
moval of particulate matter as long as they are reported as
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“Apparent CU”, Method C requires removal of particulate matter
before color determination.

Light absorbance of organic matter depends on pH: however, the
variation in absorbance is small for the pH range of most waters.
Because color measurements are made for aesthetic reasons, pref-
erably do not adjust sample pH as long as it is between 4 and 10. If
pH is adjusted, adjust to 7. and note. Further, pH can affect the
solubility of substances, which can then interfere with the color
measurement if particulate matter is formed.

d. Method detection level: The minimum detectable color
depends on the cell path length. Choose a cell size that provides
an absorbance within the range that results in good accuracy and
linearity of response. This range depends on the quality of the
spectrophotometer. If a 50-mm cell is used in the wavelength
range of 450 to 465 nm, then an absorbance of 0.005 yields a
minimum detectable color of 1 CU. With newer spectrophotom-
eters, a method detection level of 2 CU can be obtained with a
path length of 25 mm. Dilute samples with high color to fall
within the range of the standard curve. Absorbance readings
should fall within the range of 0.005 to 0.8.

2. Apparatus

a. Spectrophotometer: Choose a wavelength between 450 and
465 nm. Use matched glass cells providing a light path of at least
25 mm. Cells with path lengths of 40, 50, or 100 mm may be
used. Beer's Law allows flexibility in selecting the cell path
length.

b. Filter and filter assembly: See 2120B.2¢.

3. Reagents
See Section 2120B.3.
4. Preparation of Standards

Prepare stock color solution of 500 CU according to
2120B 4.

Prepare standards having CU of 5, 10, 15, 20, 30, 40, 50,
and 100 by diluting 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, 10.0, and 20.0 mL
stock color standard with water in 100-mL volumetric flasks.
Protect standards against evaporation and contamination when
not in use. Keep in the dark when not in use, and keep for only
I month.

2120 D. Spectrophotometric

1. General Discussion

a. Principle: The color of a filtered sample is expressed in terms
that describe the sensation realized when viewing the sample, The
hue (red, green, yellow, etc.) is designated by the term “dominant
wavelength,” the degree of brightness by “luminance,” and the
saturation (pale, pastel, etc.) by “purity.” These values are best
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5. Spectrophotometric Standard Curve

Let spectrophotometer warm up according to manufacturer’s
instructions. Choose a wavelength between 450 and 465 nm to
develop the standard curve; a good choice is 456 nm. The
absorbance of Pt-Co has a broad maximum absorbance within
this wavelength range. Use matched spectrophotometer cells.
Fill one cell with water to zero the instrument. Read absorbance
for each color standard, and prepare a standard curve of CU
versus absorbance.

Pre-programmed color curves are available with some spec-
trophotometers. The curves can be verified by use of the stan-
dards prepared in 2120C 4.

6. Procedure

a. Sample collection: See 2120B.5a.

b. Sample preparation: See 2120B.5h. Always filter sample.

G S]J(f('.’I’C){?I?Df(?”l(’frf(‘ measurement: Let SPCCU’OPI‘IO[OHIE[CT
warm up according to manufacturer’s instructions. Set wave-
length at same setting used to develop the standard curve: be sure
that the cell path length is the same as that used for the standard
curve. Fill one spectrophotometer cell with water and zero the
instrument. Rinse the other cell with sample and then refill. Place
cell in spectrophotometer and read absorbance. Repeat for re-
maining samples. Determine sample color using absorbance
readings and standard curve relating absorbance and CU. For
spectrophotometers with pre-programmed calibration curves for
color, zero instrument and take sample measurements according
to manufacturer’s instructions.

7. Quality Control

See 2120B.7.

8. References

I. CrowtHER, J. & J. Evans. 1981, Estimating color in Hazen units by
spectrophotometry. J. Amer. Waier Works Assoc. 73:265.

2. Bennerr, L. & M. Drixas. 1993, The evaluation of color in natural
waters. Water Res. 27:1209.

3. Honove, D. & G. Akesson. 1996, Spectrophotometric determination
of water colour in Hazen units, Water Res. 30:2771.

- Multi-Wavelength Method

determined [rom the light transmission characteristics of the filtered
sample by means of a spectrophotometer.
b. Application: This method is applicable to potable and
surface waters and to wastewalters, both domestic and industrial.
d. Interference: The primary interference is from the pres-
ence of colloidal and suspended particles that absorb or
scatter light.
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TapLe 2120:1. SELECTED ORDINATES FOR SPECTROPHOTOMETRIC COLOR
DETERMINATIONS*

X ¥ Zz
Ordinate Wavelength
No. nm
1 4244 465.9 414.1
2 435.5* 489.5% 422.2*
3 4439 500.4 4263
4 452.1 508.7 4294
g* 461.2* 5152¥ 432.0%
6 474.0 520.6 4343
7 531.2 5254 436.5
B 544.3% 529.8* 438.6*
9 552.4 533.9 440.6
10 558.7 537.7 442.5
11#* 564.1* 541.4* 444 41
12 568.9 544.9 446.3
13 573.2 548.4 448.2
14* 577.4% 551.8*% 450.1
15 581.3 555.1 452.1
16 585.0 558.5 454.0
17* 588.7* 561.9% 455.9*
18 592.4 565.3 457.9
19 596.0 568.9 459.9
20% 599.6% ST2.5% 462.0%
21 603.3 576.4 464.1
22 607.0 5804 466.3
23* 610.9% 584.8% 468.7*
24 615.0 589.6 471.4
25 619.4 594.8 4743
26* 624.2% 600.8* 477.7*
27 629.8 607.7 481.8
28 636.6 616.1 487.2
29+ 645.9% 627.3* 495.2%
30 663.0 647.4 511,2

Factors when 30 Ordinates Used

0.032 69 0.033 33 0.039 38
Factors when 10 Ordinates Used
0.098 06 0.100 00 0.118 14

* Insert in each column the transmittance value (%) corresponding to the wave-
length shown, Where limited accuracy is sufficient, use only the ordinates marked
with an asterisk.

2. Apparatus

a. Spectrophotometer, having absorption cells of a minimum
of 10 mm, a narrow (l0-nm or less) spectral band, and an
effective operating range from 400 to 700 nm.

b. Filter: See 2120B.2c¢.

3. Procedure

a. Sample preparation: Bring two 50-mL samples to room
temperature. Use one sample at the original pH; adjust pH of the
other to 7.0 by using sulfuric acid (H,SO,) and sodium hydrox-
ide (NaOH) of such concentrations that the resulting volume
change does not exceed 3%. A standard pH is necessary because
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of the variation of color with pH. Remove particulate matter
from samples before color determination (see 2120B.5b).

b. Determination of light transmission characteristics: Thor-
oughly clean 1-cm absorption cells. Rinse twice with filtered
sample. and fill cell with filtered sample.

Determine transmittance values (in percent) at each visible
wavelength value presented in Table 2120:1. using the 10 ordi-
nates marked with an asterisk for fairly accurate work and all 30
ordinates for increased accuracy. Set instrument to read 100%
transmittance on the distilled water blank and make all determi-
nations with a narrow spectral band.

4. Calculation

a. Tabulate transmittance values corresponding to wave-
lengths shown in Columns X, ¥, and Z in Table 2120:1. Total
each transmittance column and multiply totals by the appropriate
factors (for 10 or 30 ordinates) shown at the bottom of the table,
to obtain tristimulus values X, ¥, and Z. The tristimulus value Y
is percent luminance.

b. Calculate the trichromatic coefficients x and y from the
tristimulus values X, ¥, and Z by the following equations:

X

X+ P+ 2

B y
Y x+v+2z

Locate point (x, y) on one of the chromaticity diagrams in
Figure 2120:1 and determine the dominant wavelength (in nano-
meters) and the purity (in percent) directly from the diagram.

Determine hue from the dominant-wavelength value, accord-
ing to the ranges in Table 2120:11.

5. Expression of Results
Express color characteristics (at pH 7.0 and at the original pH)
in terms of dominant wavelength (nanometers, to the nearest

unit), hue (e.g., blue, blue-green, etc.), luminance (percent, to the
nearest tenth), and puriry (percent, to the nearest unit). Report

TapLe 2120:11. CoLor HUES FOR DOMINANT WAVELENGTH RANGES

Wavelength Range

nm Hue
400465 Violet
465-482 Blue
482497 Blue-green
497-530 Green
530-575 Greenish yellow
575-580 Yellow
580-587 Yellowish orange
587-598 Orange
598-620 Orange-red
620-700 Red
400-530c* Blue-purple

530¢-700% Red-purple

*See Figure 2120:1 for significance of “c”.
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type of instrument (i.e., spectrophotometer), number of selected
ordinates (10 or 30), and the spectral band width (nanometers)
used.

2<T

6. Bibliography

Harpy, A.C. 1936. Handbook of Colorimetry. Technology Press, Bos-
ton, Mass.

2120 E. Tristimulus Spectrophotometric Method

1. General Discussion

a. Principle: Tristimulus values are a set of three numbers
obtained from a spectrophotometer or colorimeter that, when
combined in various ways, describe how the human eye per-
ceives a given color. Calculations using the three tristimulus
values typically are used to define the color of a specimen for
color matching specifications or for routine control purposes.

The percentage of tristimulus light transmitted by the solution
is determined and the transmittance values are then converted to
trichromatic coefficients and color characteristic values.

b. Application: This method is applicable to potable and
surface waters and to domestic and industrial wastewaters.

c. Interference: See Section 2120C.1c.

2. Apparatus

a. Spectrophotometer with narrow spectral band width (10 nm
or less), an effective operating range of 380 to 780 nm, and a
tungsten lamp light source. Instrument must be able to obtain
transmittance values at a multitude of wavelengths and calculate
tristimulus values X, Y. and Z' to produce a final color result.*
Calibrate calculation algorithm software against platinum-cobalt
standard reference.

b. Spectrophotometer cells, 1 cm.

¢. Filtering apparatus and filter: See 2120 B.2¢.

* Hach DR/4000 Spectrophotometer, Program No. 1666, or equivalent.

3. Procedure

a. Sample collection: See 2120B.3a.

b. Sample preparation: Filter turbid samples according to
2120B.5b.

c. Spectrophotometric measurement: Let spectrophotometer
warm up in accordance with manufacturer’s directions. Set in-
strument to pre-programmed calibration curve for tristimulus
color. Zero instrument and perform measurements according to
manufacturer’s method directions. Express results as prescribed
in 2120D.5.

Alternatively, obtain tristimulus values for color by a pub-
lished computation method.'

4. Quality Control
See Section 2120B.7.
5. Reference

1. AMERICAN SOCIETY FOR TESTING AND MATERIALS. 1995, Standard prac-
tice for computing the colors of objects by using the CIE system.
E308-95, ASTM Standards on Color and Appearance Measurement,
5th ed. American Soc. Testing & Materials, West Conshohocken, Pa.

6. Bibliography

Hacu Company. 1999, Hach DR/4000 Spectrophotometer Procedures
Manual, 9th ed. Hach Co., Loveland, Colo.

2120 F. ADMI Weighted-Ordinate Spectrophotometric Method

1. General Discussion

a. Principle: Three properties describe color: hue, chroma,
and value. Hue is the “color” (blue or red, for example);
chroma is the intensity, brightness, or dullness of color; and
value is the amount, or lightness or darkness, of color. In
accordance with Adams-Nickerson chromatic value formula,’'
this method calculates single-number color difference values,
i.e., uniform color differences. For example, if two colors, A
and B, are judged visually to differ from colorless to the same
degree, their ADMI color values will be the same.” Values are
independent of chroma and hue. Spectrophotometrically,
transmittance is measured at multiple wavelengths and con-
verted to a set of abstract numbers, which then are converted

to a single number that indicates color value. This number is
expressed on a scale used by the American Dye Manufactur-
ers Institute (ADMI).”

b. Applications: This method is applicable to colored waters
and wastewaters having color characteristics significantly differ-
ent from, but not excluding, platinum-cobalt standards.

c. Interferences: See Section 2120C.1.c.

2. Apparatus

a. Spectrophotometer, with narrow spectral band width (10 nm
or less), an effective operating range of 400 nm to 700 nm and
a tungsten lamp light source. Instrument must be able to obtain
transmittance values at a multitude of wavelengths and calculate
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tristimulus (ordinate) values, preferably by using the weighted-
ordinate method.* Calibrate calculation algorithm software
against platinum-cobalt standard reference.

b. Spectrophotometer cells, 1 cm.

c. Filtering apparatus and filter: See 2120B.2¢.

3. Procedure

a. Sample collection: See 2120B.5a4.

b. Sample preparation: Prepare two 100-mL sample portions,
one at the original pH and one at pH 7.0. Filter turbid samples
according to 2120B.55.

c. Spectrophotometric measurement: Let spectrophotometer
warm up in accordance with the manufacturer’s instruction. Set
instrument to pre-programmed calibration curve for ADMI
Weighted Ordinate Method. Zero instrument and take measure-
ments of original and pH-adjusted samples according to manu-

* Hach DR/M000 Spectrophotometer. Program No. 1660, or equivalent,

PHYSICAL & AGGREGATE PROPERTIES (2000)

facturer’s directions. Express results as prescribed in 2120C.6¢
for both original and pH-adjusted samples.

Alternatively, obtain ADMI weighted-ordinate values for
color by a published computation method.”

4. Quality Control

See Section 2120B.7.

5. References

I. McLaren, K. 1970. The Adams-Nickerson colour-difference for-
mula. J. Soc. Dyers Colorists 86:354.

2. ALLEN, W., W.B. PrescorT, R.E. DErBY, C.E. GARLAND, J.M. PERET &
M. SaLtzman. 1973, Determination of color of water and wastewater
by means of ADMI color values. Proc. 28th Ind. Waste Conf., Purdue
Univ., Eng. Ext. Ser. No. 142:661.

6. Bibliography
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2130 TURBIDITY*

2130 A.

1. Sources and Significance

Clarity of water is important in producing products destined
for human consumption and in many manufacturing operations.
Beverage producers, food processors, and potable water treat-
ment plants drawing from a surface water source commonly rely
on fluid-particle separation processes such as sedimentation and
filtration to increase clarity and insure an acceptable product.
The clarity of a natural body of water is an important determi-
nant of its condition and productivity.

Turbidity in water is caused by suspended and colloidal
matter such as clay, silt. finely divided organic and inorganic
matter, and plankton and other microscopic organisms. Tur-
bidity is an expression of the optical property that causes light
to be scattered and absorbed rather than transmitted with no
change in direction or flux level through the sample. Corre-
lation of turbidity with the weight or particle number concen-
tration of suspended matter is difficult because the size, shape.
and refractive index of the particles affect the light-scattering
propertics of the suspension. When present in significant
concentrations, particles consisting of light-absorbing mate-
rials such as activated carbon cause a negative interference. In
low concentrations these particles tend to have a positive
influence because they contribute to turhidity. The presence of
dissolved, color-causing substances that absorb light may

* Approved by Standard Methods Committee, 2001,

Joint Task Group: 20th Edition—Raymond D. Letterman (chair), John A. Ar-
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Introduction

cause a negative interference. Some commercial instruments
may have the capability of either correcting for a slight color
interference or optically blanking out the color effect.

2. Selection of Method

Historically. the standard method for determination of turbidity
has been based on the Jackson candle trbidimeter; however, the
lowest turbidity value that can be measured directly on this device
is 25 Jackson Turbidity Units (JTU). Because turbidities of water
treated by conventional fluid-particle separation processes usually
fall within the range of 0 to 1 unit, indirect secondary methods were
developed to estimate turbidity. Electronic nephelometers are the
preferred instruments for turbidity measurement.

Most commercial turbidimeters designed for measuring low
turbidities give comparatively good indications of the intensity
of light scattered in one particular direction, predominantly at
right angles to the incident light. Turbidimeters with scattered-
light detectors located at 90° to the incident beam are called
nephelometers. Nephelometers are relatively unaffected by small
differences in design parameters and therefore are specified as
the standard instrument for measurement of low turbidities.
Instruments of different make and model may vary in response.
However, interinstrument variation may be effectively negligible

T Nephelometers that instrument manufacturers claim meet the design specifica-
tions of this method may not give the same reading for a given suspension, even
when each instrument has been calibrated using the manufacturer’'s manual. This
differential performance is especially important when measurements are made for
regulatory purposes. Consult regulatory autherities when selecting a nephefometer
to be used for making measurements that will be reported for regulatory purposes.
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if good measurement technigues are used and the characteristics
of the particles in the measured suspensions are similar. Poor
measurement technique can have a greater effect on measure-
ment error than small differences in instrument design. Turbi-
dimeters ol nonstandard design, such as forward-scattering de-
vices, may be more sensitive than nephelometers to the presence
of larger particles. While it may not be appropriate to compare
their output with that of instruments of standard design, they still
may be useful for process monitoring.

An additional cause of discrepancies in turbidity analysis is
the use of suspensions of different types of particulate matter for
instrument calibration. Like water samples, prepared suspen-
sions have different optical properties depending on the particle
size distributions, shapes, and refractive indices. A standard
reference suspension having reproducible light-scattering prop-
erties is specified for nephelometer calibration.
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Its precision, sensitivity, and applicability over a wide
turbidity range make the nephelometric method preferable to
visual methods. Report nephelometric measurement results as
nephelometric turbidity units (NTU).

3. Storage of Sample

Determine turbidity as soon as possible after the sample is
taken. Gently agitate all samples before examination to ensure a
representative measurement. Sample preservation is not practi-
cal; begin analysis promptly. Refrigerate or cool to 4°C, to
minimize microbiological decomposition of solids, if storage is
required. For best results, measure turbidity immediately without
altering the original sample conditions such as temperature or
pH.

2130 B. Nephelometric Method

1. General Discussion

a. Principle: This method is based on a comparison of the
intensity of light scattered by the sample under defined conditions
with the intensity of light scattered by a standard reference suspen-
sion under the same conditions. The higher the intensity of scattered
light, the higher the turbidity. Formazin polymer is used as the
primary standard reference suspension. The turbidity of a specified
concentration of formazin suspension is defined as 4000 NTU.

b. Interference: Turbidity can be determined for any water
sample that is free of debris and rapidly settling coarse sediment.
Dirty glassware and the presence of air bubbles give false results.
“True color.” i.e., water color due to dissolved substances that
absorb light, causes measured turbidities to be low. This effect
usually is not significant in treated water.

2. Apparatus

a. Laboratory or process nephelometer consisting of a light
source for illuminating the sample and one or more photoelectric
detectors with a readout device to indicate intensity of light scat-
tered at 90° to the path of incident light. Use an instrument designed
to minimize stray light reaching the detector in the absence of
turbidity and to be free from significant drift after a short warmup
period. The sensitivity of the instrument should permit detecting
turhidity differences of 0.02 NTU or less in the lowest range in
waters having a turbidity of less than 1 NTU. Several ranges may be
necessary to obtain both adequate coverage and sufficient sensitivity
for low turbidities. Differences in instrument design will cause
differences in measured values for turbidity even though the same
suspension is used for calibration. To minimize such differences,
observe the following design criteria:

1) Light source—Tungsten-filament lamp operated at a color
temperature between 2200 and 3000°K,

2) Distance traversed by incident light and scattered light
within the sample tube—Total not to exceed 10 cm.

3) Angle of light acceptance by detector—Centered at 90° to
the incident light path and not to exceed *£30° from 90°. The
detector and filter system, if used. shall have a spectral peak
response between 400 and 600 nm.

b. Sample cells: Use sample cells or tubes of clear, colorless
glass or plastic. Keep cells scrupulously clean. both inside and
out, and discard if scratched or etched. Never handle them where
the instrument’s light beam will strike them. Use tubes with
sufficient extra length, or with a protective case, so that they may
be handled properly. Fill cells with samples and standards that
have been agitated thoroughly and allow sufficient time for
bubbles to escape.

Clean sample cells by thorough washing with laboratory soap
inside and out followed by multiple rinses with distilled or
deionized water; let cells air-dry. Handle sample cells only by
the top to avoid dirt and fingerprints within the light path.

Cells may be coated on the outside with a thin layer of silicone oil
to mask minor imperfections and scratches that may contribute to
stray light. Use silicone oil with the same refractive index as glass.
Avoid excess oil because it may attract dirt and contaminate the
sample compartment of the instrument. Using a soft, lint-free cloth,
spread the oil uniformly and wipe off excess. The cell should appear
to be nearly dry with little or no visible oil.

Because small differences between sample cells significantly
impact measurement, use either matched pairs of cells or the
same cell for both standardization and sample measurement.

3. Reagents

a. Dilution water: High-purity water will cause some light
scattering, which is detected by nephelometers as turbidity, To
obtain low-turbidity water for dilutions, nominal value 0.02
NTU. pass laboratory reagent-grade water through a filter with
pore size sufficiently small lo remove essentially all particles
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larger than 0.1 pwm:* the usual membrane filter used for bacte-
riological examinations is not satisfactory. Rinse collecting flask
at least twice with filtered water and discard the next 200 mL.

Some commercial bottled demineralized waters have a low
turbidity. These may be used when filtration is impractical or a
good grade of water is not available to filter in the laboratory.
Check trbidity of bottled water to make sure it is lower than the
level that can be achieved in the laboratory.

b. Stock primary standard formazin suspension:

I) Solution [—Dissolve 1.000 g hydrazine sulfate,
(NH,);"H,SO,. in distilled water and dilute to 100 mL in a
volumetric flask. Cavtion: Hydrazine sulfate is a carcinogen;
avoid inhalation, ingestion, and skin contact. Formazin suspen-
stons can contain residual hydrazine sulfate.

2) Solution II—Dissolve 10.00 g hexamethylenetetramine,
(CH,)gNy, in distilled water and dilute to 100 mL in a volumetric
flask.

3) In a flask, mix 5.0 mL Solution 1 and 5.0 mL Solution 11
Let stand for 24 h at 25 + 3°C. This results in a 4000-NTU
suspension. Transfer stock suspension to an amber glass or other
UV-light-blocking bottle for storage. Make dilutions from this
stock suspension. The stock suspension is stable for up to 1 year
when properly stored.

¢. Dilute turbidity suspensions: Dilute 4000 NTU primary
standard suspension with high-quality dilution water. Prepare
immediately before use and discard after use.

d. Secondary standards: Secondary standards are standards
that the manufacturer (or an independent testing organization)
has certified will give instrument calibration results equiva-
lent (within certain limits) to the results obtained when the
instrument is calibrated with the primary standard. i.e., user-
prepared formazin. Various secondary standards are available
including: commercial stock suspensions of 4000 NTU
formazin, commercial suspensions of microspheres of sty-
rene-divinylbenzene copolymer.© and items supplied by in-
strument manufacturers, such as sealed sample cells filled
with latex suspension or with metal oxide particles in a
polymer gel. The U.S. Environmental Protection Agency'
designates user-prepared formazin, commercial stock forma-
zin suspensions, and commercial styrene-divinylbenzene sus-
pensions as “primary standards.” and reserves the term “sec-
ondary standard”™ for the sealed standards mentioned above.

Secondary standards made with suspensions of microspheres
of styrene-divinylbenzene copolymer typically are as stable as
concentrated formazin and are much more stable than diluted
formazin. These suspensions can be instrument-specific; there-
fore, use only suspensions formulated for the type of nephelom-
eter being used. Secondary standards provided by the instrument
manufacturer (sometimes called “permanent” standards) may be
necessary to standardize some instruments before cach reading
and in other instruments only as a calibration check to determine
when calibration with the primary standard is necessary.

All secondary standards, even so-called “permanent” stan-
dards, change with time. Replace them when their age exceeds
the shelf life. Deterioration can be detected by measuring the

* Nuclepore Corp.. 7035 Commerce Circle, Pleasanton. CA, or equivalent.
T AMCO-AEPA-1 Standard., Advanced Polymer Systems, 3696 Haven Ave..
Redwood City, CA, or equivalent.
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turbidity of the standard after calibrating the instrument with a
fresh formazin or microsphere suspension. If there is any doubt
about the integrity or turbidity value of any secondary standard,
check instrument calibration first with another secondary stan-
dard and then, if necessary. with user-prepared formazin. Most
secondary standards have been carefully prepared by their man-
ufacturer and should, if properly used, give good agreement with
formazin. Prepare formazin primary standard only as a last
resort. Proper application of secondary standards is specific for
each make and model of nephelometer. Not all secondary stan-
dards have to be discarded when comparison with a primary
standard shows that their turbidity value has changed. In some
cases, the secondary standard should be simply relabeled with
the new turbidity value. Always follow the manufacturer’s di-
rections.

4. Procedure

a. General measurement technigues: Proper measurement (ech-
nigues are important in minimizing the effects of instrument vari-
ables as well as stray light and air bubbles. Regardless of the
instrument used, the measurement will be more accurate, precise,
and repeatable if close attention is paid 1o proper measurement
techniques.

Measure turbidity immediately to prevent (emperature
changes and particle flocculation and sedimentation from chang-
ing sample characteristics. If focculation is apparent. break up
aggregates by agitation. Avoid dilution whenever possible. Par-
ticles suspended in the original sample may dissolve or other-
wise change characteristics when the temperature changes or
when the sample is diluted.

Remove air or other entrained gases in the sample before
measurement. Preferably degas even it no bubbles are visible.
Degas by applying a partial vacuum, adding a nonfoaming-type
surfactant, using an ultrasonic bath, or applying heat. In some
cases, two or more of these techniques may be combined for
more effective bubble removal. For example, it may be neces-
sary to combine addition of a surfactant with use of an ultrasonic
bath for some severe conditions. Any of these techniques, if
misapplied, can alter sample turbidity; use with care. If degas-
sing cannot be applied, bubble formation will be minimized if
the samples are maintained at the temperature and pressure of the
water before sampling.

Do not remove air bubbles by letting sample stand for a period of
time because during standing, turbidity-causing particulates may
settle and sample temperature may change. Both of these conditions
alter sample turbidity, resulting in a nonrepresentative measure-
ment.

Condensation may occur on the outside surface of a sample
cell when a cold sample is being measured in a warm, humid
environment. This interferes with turbidity measurement. Re-
move all moisture from the outside of the sample cell before
placing the cell in the instrument. If fogging recurs, let sample
warm slightly by letting it stand at room temperature or by
partially immersing it in a warm water bath for a short time.
Make sure samples are again well mixed.

b. Nephelometer calibration: Follow the manufacturer’s op-
erating instructions. Run at least one standard in each instrument
range to be used. Make certain the nephelometer gives stable
readings in all sensitivity ranges used. Follow techniques out-
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lined in {s 2b and 4a for care and handling of sample cells,
degassing, and dealing with condensation.

c. Measurement of turbidity: Gently agitate sample. Wait
until air bubbles disappear and pour sample into cell. When
possible, pour well-mixed sample into cell and immerse it in
an ultrasonic bath for 1 to 2 s or apply vacuum degassing,
causing complete bubble release. Read turbidity directly from
instrument display.

d. Calibration of continuous turbidity monitors: Calibrate con-
tinuous turbidity monitors for low turbidities by determining tur-
bidity of the water flowing out of them, using a laboratory-model
nephelometer, or calibrate the instruments according to manufac-
turer’s instructions with formazin primary standard or appropriate
secondary standard.

5. Interpretation of Results

Report turbidity readings as follows:

Report to the
Turbidity Range Nearest
NTU NTU
0-1.0 0.05
1-10 0.1
1040 1
40-100 )
100400 10
400-1000 50
>1000 100

When comparing water treatment efficiencies, do not esti-
mate turbidity more closely than specified above. Uncertain-

2150

2150 A.

1. Discussion

Odor, like taste, depends on contact of a stimulating substance
with the appropriate human receptor cell. The stimuli are chem-
ical in nature and the term “chemical senses” often is applied to
odor and taste. Water is a neutral medium, always present on or
at the receptors that perceive sensory response. In its pure form,
water is odor-free. Man and other animals can avoid many
potentially toxic foods and waters because of adverse sensory
response. These senses often provide the first warning of poten-
tial hazards in the environment.

* Approved by Standard Methods Committee, 1997.
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ties and discrepancies in turbidity measurements make it
unlikely that results can be duplicated to greater precision
than specified.
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ODOR*

Introduction

Odor is recognized' as a quality factor affecting acceptabil-
ity of drinking water (and foods prepared with it), tainting of
fish and other aquatic organisms, and esthetics of recreational
waters. Most organic and some inorganic chemicals contrib-
ute taste or odor. These chemicals may originate from mu-
nicipal and industrial waste discharges, from natural sources
such as decomposition of vegetable matter, or from associated
microbial activity, and from disinfectants or their products.

The potential for impairment of the sensory quality of water
has increased as a result of expansion in the variety and
quantity of waste materials, demand for water disposal of
captured air pollutants, and increased reuse of available water
supplies by a growing population. Domestic consumers and
process industries such as food, beverage, and pharmaceutical
manufacturers require water essentially free of tastes and
odors.
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Some substances, such as certain inorganic salts, produce taste
without odor and are evaluated by taste testing (Section 2160).
Many other sensations ascribed to the sense of taste actually are
odors, even though the sensation is not noticed until the material
18 taken into the mouth. Because some odorous materials are
detectable when present in only a few nanograms per liter, it is
usually impractical and often impossible to isolate and identify
the odor-producing chemical. The human nose is the practical
odor-testing device used in this method. Odor tests are per-
formed to provide qualitative descriptions and approximate
quantitative measurements of odor intensity. The method for
intensity measurement presented here is the threshold odor test,
based on a method of limits.” This procedure, while not univer-
sally preferred.” has definite strengths.”

Sensory lests are useful as a check on the quality of raw and
finished water and for control of odor through the treatment
process.” ™ They can assess the effectiveness of different treat-
ments and provide a means of tracing the source of contamina-
tion.

Section 6040 provides an analytical procedure for quantifying
several organic odor-producing compounds including geosmin
and methylisoborneol.
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2150 B. Threshold Odor Test

1. General Discussion

a. Principle: Determine the threshold odor by diluting a sam-
ple with odor-free water until the least definitely perceptible odor
is achieved. There is no absolute threshold odor concentration,
because of inherent variation in individual olfactory capability.
A given person varies in sensitivity over time. Day-to-day and
within-day differences occur. Furthermore, responses vary as a
result of the characteristic, as well as concentration, of odorant.
The number of persons selected to measure threshold odor will
depend on the objective of the tests, economics, and available
personnel. Larger-sized panels are needed for sensory testing
when the results must represent the population as a whole or
when great precision s desired. Under such circumstances, pan-
els of no fewer than five persons, and preferably ten or more, are
recommended.! Measurement of threshold levels by one per-
son is often a necessily at water treatment plants. Interpreta-
tion of the single tester resull requires knowledge of the
relative acuity of that person. Some investigators have used
specific odorants, such as m-cresol or n-butanol, to calibrate a
tester’s response.” Others have used the University of Penn-
sylvania Smell Identification Test to assess an individual's
ability to identify odors correctly.”

b. Application: This threshold method is applicable to sam-
ples ranging from nearly odorless natural waters to industrial
wastes with threshold numbers in the thousands. There are no
intrinsic difficulties with the highly odorous samples because
they are reduced in concentration proportionately before being
presented to the test observers.

¢. Qualitative descriptions: A fully acceptable system for
characterizing odor has not been developed despite efforts over
more than a century. Nevertheless, Section 2170 (Flavor Profile
Analysis) specifies a set of 23 odor reference standards that may
be used if qualitative descriptions are important. These descrip-
tors can be used with the Threshold Odor Test to standardize
methods for sensory analysis.

d. Sampling and storage: Collect samples for odor testing in
glass bottles with glass or TFE-lined closures. Complete tests as
soon as possible after sample collection. If storage is necessary,
collect at least 500 mL of sample in a bottle filled to the top;
refrigerate. making sure that no extraneous odors can be drawn
into the sample as it cools. Do not use plastic containers.

e. Dechlorination: Most tap waters and some wastewaters are
chlorinated. Often it is desirable to determine the odor of the
chlorinated sample as well as that of the same sample after
dechlorination. Dechlorinate with thiosulfate in exact stoichio-
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metric quantity as described under Nitrogen (Ammonia), Section
4500-NHa.

f Temperature: Threshold odor values vary with temperature.
For most tap waters and raw water sources, a sample temperature
of 60°C will permit detection of odors that otherwise might be
missed; 60°C is the standard temperature for hot threshold odor
tests. For some purposes—because the odor is too fleeting or
there is excessive heat sensation—the hot odor test may not be
applicable; where experience shows that a lower temperature is
needed, use a standard test temperature of 40°C. For special
purposes, other temperatures may be used. Report temperature
at which observations are made.

2. Apparatus

To assure reliable threshold measurements, use odor-free
glassware. Clean glassware shortly before use with nonodorous
soap and acid cleaning solution and rinse with odor-free water.
Reserve this glassware exclusively for threshold testing. Do not
use rubber, cork, or plastic stoppers. Do not use narrow-mouth
vessels.

a. Sample bottles, glass-stoppered or with TFE-lined closures.

b. Constant-temperature bath: A water bath or electric hot
plate capable of temperature control of * 1°C for odor tests at
elevated temperatures. The bath must not contribute any odor to
the odor flasks.

c. Odor flasks: Glass-stoppered, 500-mL (ST 32) erlenmeyer
flasks. to hold sample dilutions during testing.

d. Pipets:

1) Transfer and volumetric pipets or graduated cylinders:
200-, 100-, 50-, and 25-mL.

2) Measuring pipets: 10-mL, graduated in tenths.

e. Thermometer: Zero to 110°C, chemical or metal-stem dial

type.

3. Odor-Free Water

a. Sources: Prepare odor-free water by passing distilled,
deionized, or tap water through activated carbon. If product
water is not odor-free, rebuild or purify the system. In all cases
verify quality of product water daily.

b. Odor-free-water generator (Figure 2150:1):* Make the
PVC generator from a 2-ft length of 4-in. PYC pipe approved for
use for drinking water purposes (e.g., Schedule 80, or National
Water Council-approved in U.K.). Thread pipe end to accept
threaded caps. Have a small threaded nipple in the cap center for
water inlet or outlet. To retain the activated carbon, place coarse
glass wool in top and bottom of generator. Regulate water flow
to generator by a needle valve and a pressure regulator to provide
the minimum pressure for the desired flow. Use activated carbon
of approximately 12 to 40 mesh grain size.?

¢. Generator operation: Pass tap or purified water through
odor-free-water generator at rate of 100 mL/min. When gener-
ator is started, flush to remove carbon fines and discard product,
or pre-rinse carbon.

# For approximate meiric dimensions in centimeters multiply dimensions in
inches by 2.54.

+ Nuchar WV-G, Westvaco, Covington, VA; Filtrasorb 200, Calgon Carbon
Corporation, Pittsburgh, PA; or equivalent.
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Figure 2150:1. Odor-free-water generator.

Check quality of water obtained from the odor-free-water gener-
ator daily at 40 and 60°C before use. The life of the carbon will vary
with the condition and amount of water filtered. Subtle odors of
biological origin often are found if moist carbon filters stand idle
between test periods. Detection of odor in the water coming through
the carbon indicates that a change of carbon is needed.

4. Procedure

a. Precautions: Carefully select by preliminary tests the per-
sons to make taste or odor tests. Although extreme sensitivity is
not required, exclude insensitive persons and concentrate on
observers who have a sincere interest in the test. Avoid extra-
neous odor stimuli such as those caused by smoking and eating
before the test or those contributed by scented soaps, perfumes,
and shaving lotions. Insure that the tester is free from colds or
allergies that affect odor response. Limit frequency of tests to a
number below the fatigue level by frequent rests in an odor-free
atmosphere. Keep room in which tests are conducted free from
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0 VARIOUS DiLuTioNs

Sample Sample
Volume Volume
Diluted to Diluted to
200 mL Threshold 200 mL Threshold
mL Odor No. mL Odor No.
200 1 12.0 17
140 1.4 8.3 24
100 2 5.7 35
70 3 4.0 50
50 4 2.8 70
35 6 2.0 100
25 8 1.4 140
17 12 1.0 200

distractions, drafts, and odor.” If necessary, set aside a special
odor-free room ventilated by air that is filtered through activated
carbon and maintained at a constant comfortable temperature
and humidity.*

For precise work use a panel of five or more testers. Do not
allow persons making odor measurements to prepare samples or
to know dilution concentrations being evaluated. Familiarize
testers with the procedure before they participate in a panel test.
Present most dilute sample first to avoid tiring the senses with
the concentrated sample. Keep temperature of samples during
testing within 1°C of the specified temperature.

Because many raw and waste waters are colored or have
decided turbidity that may bias results, use opaque or darkly
colored odor flasks, such as red actinic erlenmeyer flasks.

b. Characterization: As part of the threshold test or as a
separate test, direct each observer to describe the characteristic
sample odor using odor reference standards (see Section 2170).
Compile the consensus that may appear among testers and that
affords a clue to the origin of the odorous component. The value
of the characterization test increases as observers become more
experienced with a particular category of odor, e.g., earthy,
musty. chlorine.

¢, Threshold measurement:3 The “threshold odor number,” des-
ignated by the abbreviation TON, is the greatest dilution of sample
with odor-free water yielding a definitely perceptible odor. Bring
total volume of sample and odor-free water to 200 mL in each test.
Follow dilutions and record corresponding TON presented in Table
2150:1. These numbers have been computed thus:

A+ B

TON =
A

where:

A = mL sample and
B = mlL odor-free water.

I There are numerous methods of arranging and presenting samples for odor
determinations. The methods offered here are practical and economical of time
and personnel. If extensive tests are planned and statistical analysis of data is
required, become familiar with the more accurate methods that have been used
extensively by flavor and allied industries.”
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Tasre 215001 Diumions For Various Opor INTENSITIES

Sample Volume in

Which Odor [s Volumes to Be Diluted

First Noted to 200 mL
mil ml
200 200, 140, 100, 70, 50
50 50, 35, 25; 17,12
12 12, 8.3, 5.7, 4.0, 2.8
2.8 Intermediate dilution

1) Place proper volume of odor-free water in the flask first,
add sample to waler (avoiding contact of pipet or sample with lip
or neck of flask). mix by swirling, and proceed as follows:

Determine approximate range of the threshold number by
adding 200 mL, 50 mL, 12 mL, and 2.8 mL sample to separate
500-mL glass-stoppered erlenmeyer flasks containing odor-free
water to make a total volume of 200 mL. Use a separate flask
containing only odor-free water as reference for comparison.
Heat dilutions and reference to desired test temperature.

2) Shake flask containing odor-free water, remove stopper.
and sniff vapors. Test sample containing least amount of odor-
bearing water in the same way. If odor can be detected in this
dilution, prepare more dilute samples as described in | 5) below,
If odor cannot be detected in first dilution, repeat above proce-
dure using sample containing next higher concentration of odor-
bearing water, and continue this process until odor is detected
clearly.

3) Based on results obtained in the preliminary test, prepare a
set of dilutions using Table 2150:11 as a guide. Prepare the five
dilutions shown on the appropriate line and the three next most
concentrated on the next line in Table 2150:11. For example, if
odor was first noted in the flask containing 50 mL sample in the
preliminary test, prepare flasks containing 50, 35, 25, 17, 12, 8.3,
5.7, and 4.0 mL sample. each diluted to 200 mL with odor-free
water. This array is necessary to challenge the range of sensi-
tivities of the entire panel of testers.

Insert two or more blanks in the series near the expected
threshold. but avoid any repeated pattern. Do not let tester know
which dilutions are odorous and which are blanks. Instruct tester
to smell each flask in sequence, beginning with the least con-
centrated sample, until odor is detected with certainty.

4) Record observations by indicating whether odor is noted in
each test flask. For example:

mL

Sample

Diluted to

200 mL 12 0 17 25 0 35 50
Response = = — + = + =

5) If the sample being tested requires more dilution than is
provided by Table 2150:1I, prepare an intermediate dilution
consisting of 20 mL sample diluted to 200 L with odor-free
water. Use this dilution for the threshold determination. Multiply
TON obtained by 10 to correct for the intermediate dilution. In
rare cases more than one tenfold intermediate dilution step may
be required.
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5. Calculation

The threshold odor number is the dilution ratio at which odor
is just detectable. In the example above, | 4c¢4), the first detect-
able odor occurred when 25 mL sample was diluted to 200 mL.
Thus the threshold is 200 divided by 25, or 8. Table 2150:1 lists
the threshold numbers corresponding to common dilutions.

The smallest TON that can be observed is 1, as in the case
where the odor flask contains 200 mL undiluted sample. If no
odor is detected at this concentration, report “No odor observed”
instead of a threshold number. (In special applications, fractional
threshold numbers have been calculated.®)

Anomalous responses sometimes occur; a low concentra-
tion may be called positive and a higher concentration in the
series may be called negative. In such a case, designate the
threshold as the point after which no further anomalies occur.
For instance:

Increasing Concentration —

Reéspohges =li=iil4= i - Uaiigs
4
Threshold
where:
== signifies negative response and
+ signifies positive response.

Occasionally a flask contains residual odor or is contaminated
inadvertently. For precise testing repeat entire threshold odor test
to determine if the last flask marked * — 7 was actually a
mislabelled blank of odor-free water or if the previous * + " was
a contaminated sample.

Use appropriate statistical methods to calculate the most prob-
able average threshold from large numbers of panel results. For
most purposes, express the threshold of a group as the geometric
mean of individual thresholds.

6. Interpretation of Results

A threshold number is not a precise value. In the case of the
single observer it represents a judgment at the time of testing.
Panel results are more meaningful because individual differences
have less influence on the result. One or two observers can
develop useful data if comparison with larger panels has been
made to check their sensitivity. Do not make comparisons of data
from time to time or place to place unless all test conditions have
been standardized carefully and there is some basis for compar-
ison of ebserved intensities.

7. References

1. AMERICAN SocieTy For TEsTinG anp MateriaLs CommiTTee E-18.
1996. Sensory Testing Methods: Second Edition. E. Chambers &

2-16

M.B. Wolf, eds. American Soc. Testing & Materials, W. Consho-
hocken, Pa.

. Baker, R.A. 1962. Critical evaluation of olfactory measurement. J.

Water Pollut. Control Fed. 34:582.

3. Dory, R.L., P. Suaman, M.S. Dann & C.P. KIMMELMAN. 1984.
University of Pennsylvania smell identification test: a rapid quanti-
tative olfactory function test for the clinic. Laryngoscope 94(2):176.

4. Baker, R.A. 1963. Odor testing laboratory. J. Water Pollut. Control
Fed. 35:1396.

5. INTERNATIONAL ORGANIZATION FOR STANDARDIZATION. 1985. ISO 6658
Sensory Analysis—Methodology—General Guidance. International
Org. for Standardization, Geneva, Switzerland.

6. Rosen, A.A., I.B. Perer & F.M. MiopLeron. 1962. Odor thresholds
of mixed organic chemicals. J. Wazer Pollut. Control Fed. 34:7.

(]

8. Bibliography

HuiperT, R. & D. Fesen. 1941, Studies on accuracy of threshold odor
value. J. Amer. Water Works Assoc. 33:1945.

Spaurping, C.H. 1942. Accuracy and application of threshold odor test.
J. Amer. Water Works Assoc. 34:877.

THomas, H.A., Jk. 1943, Calculation of threshold odor. J. Amer. Water
Works Assoc. 35:751.

CartwrigHT, L.C., C.T. SneLL & P.H. KeLLy. 1952. Organoleptic panel
testing as a research tool. Anal. Chem. 24:503.

LaucHLiN, H.F. 1954. Palatable level with the threshold odor test. Taste
QOdor Control J. 20:No. 8 (Aug.).

SHELLENBERGER, R.D. 1958. Procedures for determining threshold odor
concentrations in-aqueous solutions. Taste Odor Control J. 24:No.
5 (May).

LavcHriy, H.F. 1962. Influence of temperature in threshold odor eval-
vation. Taste Odor Control J. 28:No. 10 (Oct.).

The threshold odor test. 1963. Taste Qdor Control J. 29:Nos. 6, 7, 8
(June, July, Aug.).

Surrer, LH. & S. SEGaLL. 1971, Detecting taste and odor in drinking
water. J. Amer. Water Works Assoc. 63:605.

StanL, W.H., ed. 1973. Compilation of Odor and Taste Threshold
Values Data. Amer. Soc. Testing & Materials Data Ser. DS 48,
Philadelphia, Pa.

AMERICAN SOCIETY FOR TESTING AND MATERIALS, 1973. Annual Book of
ASTM Standards. Part 23, D-1292-65, ASTM, Philadelphia, Pa.

AMERICAN SOCIETY FOR TESTING AND MATERIALS. 1986. Physical Require-
ment Guidelines for Sensory Evaluation Laboratories. STP 913,
American Soc. Testing & Materials, Philadelphia, Pa.

AMERICAN SocIETY FOR TESTING AND MaTERIALS CommrTtEE E-679. 1990,
Standard Practice for Determination of Odor and Taste Thresholds
by a Forced-Choice Ascending Concentration Series Method of
Limits. American Soc. Testing & Materials, Philadelphia, Pa.

AMERICAN SociEry For TesTING aND MaTERIALS. 1991, E1432 Standard
Practice for Defining and Calculating Individual and Group Sensory
Thresholds from Forced Choice Data Sets of Intermediate Size.
American Society for Testing and Materials, Philadelphia, Pa.

Bruvorp, W.H. 1989. A critical review of methods used for the sensory
evaluation of water quality. Crit. Rev. Environ. Control 19:291.

Young, W.E., H. HortH, R. Crang, T. Ocpen & M. ArNoTT. 1996. Taste
and odour threshold concentration of potential potable water con-
taminants. Water Res. 30:331.



PHYSICAL & AGGREGATE PROPERTIES (2000)

2160 TASTE"

2160 A.

1. General Discussion

Taste refers only to gustatory sensations called bitter, salty.
sour, and sweet that result from chemical stimulation of sensory
nerve endings located in the papillae of the tongue and soft
palate. Flavor refers to a complex of gustatory. olfactory, and
trigeminal sensations resulting from chemical stimulation of
sensory nerve endings located in the tongue, nasal cavity, and
oral cavity." Water samples taken into the mouth for sensory
analysis always produce a flavor, although taste, odor, or mouth-
feel may predominate, depending on the chemical substances
present. Methods for sensory analysis presented herein require
that the sample be taken into the mouth, that is. be tasted, but
technically the sensory analysis requires evaluation of the com-
plex sensation called flavor. As used here, taste refers to a
method of sensory analysis in which samples are taken into the
mouth but the resultant evaluations pertain to flavor.

Three methods have been developed for the sensory evaluation of
water samples taken into the mouth: the flavor threshold test (FTT),
the flayor rating assessment (FRA), and the flavor profile analysis
(FPA) (Section 2170). The FTT is the oldest. It has been used
extensively and is particularly useful for determining if the overall
flavor of a sample of finished water is detectably different from a
defined standard.” The FRA is especially valuable for determining
if a sample of finished water is acceptable for daily consumption,’

* Approved by Standard Methods Committee, 2000.
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and the FPA is most useful for identifying and characterizing
individual flavors in a water sample.”

Make flavor tests only on samples known to be safe for
ingestion. Do not use samples that may be contaminated with
bacteria, viruses, parasites, or hazardous chemicals. that contain
dechlorinating agents such as sodium arsenite or that are derived
from an unesthetic source. Do not make flavor tests on waste-
waters or similar untreated effluents. Observe all sanitary and
esthetic precautions with regard to apparatus and containers
contacting the sample. Properly clean and sterilize containers
before using them. Conduct analyses in a laboratory free from
interfering background odors and if possible provide non-odor-
ous carbon-filtered air at constant temperature and humidity. Use
the procedure described in Section 2150 with respect (o taste-
and odor:free water to prepare dilution water and reference
samples.
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. Gerparp, F.A. 1972, The Human Senses. John Wiley & Sons, New
York, N.Y.
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3. Bruvorp, W.H. 1968. Scales for rating the taste of water. /. Appl.
Psychol. 52:245.
4. Maveeviace, J. & LH. Surrer, eds. 1987. The Identification and
Treatment of Tastes and Odors in Drinking Water. American Water
Works Association Research Foundation, Denver, Colo.
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2160 B. Flavor Threshold Test (FTT)

1. General Discussion

Use the FTT to measure detectable flavor quantitatively.
More precisely. use the method to compare the sample flavor
objectively with that of specified reference water used as
diluent.

The flavor threshold number (FTN) is the greatest dilution of
sample with reference water yielding a definitely perceptible
difference. The FTN is computed as follows:

A+B
A

FIN =

where:

A = sample volume, mL., and
B = reference water (diluent) volume, mlL.

Table 2160:1 gives the FTNs corresponding to various dilutions.

2. Procedure

a. Panel selection: Carefully select by preliminary trials in-
terested persons to make flavor tests. Exclude insensitive persons
and insure that the testers are free from colds or allergies.
Familiarize testers with the procedure before they participate in
a panel test, but do not let them prepare samples or know dilution
concentrations being evaluated. For precise work use a panel of
five or more testers.

b. Taste characterization: Have each observer describe the char-
acteristic sample flavor of the most concentrated sample. Compile
the consensus that may appear among lesters. The value of charac-
terization increases as observers become more experienced with a
particular flavor category such as chlorophenolic, grassy, or musty.

c. Preliminary test: To determine approximate range of the
FTN. add 200-, 50-. 12-, and 4-mlL. sample portions to volumes
of reference water (see Section 2150) designated in Table 2160:1
in separate 300-ml. glass beakers to make a total of 200 mL in
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Tasre 2160:1. FLavor TureEsHOLD NUMBERS CORRESPONDING TO
Vagrious DiLUTIONS

Sample Diluent Flavor
Volume Volume Threshold No.
mlL ml. FTN
200 0 1
100 100 2
70 130 3
50 150 4
35 165 6
25 175 8
17 183 12
12 188 17
8 192 25
6 194 33
4 196 50
3 197 67
2 198 100
1 199 200

each beaker, and mix gently with clean stirrer. Use separate
beaker containing only reference water for comparison. Keep
sample temperature during testing within 1°C of specified tem-
perature. Present samples to each taster in a uniform manner,
with the reference water presented first, followed by the most
dilute sample. If a flavor can be detected in this dilution, prepare
an intermediate sample by diluting 20 mL sample to 200 mL with
reference water. Use this dilution for threshold determination and
multiply FTN obtained by 10 to correct for intermediate dilution. In
rare cases a higher intermediate dilution may be required.

If no flavor is detected in the most dilute sample, repeat using
the next concentration. Continue this process until flavor is
detected clearly.

d. FTN determination: Based on results obtained in the pre-
liminary test, prepare a set of dilutions using Table 2160:11 as a
guide. Prepare the seven dilutions shown on the appropriate line.
This array is necessary to challenge the range of sensitivities of
the entire panel of testers. If the sample being tested requires
more dilution than is provided by Table 2160:I1, make interme-
diate dilutions as directed in ¢ above.

Use a clean 50-mL beaker filled to the 25-mL level or use an
ordinary restaurant-style drinking glass for each dilution and
reference sample. Do not use glassware used in sensory testing
for other analyses. Between tests, sanitize containers in an au-
tomatic dishwasher supplied with water at not less than 60°C.

Maintain samples at 15+ 1°C. Howeyver, if temperature of water
in the distribution system is higher than 15°C, select an appropriate
temperature. Specify temperature in reporting results.

TasLE 2160:11. DiLuTioNS FOR DETERMINING THE FTN

Sample Volume

in Which Taste Volumes to be Diluted to

Is First Noted 200 mL
miL mlL
200 200, 100, 70, 50, 35, 25, 17
50 50, 35, 25, 17, 12, 8, 6
12 12, 8,6,4,3,2, 1
4 Intermediate dilution
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Present series of samples to each tester in order of increasing
concentration. Pair each sample with a known reference. Have
tester taste sample by taking into the mouth whatever volume is
comfortable, moving sample throughout the mouth, holding it
for several seconds, and discharging it without swallowing. Have
tester compare sample with reference and record whether a
flavor or aftertaste is detectable. Insert two or more reference
blanks in the series near the expected threshold, but avoid any
repeated pattern. Do not let tester know which samples have
flavor and which are blanks. Instruct tester to taste each sample
in sequence, beginning with the least concentrated sample, until
flavor is detected with certainty.

Record observations by indicating whether flavor is noted in
each test beaker. For example:

mL Sample 6 8 12 0 IPeirgg =135 0 50
Diluted to
200 mL

Response = = = = = -

where:
— signifies negative response and
+ signifies positive response.

3. Calculation

The flavor threshold number is the dilution ratio at which
flavor is just detectable. In the example above, the first detectable
flavor occurred when 25 mL sample was diluted to 200 mL
yielding a threshold number of 8 (Table 2160:I). Reference
blanks do not influence calculation of the threshold.

The smallest FTN that can be observed is 1, where the beaker
contains 200 mL undiluted sample. If no flavor is detected at this
concentration, report “No flavor observed™ instead of a threshold
number.

Anomalous responses sometimes occur; a low concentration
may be called positive and a higher concentration in the series
may be called negative. In such cases, designate the threshold as
that point after which no further anomalies occur. The following
illustrates an approach to an anomalous series (responses to
reference blanks are excluded):

Increasing Concentration —
Response: = + - + + 3 +

l
Threshold

Calculate mean and standard deviation of all FTNs if the
distribution is reasonably symmetrical; otherwise, express the
threshold of a group as the median or geometric mean of indi-
vidual thresholds.

4. Interpretation of Results

An FTN is not a precise value. In the case of the single
observer it represents a judgment at the time of testing. Panel
results are more meaningful because individual differences have
less influence on the test result. One or two observers can
develop useful data if comparison with larger panels has been
made to check their sensitivity. Do not make comparisons of data



2-18

from time to time or place to place unless all test conditions have
been standardized carefully and there is some basis for compar-
ison of observed FTNs.
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2160 C. Flavor Rating Assessment (FRA)

1. General Discussion

When the purpose of the test is to estimate acceptability for
daily consumption, use the flavor rating assessment described
below. This procedure has been used with samples from public
sources in laboratory research and consumer surveys to recom-
mend standards governing mineral content in drinking water.
Each tester is presented with a list of nine statements about the
water ranging on a scale from very favorable to very unfavor-
able. The tester’s task is to select the statement that best ex-
presses his or her opinion. The individual rating is the scale
number of the statement selected. The panel rating for a partic-
ular sample is an appropriate measure of central tendency of the
scale numbers for all testers for that sample.

2. Samples

Sample finished water ready for human consumption or use
experimentally treated water if the sanitary requirements given
in Section 2160A.1 are met fully. Use taste- and odor-free water
as described in Section 2150 and a solution of 2000 mg NaCl/L
prepared with taste- and odor-free water as criterion samples.

3. Procedure

a. Panel selection and preparation: Give prospective testers
thorough instructions and trial or orientation sessions followed
by questions and discussion of procedures. In tasting samples,
testers work alone. Select panel members on the basis of perfor-
mance in these trial sessions. Do not let testers know the com-
position or source of specific samples.

b. Rating test: A single rating session may be used to evaluate up
to 10 samples, including the criterion samples mentioned in ]2
above. Allow at least 30 min rest between repeated rating sessions.

For glassware requirements, see { B.2d.

Present samples at a temperature that the testers will find
pleasant for drinking water; maintain this temperature through-
out testing. A temperature of 15°C is recommended, but in any
case, do not let the test temperature exceed tap water tempera-
tures customary at the time of the test. Specify test temperature
in reporting results.

Independently randomize sample order for each tester. Instruct
each to complete the following steps: 1) Taste about half the
sample by taking water into the mouth, holding it for several
seconds, and discharging it without swallowing; 2) Form an
initial judgment on the rating scale; 3) Make a second tasting in
a similar manner; 4) Make a final rating and record result on an
appropriate data form: 5) Rinse mouth with reference water; 6)
Rest I min before repeating Steps | through 5 on next sample.

c. Characterization: If characterization of flavor also is re-
quired, conduct a final rating session wherein each tester is asked
to describe the flavor of each sample rated (see 9 B.2b).

4. Calculation

Use the following scale for rating. Record ratings as integers
ranging from one to nine. with one given the highest quality
rating. Calculate mean and standard deviation of all ratings if the
distribution is reasonably symmetrical, otherwise express the
most typical rating of a group as the median or geometric mean
of individual ratings.
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Action tendency scale:

1) I would be very happy to accept this water as my everyday
drinking water.

2) I would be happy to accept this water as my everyday
drinking water.

3) T am sure that I could accept this water as my everyday
drinking water.

4) 1 could accept this water as my everyday drinking water.

5) Maybe 1 could accept this water as my everyday drinking
water.

6) 1 don’t think I could accept this water as my everyday
drinking water.

7) 1 could not accept this water as my everyday drinking water.

8) I could never drink this water.

9) I can’t stand this water in my mouth and I could never
drink it.

5. Interpretation of Results

Values representing the central tendency and dispersion of
quality ratings for a laboratory panel are only estimates of these
values for a defined consuming population.
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2170 FLAVOR PROFILE ANALYSIS*

2170 A.

1. Discussion

Flavor profile analysis (FPA) is a technique for identifying
sample taste(s) and odor(s). For general information on taste see
Section 2160; for information on odor see Section 2150.

FPA differs from threshold odor number because the sample is
not diluted and each taste or odor attribute is individually char-
acterized and assigned its own intensity rating. The single nu-
merical rating obtained in measuring threshold odor is controlled

* Approved by Standard Methods Committee, 1997,

Joint Task Group: 20th Edition—Irwin H. Suffet (chair), Gary A. Burlingame,
Thomas S. Gittelman, Carol Ruth James, Morten C. Meilgaard. Lisa M. Ober-
meyer.

Introduction

by the most readily perceived odorant or mixture. Sample dilu-
tion may change the odor attribute that is measured.'* FPA
determines the strength or intensity of each perceived taste or
odor without dilution or treatment of the sample.

2. References
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2170 B. Flavor Profile Analysis

1. General Discussion
a. Principle: Flavor profile analysis uses a group of four or

five trained panelists to examine the sensory characteristics of

samples. Flavor attributes are determined by tasting; odor at-
tributes (aroma) are determined by sniffing the sample. The
method allows more than one flavor, odor attribute, or fecling
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Tasre 2170:1. QUANTITATIVE ODOR REFERENCES™

Amount Placed Into
200 mL Pure Water at

Stock Solution
Concentration

Compound Odor Characteristics mg/L 25°C for Presentation
Geosmin Earthy, red beets 0.21 300 pL for 300 ng/L
2-Methylisoborneol Earthy. peat-like, Brazil nut, soil 0.27 200 pL for 200 ng/L
Free chlorine Chlorinous 1.0@pH7 0.1 mL for 0.5 mg/L
Dichloramine Swimming pool chlorine 1.0@pH7 0.1 mL for 0.5 mg/L.
Monochloramine Chlorinous 1.0@pH7 0.1 ml for 0.5 mg/L
trans,2-cis,6-Nonadienal Cucumber, green vegetation 1000 1 ul for 5 pg/L
Styrene Model airplane glue 1000 100 pL for 500 peg/L
Toluene Glue, sweet solventy 1000 100 L for 500 pe/l
cis-3-Hexenyl-1-acetate Grassy 1000 100 pL for 500 pg/L
cis-3-Hexene-1-0l Grassy, green apple 1000 100 pL for 500 pg/L
Cumene Paste shoe polish, solventy 1000 20 pL for 100 pg/L
m-Xylene Sweet solventy 1000 40 L for 200 ug/L
Methylisobutyl ketone Paint solventy 1000 200 pL for 1.0 mg/L
1,2.4-Trimethylbenzene Shoe polish, coal tar 1000 50 pL for 250 pg/l
Indene Glue, moth balls 1000 1 pL for 5 pg/l.
Indan Varnish, coal tar 1000 5 plL for 25 pg/l
Naphthalene Sweet solventy 1000 1 pL for 5§ pug/l
Benzofuran Shoe polish, moth balls 1000 2 uL for 10 pg/L
2-Methyl-benzofuran Moth balls, sweet solventy 1000 50 uL for 250 ug/L

Note: These compounds have actually been identified as causes of odors in raw and finished drinking water.
* Adapted from AMERICAN WATER WORKS AsSOCIATION. 1993, Flavor Profile Analysis: Screening and Training of Panelists. AWWA Manual, American Water Works

Assoc., Denver, Colo.
 Compounds available only in solid form and must be dissolved in methanol.

factor (e.g., drying, burning) to be determined per sample and
each attribute’s strength to be measured.

Panelists must be able to detect and recognize various odors
present. Flavor profile analysis requires well-trained panelists
and data interpreters. Reproducibility of results depends on the
training and experience of the panelists.

Initially, panelists record their perceptions without discussion.
Once each individual has made an independent assessment of a
sample, the panel discusses its findings and reaches a consensus."

b. Interference: Fatigue (adaptation) denotes the decrease in
the analyst’s sensory acuity with continued exposure to stimula-
tion." Because odor mixtures are more complex than taste mix-
tures, olfactory adaptation is more serious.” Factors that can
induce fatigue include odor intensity, type of odorants (some
compounds such as geosmin and chlorine induce more fatigue
than others), number of samples tested during a session, and rest
interval between samples." The rest interval also is important
because it prevents carryover of odors between samples.

Background odors present during analysis affect results. An-
alyst illness, i.e., cold or allergy, can diminish or otherwise alter
perception.

c. Application: Flavor profile analysis has been applied to
drinking water sources, finished drinking water, sampling points
within the drinking water treatment train, and bottled waters, and
for investigating customer complaints.

d. Precautions: Some compounds are health hazards when in-
haled or ingested. Do not use this method for industrial wastes or
other samples suspected of containing high concentrations of haz-
ardous compounds. Chemically analyze suspect samples to deter-
mine whether hazardous chemicals are present before making flavor
profile analysis. Do not taste untreated drinking water unless it is
certain that no health threat (biological or chemical) exists.

Because flavor profile analysis includes discussion during
which panelists reach consensus description, avoid including
on the panel a person with a dominating personality.® The
opinions of a senior member or panel leader also may have
this undesired effect.’

2. Apparatus®~®

Reserve apparatus and glassware exclusively for flavor profile
analysis. Prepare sample bottles by washing bottle and cap with
detergent. Rinse 10 times with hot water. Optionally rinse with
HCI (1:1). Rinse with odor-free water (see 2150B.3) at least
three times. If there is residual odor, such as chalky, repeat
cleaning.

Prepare 500-mL erlenmeyer flasks by either of the two meth-
ods described below provided that it imparts no odor to the
sample. Make tests with freshly cleaned containers.

1) Without wearing rubber gloves wash flask with soapy
water. Additionally, scrub outside of flask with scouring pad
to remove body oils. Rinse 10 times with hot water and 3
times with odor-free water. To store flask add 100 to 200 mL
odor-free water and stopper. Before use, rinse with 100 mL
odor-free water. If there is residual odor, repeat cleaning.

2) Do not handle with rubber gloves. Before use, heat 200 mL.
odor-free water to boiling; lightly lay stopper over flask opening,
permitting water vapor to escape. Discard boiled water and let
flask cool to room temperature. If there is residual odor repeat or
use cleaning alternative 1). After analyzing a sample, discard
sample, rinse 10 times with hot tap water, add 200 mL odor-free
water, stopper, and store.
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TasLE 2170:11. RePRESENTATIVE ODOR REFERENCE STANDARDS?
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Stock Solution

Amount Placed Into 200 mL

Concentration Pure Water at 25°C for

Compound Odor Characteristics mig/lL Presentation
2.3,6-Trichloroanisole Leather, earthy 1000 4 pl for 20 pg/l.
2.3-Diethylpyrazine Mildew, damp basemnent 1000 2wl for 10 pg/l
2-Isopropyl-3-methoxypyrazine Potato bin, musty 1000 40 pl for 200 pg/l
Nonanal Hay. sweel 1000 40 pL for 200 pg/L
Dimethyl sulfide Decaying vegetation, canned corn 1000 1 pl for 5 pg/l
Dimethyl disulfide Septic 1000 2 ul for 10 pg/L
Dimethyltrisulfide Garlicky. oniony, septic 0.2 50 pL for 50 ng/L
Butyric acid Putrid, sickening 1000 200 pb for 1 mg/L
trans.2-Nonenal Cucumber with skin 1000 40 pL for 200 pg/l
Diphenyl ether Geranium 10007 20 ulL for 100 pg/L
p-Limonene Citrusy 1000 400 pL for 2 mg/L
Hexanal Lettuce heart. pumpkin. green pistachio 1000 40 pL for 200 pg/lL
Benzaldehyde Sweet almond 1000 200 plL for 1 mg/L
Ethyl-2-methyl-butyrate Fruity, pineapple 1000 1000 plL for 5 mg/L
2-Heptanone Banana-like, sweet solventy 1000 100 pL for 500 pg/L
Hexachloro-1.3-butadiene Sweet, minty, Vapo Rub 1000 800 pL for 4 mg/L
2-Isobutyl-3-methoxypyrazine Green/bell pepper. musty 1000 40 pL for 200 pg/L
trans,2-trans,4-Decadienal Rancid oily 1000 1000 pL for 5 mg/L
Butanol Alcohol, solventy 1000 200 pL for | mg/L
Eucalyptol (cincole) Topical ointment for chest colds 1000 40 pL for 200 pg/L
Pyridine Sweet, alcohol, organic 1000 400 pL for 2 mg/L

Noti: Possible causes of odors or chemical substitutes for causes of odors.

# Adapted from AMERICAN WATER WORKS ASSOCIATION. 1993, FLAVOR PROFILE ANALYSIS: SCREENING AND TRAINING OF PANELISTS, AWWA Manual, American Water Works

Assoc., Denver, Colo.
 Compounds available only in solid form and must be dissolved in methanol.

For flasks with persistent odor use commercial cleaning mix-
ture® or HCI (1:1).

a. Sample bottles: Glass, 1-L, with TFE-lined closure.

b. Containers for odor analysis:* Select container for odor
analysis depending on panelists’ preference, temperature of sam-
ple. and availability of container.

1) Panel preference® *—Plastic cups, 7- or 8-ounce dispos-
able, are convenient. Some panels have found that these plastic
cups impart a plastic and/or floral aroma to samples. They prefer
500-mL erlenmeyer flasks with ST32 ground-glass stoppers. The
panel should determine the acceptable, odor-free, test container.

2) Temperature®—If aroma samples are tested at 45°C, do not
use plastic. If aroma samples are tested at 25°C, use the same
plastic cup and sample for both aroma and flavor analysis.

3) Availability'—Containers must be consistently available
because the panel responses may change when different contain-
ers are used.

¢. Containers for flavor analysis:* Use either plastic dispos-
able, e.g., polyethylene, or glass containers. Do not use wax-
lined or paper cups. If using glass containers verify that they
contribute no taste to the sample. Wash glass containers as
directed above.

d. Watch glasses.

e. Constani-temperature water bath capable of maintaining a
temperature = 1°C. The bath must not contribute any odor to the
odor Hasks or testing room.

f. Thermometer, graduated 0 to 110°C, chemical or metal-
stem dial type.

* Nochromix, Godax Laboratories, Inc., New York, NY. or equivalent.
7 Plastic cup, 7- or 8-ounce. Solo or equivalent, any color except clear,

g. Syringes.

h. lce chest.

i. Odor-free testing room:*" Hold flavor profile analysis ses-
sions in a clean, well-lit, quiet, aroma-free. and temperature-
controlled room. Seat panel members around a common table to
facilitate exchange of responses during discussion. Place a black-
board or easel pad in the room so that all panelists are able to see
it. Preferably use an easel pad with odor-free markers (such as a
wax, china marker).

Jj. Refrigerator capable of maintaining a temperature of 4°C.

3. Reagents

a. Odor-free water: See Section 2150B.3.

b. Crackers: Use salt- and flavor-free crackersi: to cleanse the
palate during taste testing. Before tasting anything, use the
crackers and taste-free water to cleanse the palate. Use crackers
between samples to reduce carryover of perceptions.

c. Odor and flavor standards: Odor and flavor reference stan-
dards are being developed for use as a guide for qualitative descrip-
tions (attributes). Aroma reference standards help panelists come Lo
agreement on the description of specific aromas.* ' Tables 2170:1.
11, and 111 list some of the aroma references in use. New references
are being added continually. A taste and odor wheel has been
developed from these lists.” For odor identification and training,
place several drops of stock solutions (producing moderately strong
odors) onto sterile cotton in 25-mL amber-colored vials with TFE-
lined caps. Standards can be stored until odor changes.

1 Keebler Sea Toast or equivalent.
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TasLe 2170:11. SussTiTUTE ODOR REFERENCE STANDARDS*
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TasLE 2170:1V. Basic TASTE STANDARDS

Odor

Compound Characteristic Preparation

Cloves Spicy like Use supermarket brand of dried clove
cloves buds (spice). Add 3 clove buds to 200
mL pure water and swirl 1-2 min.
Allow to stand overnight at room
temperature, then discard the buds.
Place dried cut grass in erlenmeyer flask
until half full.

Dried grass Hay

Grass Decaying Weigh 2 g of fresh grass and mix into
vegetation 200 mL pure water and let stand at
room temperature. In 1-3 d, the odor
will appear.
Grass Septic Allow the solution above for decaying
vegetation to stand for an additional
1-2 weeks.
Rubber Rubber hose  Boil a short section of rubber hose in 200
hose mL pure water for 5 min. Allow to
cool and remove the hose.
Soap Soapy Place 5 g of chipped nonscented bar soap
in 200 mL pure water.
Pencil Woody Instruct panel member to sharpen a wood
shavings pencil and sniff the freshly exposed

wood.

Note: Standards made from materials rather than chemicals,

* Adapted from AMERICAN WATER WORKS Association. 1993, Flavor Profile
Analysis: Screening and Training of Panelists. AWWA Manual. American Water
Works Assoc., Denver, Colo.

d. Taste standards: Chemicals used for taste standards are
sucrose (sweet), citric acid (sour), sodium chloride (salt), and
caffeine (bitter). Table 2170:1V lists the chemicals used and their
concentrations for basic taste standards at “slight,” “moderate,”
and “strong” levels."” The taste standards provide reference
points for both taste and odor intensity ratings. The panelists
compare the intensity of what they are smelling or tasting to the
intensity of the standards they have tasted. Make taste standards
available during panel training. Because the tastes from all but
the sweet standard tend to overpower any subsequent tasting, use
only the sweet taste standard during actual sample analysis. If the
panel meets as seldom as once a week, make sweet standards
available so that panelists can “recalibrate” themselves. Panels
that meet more than once a week may not need to “recalibrate.”
Make standards fresh each time they are used.*

4. Scale

The strength of a taste or odor is judged according to the
following scale:

(odor-free)
L (threshold)
2 (very weak)
4 (weak)
6
8 (moderate)
10
12 (strong)

Intensity
Chemical for Food or Beverage Concentration  Scale
Basic Tastes Corresponding to Intensity % (1 to 12)*
Sweet: sugar  Canned fruit or vegetables 5.00 4w
Carbonated soda 10.00 8§ M
Syrup, jelly 15.00 128
Sour: citric Fresh fruit jelly 0.05 4w
acid Some carbonated sodas 0.10 §M
Lemon juice 0.20 12 8
Salt: sodium  Level in bread 0.40 4w
chloride Dehydrated soup mix 0.70 &M
Soy sauce 1.00 128
Bitter: caffeine Strong coffee 0.05 4w
0.10 8§ M
0.20 128
or quinine hydrochloride 0.001 4w
dihydrate 0.002 8 M
0.004 12.8

*W = weak; M = moderate; S = strong.

5. Procedure

a. Sample collection: Collect sample in cleaned container.
When sampling from a tap, remove all screens and aerators,
minimize turbulence. Flush tap at least 5 min. Reduce flow rate
during sampling. Rinse bottle with sample, then fill it to the top,
with no headspace. Chill or refrigerate sample immediately and
analyze as soon after collection as possible, preferably within
24 h, but no longer than 48 h.

b. Sample preparation:* Pour samples into properly prepared
glassware or acceptable disposable containers. Analyze samples
at the same temperature. Adjust sample temperatures by placing
samples in a water bath 15 min before analysis. Prepare a sample
for each panelist. Examine odor samples before flavor samples.

1) Odor analysis—When using 500-mL erlenmeyer flasks for
odor analysis, place 200 mL sample in the flask. Make transfer
carefully to avoid loss of volatile components. When plastic cups
are used, place 60 mL sample in cup and cover it with a watch glass.

2) Taste analysis—Bring sample to 25°C before pouring into
containers for tasting. Cover with a watch glass if samples are
not tasted immediately. If samples are tested at 25°C for odor,
use the same sample for flavor analysis.

c. Panelists: Carefully screen and train panelists.®

d. Pre-test considerations: Notify panelists well in advance of
panel session so a substitute can be found if necessary. Panelists
who have colds or allergic attacks the day of the panel are
unacceptable; they should ask the panel coordinator to find a
substitute. Panelists must not smoke or eat for 15 to 30 min
before the session. Wearing cologne or perfume or washing
hands with scented soap before the session is not permitted.

e. Sample analysis: The panel consists of four or five mem-
bers. If fewer than four panelists are available, store the sample
until a full panel can meet.

1) Odor analysis—Heat samples to proper temperature. If
erlenmeyer flasks are used, sample temperature is 45°C. If plas-
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tic cups are used, sample temperature is 25°C. Give each panelist
his/her own sample. If a flask is used, hold it with one hand on
the bottom and the other on the stopper. Do not touch flask neck.
Gently swirl (do not shake) flask in a circular manner to ensure
that volatile compounds are released into the headspace. Bring
flask close to nose, remove stopper, and sniff at the flask open-
ing. Record impressions of odor attributes in the order perceived
and the assessment of each attribute’s intensity. If a cup is used,
gently swirl on the table top for a few seconds. Remove watch-
glass, and keeping hands away from the cup, sniff sample and
record perceptions. CAUTION: Sniff samples only if they are
known to be toxicologically safe. For both the flask and the
plastic cup method, smell all samples before going on to the taste
test. Do not discuss or interact with other panelists.

2) Taste analysis—When tasting, take sample into the mouth
and roll it over the entire surface of the tongue. Slurping en-
hances the odor aspect of flavor. Caution: Taste only samples
known to be biologically and toxicologically safe. Do not discuss
or interact with other panelists.

3) Intensity—In both taste and odor analysis, each panelist de-
termines intensity ratings by matching intensity of the flavor or
aroma perceived with the defined intensities of the basic taste
standards. Initially this may be difficult. Some panels have found it
helpful to make basic taste standards available throughout the anal-
ysis so that any panelist who wishes to “recalibrate” may do so.

4) Re-examination of samples—First impressions are most
important, particularly for intensity. The intensity rating may
diminish upon re-examination because of fatigue and volatility
of the odorant. However, if an aroma or flavor is difficult for a
panelist fo describe, the panelist may go back and re-evaluate the
sample before recording the results.

5) Individual results—As soon as a sample is tasted or
smelled, record individual results. Information recorded includes
a description of aromas or flavors perceived, their intensity, and
the order in which they were perceived.

6) Rest interval—Sniff odor-free water and rest at least 2 min
between samples. Fatigue is a problem' that can be dealt with.
When samples are expected to cause fatigue, the panel leader can
increase the rest interval and limit the number of samples pre-
sented. The leader also may try to arrange samples such that
samples known to be fatiguing are placed near the end of the
sample row. Avoid juxtaposition of such samples. Also, use
taste- and odor-free blanks between samples. Five to six samples
per session is the maximum.

7) Discussion—When all panelists have had an opportunity to
examine the sample, hold a discussion period. Each panelist’s
impression of the sample is stated and the panel leader records it
to be seen by everyone. By examining the order of appearance,
intensity, and description, the panel leader attempts to group
responses together, soliciting comments from the panel members
as to whether or not they agree. Sometimes panelists detect an
aroma that they cannot describe; in the discussion they may see
what another panelist called it and decide to agree with that descrip-
tion. With inexperienced panels, several different descriptors may
be used for the same aroma. As the panel gains more experience,
these differences tend to be reconciled. It is the responsibility of the
panel leader to ensure that the panelists are provided with standards
that duplicate the sample aromas. Descriptions that fewer than 50%
of the panelists use are called “‘other notes” and are listed separately
or are not included in the group results.
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8) Recording panel results—Record the following: sample
description; time of sampling; identity of panel member; flavor,
aroma, and feeling factor descriptions; intensity rating; order of
perception; range and average for each descriptor.

6. Calculation and Interpretation’

In early testing intensity was used to describe the strength of
an odor in an ordinal scale from slight to strong."? If an odor was
recognized, then it had an intensity. The rating scale has been
modified to use numbers corresponding to the ordinal categories.
Points (other than threshold) on the scale can be anchored by the
use of taste standards. Thus a certain concentration of a taste
standard is defined as a certain point on the rating scale and
numerical ratings for nonthreshold intensities are anchored.
Threshold ratings are not defined by any standards. Their mean-
ing is different from that of the other ratings and they are difficult
to manipulate mathematically.

Calculate averages if at least 50% of the panelists agree on a
given description. If a panelist does not give that description,
assign an intensity value of zero. For example:

Description Intensity

Panelist I I i v Average
Musty 2 4 0 2 2.0
Chlorinous 2 4 4 4 3.5

7. Quality Control'?

Use odor-free samples and duplicates occasionally. The odor-
free sample serves to detect guessing. Duplicates check repro-
ducibility. A standard concentration of an odor reference stan-
dard in odor-free water also can be used to check odor recogni-
tion and reproducibility of the intensity scale.

Use counterbalancing of samples so that each panelist receives
the samples in a different order. This prevents error due to order
effects such as fatigue, carryover, and expectation.

8. Precision and Bias

Initial studies of precision and bias have been completed.'*!'?
An odor recognition and reproducibility study by untrained
panelists has rated some of the odors of Tables 2170:1, II, and III
as poor, fair, good, or excellent.””

9. References

1. Surrer, LH., B.M. Brapy, J.HM. BarteLs, G.A. BURLINGAME, J.
Marreviarle & T. Youre. 1988. Development of the flavor profile
analysis method into a standard method for sensory analysis of
water. Water Sci. Technol. 20:1.

2. AMERICAN SoCIETY FOR TESTING AND MATERIALS. 1968. Basic Prin-
ciples of Sensory Evaluation. ASTM Spec. Tech. Publ. 433, Amer-
ican Soc. Testing & Materials, Philadelphia, Pa.

3. Meigaarp, M.C. 1988. Sensory evaluation techniques applied to
waterworks samples. Water Qual. Bull, 13(2-3):39. WHO Collab-
orating Centre on Surface and Groundwater Quality, Burlington,
Ont., Canada.



2-24

4, Barters, LHM., B.M. Brapy & LH. Surrer. 1989. Appendix B in
Taste and Odor in Drinking Water Supplies—Phases I and II.
American Water Works Assoc. Research Foundation, Denver, Colo.

5. KRrASNER, S.W., M.J. McGuire & V.B. Fercuson. 1983, Tastes and
odors: the flavor profile method. J. Amer. Water Works Assoc.
77:34.

6. Barters, JHM., BM. Brapy & LH. Surrer. 1989, Appendix A in
Taste and Odor in Drinking Water Supplies—Phases I and II.
American Water Works Assoc. Research Foundation, Denver, Colo.

7. MarLeviacei, J. & LH. Surrer, eds, 1981, Identification and Treat-
ment of Tastes and Odors in Drinking Water. Appendix A. Amer-
ican Water Works Assoc., Denver, Colo.

8. Barters, LHM., BM. Brapy & LH. Surrer. 1987. Training pan-
elists for the flavor profile analysis method. J. Amer. Water Works
Assoc. 79:26.

9. Surrer, LH., J. Ho, D. Criou, D. Kniart & J. MALLEVIALLE. 1995,
Taste-and-odor problems observed during drinking water treatment.
In LH. Suffet, J. Mallevialle & E. Kawczynski, eds. Advances in

2310

2310 A.

Acidity of a water is its quantitative capacity to react with a
strong base to a designated pH. The measured value may vary
significantly with the end-point pH used in the determination.
Acidity is a measure of an aggregate property of water and can
be interpreted in terms of specific substances only when the

*Approved by Standard Methods Committee, 1997.

PHYSICAL & AGGREGATE PROPERTIES (2000)

Taste and Odor Treatment and Control. American Water Works
Assoc. Research Foundation & Lyonnaise des Eaux, Denver, Colo.

10. Cauw, LF. 1957. The profile method of flavor analysis. /n Advances
in Food Research, Vol. 7. Academic Press, New York, N.Y.

11. BurLinGaMmE, G.A., D. Kniart & LH. Surrer. 1991. Odor reference
standards: The universal language. Proc. AWWA Water Quality
Technology Conf., Miami, Fla.. p. 7.

12. Menc, A. & LH. Surrer. 1992. Assessing the quality of flavor
profile analysis data. J. Amer. Water Works Assoc. 84:89.

13. Krasner, S.W. 1995. The use of reference materials in sensory
analysis. Water Sci. Technol. 31(11):265.

10. Bibliography

AMERICAN WaTER WoORKS AssociaTion. 1993. Flavor Profile Analysis:
Screening and Training of Panelists. AWWA Manual. American
Water Works Assoc., Denver, Colo.

ACIDITY™

Introduction

chemical composition of the sample is known. Strong mineral
acids, weak acids such as carbonic and acetic, and hydrolyzing
salts such as iron or aluminum sulfates may contribute to the
measured acidity according to the method of determination.

Acids contribute to corrosiveness and influence chemical re-
action rates, chemical speciation, and biological processes. The
measurement also reflects a change in the quality of the source
water.

2310 B. Titration Method

1. General Discussion

a. Principle: Hydrogen ions present in a sample as a result of
dissociation or hydrolysis of solutes react with additions of
standard alkali. Acidity thus depends on the end-point pH or
indicator used. The construction of a titration curve by recording
sample pH after successive small measured additions of titrant
permits identification of inflection points and buffering capacity,
if any, and allows the acidity to be determined with respect to
any pH of interest.

In the titration of a single acidic species, as in the standard-
ization of reagents, the most accurate end point is obtained from
the inflection point of a titration curve. The inflection point is the
pH at which curvature changes from convex to concave or vice
versa.

Because accurate identification of inflection points may be
difficult or impossible in buffered or complex mixtures, the
titration in such cases is carried to an arbitrary end-point pH
based on practical considerations. For routine control titrations

or rapid preliminary estimates of acidity, the color change of an
indicator may be used for the end point. Samples of industrial
wastes, acid mine drainage, or other solutions that contain ap-
preciable amounts of hydrolyzable metal ions such as iron,
aluminum, or manganese are treated with hydrogen peroxide to
ensure oxidation of any reduced forms of polyvalent cations, and
boiled to hasten hydrolysis. Acidity results may be highly vari-
able if this procedure is not followed exactly.

b. End points: Ideally the end point of the acidity titration
should correspond to the stoichiometric equivalence point for
neutralization of acids present. The pH at the equivalence point
will depend on the sample, the choice among multiple inflection
points, and the intended use of the data.

Dissolved carbon dioxide (CO,) usually is the major acidic
component of unpolluted surface waters; handle samples from
such sources carefully to minimize the loss of dissolved gases. In
a sample containing only carbon dioxide-bicarbonates-carbon-
ates, titration to pH 8.3 at 25°C corresponds to stoichiometric
neutralization of carbonic acid to bicarbonate. Because the color
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change of phenolphthalein indicator is close to pH 8.3, this value
generally is accepted as a standard end point for titration of total
acidity, including CO, and most weak acids. Metacresol purple
also has an end point at pH 8.3 and gives a sharper color change.

For more complex mixtures or buffered solutions selection of an
inflection point may be subjective. Consequently, use fixed end
points of pH 3.7 and pH 8.3 for standard acidity determinations via
a potentiometric titration in wastewaters and natural waters where
the simple carbonate equilibria discussed above cannot be assumed.
Bromphenol blue has a sharp color change at its end point of 3.7.
The resulting titrations are identified, traditionally, as “methyl or-
ange acidity” (pH 3.7) and “phenolphthalein™ or total acidity (pH
8.3) regardless of the actual method of measurement.

¢. Interferences: Dissolved gases contributing to acidity or
alkalinity, such as CO,, hydrogen sulfide, or ammonia, may be
lost or gained during sampling, storage, or titration. Minimize
such effects by titrating to the end point promptly after opening
sample container, avoiding vigorous shaking or mixing, protect-
ing sample from the atmosphere during titration, and letting
sample become no warmer than it was at collection.

In the potentiometric titration, oily matter, suspended solids,
precipitates, or other waste matter may coat the glass electrode
and cause a sluggish response. Difficulty from this source is
likely to be revealed in an erratic titration curve. Do nof remove
interferences from sample because they may contribute to its
acidity. Briefly pause between titrant additions to let electrode
come to equilibrium or clean the electrodes occasionally.

In samples containing oxidizable or hydrolyzable ions such as
ferrous or ferric iron, aluminum, and manganese, the reaction
rates at room temperature may be slow enough to cause drifting
end points.

Do not use indicator titrations with colored or turbid samples
that may obscure the color change at the end point. Residual free
available chlorine in the sample may bleach the indicator. Elim-
inate this source of interference by adding 1 drop of 0.1M
sodium thiosulfate (Na,S,05).

d. Selection of procedure: Determine sample acidity from the
volume of standard alkali required to titrate a portion to a pH of
8.3 (phenolphthalein acidity) or pH 3.7 (methyl orange acidity of
wastewaters and grossly polluted waters). Titrate at room tem-
perature using a properly calibrated pH meter, electrically oper-
ated titrator, or color indicators.

Use the hot peroxide procedure (] 4a) to pretreat samples
known or suspected to contain hydrolyzable metal ions or re-
duced forms of polyvalent cation, such as iron pickle liquors,
acid mine drainage, and other industrial wastes.

Color indicators may be used for routine and control titrations
in the absence of interfering color and turbidity and for prelim-
inary titrations to select sample size and strength of titrant ( 4b).

e. Sample size: The range of acidities found in wastewaters is so
large that a single sample size and normality of base used as titrant
cannot be specified. Use a sufficiently large volume of titrant (20
mL or more from a 50-mL buret) to obtain relatively good volu-
metric precision while keeping sample volume sufficiently small to
permit sharp end points. For samples having acidities less than
about 1000 mg as calcium carbonate (CaCO4)/L, select a volume
with less than 50 mg CaCO; equivalent acidity and titrate with
0.02N sodium hydroxide (NaOH). For acidities greater than about
1000 mg as CaCO,/L, use a portion containing acidity equivalent to
less than 250 mg CaCO, and titrate with 0.1V NaOH. If necessary,
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make a preliminary titration to determine optimum sample size
and/or normality of titrant.

. Sampling and storage: Collect samples in polyethylene or
borosilicate glass bottles and store at a low temperature. Fill bottles
completely and cap tightly. Because waste samples may be subject
to microbial action and to loss or gain of CO, or other gases when
exposed to air, analyze samples without delay, preferably within
1 d. If biological activity is suspected analyze within 6 h. Avoid
sample agitation and prolonged exposure to air.

2. Apparatus

a. Electrometric titrator: Use any commercial pH meter or
electrically operated titrator that uses a glass electrode and can
be read to 0.05 pH unit. Standardize and calibrate according to
the manufacturer’s instructions. Pay special attention to temper-
ature compensation and electrode care. If automatic temperature
compensation is not provided, titrate at 25 = 5°C.

b. Titration vessel: The size and form will depend on the
electrodes and the sample size. Keep the free space above the
sample as small as practicable, but allow room for titrant and full
immersion of the indicating portions of electrodes. For conven-
tional-sized electrodes, use a 200-mL, tall-form Berzelius beaker
without a spout. Fit beaker with a stopper having three holes, to
accommodate the two electrodes and the buret. With a miniature
combination glass-reference electrode use a 125-mL or 250-mL
erlenmeyer flask with a two-hole stopper.

¢. Magnetic stirrer.

d. Pipets, volumetric.

e. Flasks, volumetric, 1000-, 200-, 100-mL.

[. Burets, borosilicate glass, 50-, 25-, 10-mL.

g. Polyolefin bottle, 1-L.

3. Reagents

a. Carbon dioxide-free water: Prepare all stock and standard
solutions and dilution water for the standardization procedure with
distilled or deionized water that has been freshly boiled for 15 min
and cooled to room temperature. The final pH of the water should
be = 6.0 and its conductivity should be <2 pmhos/cm.

b. Potassium hydrogen phthalate solution, approximately
0.05N: Crush 15 to 20 g primary standard KHC¢H, O, to about
100 mesh and dry at 120°C for 2 h. Cool in a desiccator. Weigh
10.0 = 0.5 g (to the nearest mg), transfer to a 1-L. volumetric
flask, and dilute to 1000 mL.

¢. Standard sodium hydroxide titrant, 0.1N: Prepare solution
approximately 0.1N as indicated under Preparation of Desk
Reagents. Standardize by titrating 40.00 mL KHC,H,O, solution
(3b), using a 25-mL buret. Titrate to the inflection point (] la),
which should be close to pH 8.7. Calculate normality of NaOH:

A XB

NomEhey s <

where:
A = g KHC4H,0, weighed into 1-L flask,
B = mL KHCgH,O, solution taken for titration, and
C = mL NaOH solution used.
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Use the measured normality in further calculations or adjust to
0.1000N; 1 mL = 5.00 mg CaCO;.

d. Standard sodium hydroxide titrant, 0.02N: Dilute 200 mL
0.1N NaOH to 1000 mL and store in a polyolefin bottle protected
from atmospheric CO, by a soda lime tube or tight cap. Stan-
dardize against KHC H, 0, as directed in q 3¢, using 15.00 mL
KHC4H,O, solution and a 50-mL buret. Calculate normality as
above (] 3¢); 1 mL = 1.00 mg CaCO;.

e. Hydrogen peroxide, H,0,, 30%.

[ Bromphenol blue indicator solution, pH 3.7 indicator: Dis-
solve 100 mg bromphenol blue, sodium salt, in 100 mL water.

g. Metacresol purple indicator solution, pH 8.3 indicator:
Dissolve 100 mg metacresol purple in 100 mL water.

h. Phenolphthalein indicator solution, alcoholic, pH 8.3 indi-
cator.

i. Sodium thiosulfate, 0.1M: Dissolve 25 g Na,S,0; - 5H,0
and dilute to 1000 mL with distilled water.

4. Procedure

If sample is free from hydrolyzable metal ions and reduced
forms of polyvalent cations, proceed with analysis according to
b, ¢, or d. If sample is known or suspected to contain such
substances, pretreat according to a.

a. Hot peroxide treatment: Pipet a suitable sample (see q 1e) into
titration flasks. Measure pH. If pH is above 4.0 add 5-mL incre-
ments of 0.02N sulfuric acid (H,SO,) (Section 2320B.3¢) to reduce
pH to 4 or less. Remove electrodes. Add 5 drops 30% H,0O, and boil
for 2 to 5 min. Cool to room temperature and titrate with standard
alkali to pH 8.3 according to the procedure of 4d.

b. Color change: Select sample size and normality of titrant
according to criteria of g 1e. Adjust sample to room temperature,
if necessary, and with a pipet discharge sample into an erlen-
meyer flask, while keeping pipet tip near flask bottom. If free
residual chlorine is present add 0.05 mL (1 drop) 0.1M Na,S,0,
solution, or destroy with ultraviolet radiation. Add 0.2 mL (5
drops) indicator solution and titrate over a white surface to a
persistent color change characteristic of the equivalence point.
Commercial indicator solutions or solids designated for the
appropriate pH range (3.7 or 8.3) may be used. Check color at
end point by adding the same concentration of indicator used
with sample to a buffer solution at the designated pH.

c. Potentiometric titration curve:

1) Rinse electrodes and titration vessel with distilled water and
drain. Select sample size and normality of titrant according to the
criteria of  le. Adjust sample to room temperature, if necessary,
and with a pipet discharge sample while keeping pipet tip near
the titration vessel bottom.

2) Measure sample pH. Add standard alkali in increments of
0.5 mL or less, such that a change of less than 0.2 pH units
occurs per increment. After each addition. mix thoroughly but
gently with a magnetic stirrer. Avoid splashing. Record pH when
a constant reading is obtained. Continue adding titrant and mea-
sure pH until pH 9 is reached. Construct the titration curve by
plotting observed pH values versus cumulative milliliters titrant
added. A smooth curve showing one or more inflections should
be obtained. A ragged or erratic curve may indicate that equi-
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librium was not reached between successive alkali additions.
Determine acidity relative to a particular pH from the curve.

d. Potentiometric titration to pH 3.7 or 8.3: Prepare sample
and titration assembly as specified in | 4¢l). Titrate to prese-
lected end-point pH (f 1d) without recording intermediate pH
values. As the end point is approached make smaller additions of
alkali and be sure that pH equilibrium is reached before making
the next addition.

5. Calculation

[(A X B) — (C X D)] X 50000
mL sample

Acidity, as mg CaCO,/L =

where:
A = mL NaOH titrant used,
B = normality of NaOH,
C = mL H,S0, used (] 4a), and
D = normality of H.,SO,.

Report pH of the end point used, as follows: “The acidity to
pH =___ mg CaCO4/L.” If a negative value is ob-
tained, report the value as negative. The absolute value of this
negative value should be equivalent to the net alkalinity.

6. Precision and Bias

No general statement can be made about precision because of
the great variation in sample characteristics. The precision of the
titration is likely to be much greater than the uncertainties
involved in sampling and sample handling before analysis.

Forty analysts in 17 laboratories analyzed synthetic water
samples containing increments of bicarbonate equivalent to 20
mg CaCO4/L. Titration according to the procedure of i 4d gave
a standard deviation of 1.8 mg CaCO./L, with negligible bias.
Five laboratories analyzed two samples containing sulfuric, ace-
tic, and formic acids and aluminum chloride by the procedures of
s 4b and 4d. The mean acidity of one sample (to pH 3.7) was
487 mg CaCO,/L, with a standard deviation of 11 mg/L. The
bromphenol blue titration of the same sample was 90 mg/L
greater, with a standard deviation of 110 mg/L.. The other sample
had a potentiometric titration of 547 mg/L, with a standard
deviation of 54 mg/L, while the corresponding indicator result
was 85 mg/L greater, with a standard deviation of 56 mg/L. The
major difference between the samples was the substitution of
ferric ammonium citrate, in the second sample, for part of the
aluminum chloride.
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2320 ALKALINITY*

2320 A.

1. Discussion

Alkalinity of a water is its acid-neutralizing capacity. It is the
sum of all the titratable bases. The measured value may vary
significantly with the end-point pH used. Alkalinity is a measure
of an aggregate property of water and can be interpreted in terms
of specific substances only when the chemical composition of
the sample is known.

Alkalinity is significant in many uses and treatments of natural
waters and wastewaters, Because the alkalinity of many surface
waters is primarily a function of carbonate, bicarbonate, and
hydroxide content, it is taken as an indication of the concentra-
tion of these constituents. The measured values also may include

* Approved by Standard Methods Committee, 1997.

Introduction

contributions from borates, phosphates, silicates, or other bases
if these are present. Alkalinity in excess of alkaline earth metal
concentrations is significant in determining the suitability of a
water for irrigation. Alkalinity measurements are used in the
interpretation and control of water and wastewater treatment
processes. Raw domestic wastewater has an alkalinity less than,
or only slightly greater than, that of the water supply. Properly
operating anaerobic digesters typically have supernatant alkalin-
ities in the range of 2000 to 4000 mg calcium carbonate
(CaCO,)/L.!

2. Reference

1. Pouranp, E.G. & D.E. Broobcoop. 1963. Laboratory studies on
mesophilic and thermophilic anaerobic sludge digestion. J. Warer
Pollut. Control Fed. 35:11.

2320 B. Titration Method

1. General Discussion

a. Principle: Hydroxyl ions present in a sample as a result of
dissociation or hydrolysis of solutes react with additions of
standard acid. Alkalinity thus depends on the end-point pH used.
For methods of determining inflection points from titration
curves and the rationale for titrating to fixed pH end points, see
Section 2310B.1a.

For samples of low alkalinity (less than 20 mg CaCOs/L) use
an extrapolation technique based on the near proportionality of
concentration of hydrogen ions to excess of titrant beyond the
equivalence point. The amount of standard acid required to
reduce pH exactly 0.30 pH unit is measured carefully. Because
this change in pH corresponds to an exact doubling of the

TasrLe 2320:1 Exp-Point PH VALUES

End Point pH

Total Phenolphthalein
Test Condition Alkalinity Alkalinity
Alkalinity,
mg CaCO,/L:
30 4.9 8.3
150 4.6 83
500 4.3 83
Silicates, phosphates known
or suspected 4.5 8.3
Routine or automated
analyses 4.5 8.3
Industrial waste or complex
system 45 8.3

hydrogen ion concentration, a simple extrapolation can be made
to the equivalence point.'*

b. End points: When alkalinity is due entirely to carbonate or
bicarbonate content, the pH at the equivalence point of the
titration is determined by the concentration of carbon dioxide
(CO,) at that stage. CO, concentration depends, in turn, on the
total carbonate species originally present and any losses that may
have occurred during titration. The pH values in Table 2320:1 are
suggested as the equivalence points for the corresponding alka-
linity concentrations as milligrams CaCO; per liter. “Phenol-
phthalein alkalinity” is the term traditionally used for the quan-
tity measured by titration to pH 8.3 irrespective of the colored
indicator, if any, used in the determination. Phenolphthalein or
metacresol purple may be used for alkalinity titration to pH 8.3.
Bromcresol green or a mixed bromcresol green-methyl red in-
dicator may be used for pH 4.5.

c¢. Interferences: Soaps, oily matter, suspended solids, or
precipitates may coat the glass electrode and cause a sluggish
response. Allow additional time between titrant additions to
let electrode come to equilibrium or clean the electrodes
occasionally. Do not filter, dilute, concentrate, or alter sam-
ple.

d. Selection of procedure: Determine sample alkalinity from
volume of standard acid required to titrate a portion to a desig-
nated pH taken from q 1b. Titrate at room temperature with a
properly calibrated pH meter or electrically operated titrator, or
use color indicators. If using color indicators, prepare and titrate
an indicator blank.

Report alkalinity less than 20 mg CaCQs4/L only if it has been
determined by the low-alkalinity method of { 4d.

Construct a titration curve for standardization of reagents.
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Color indicators may be used for routine and control titrations
in the absence of interfering color and turbidity and for prelim-
inary titrations to select sample size and strength of titrant (see
below).

e. Sample size: See Section 2310B.1e for selection of size
sample to be titrated and normality of titrant, substituting 0.02N
or 0.1N sulfuric (H,SO,) or hydrochloric (HCl) acid for the
standard alkali of that method. For the low-alkalinity method,
titrate a 200-mL sample with 0.02N H,S0, from a 10-mL buret.

|- Sampling and storage: See Section 2310B.1f.

2. Apparatus

See Section 2310B.2.

3. Reagents

a. Sodium carbonate solution, approximately 0.05N: Dry 3 to
5 g primary standard Na,CO4 at 250°C for 4 h and cool in a
desiccator. Weigh 2.5 * 0.2 g (to the nearest mg), transfer to a
I-L volumetric flask, fill flask to the mark with distilled water,
and dissolve and mix reagent. Do not keep longer than 1 week.

b. Standard sulfuric acid or hydrochloric acid, 0.1N: Prepare
acid solution of approximate normality as indicated under Prep-
aration of Desk Reagents. Standardize against 40.00 mL 0.05N
Na,CO; solution, with about 60 mL water, in a beaker by
titrating potentiometrically to pH of about 5. Lift out electrodes,
rinse into the same beaker, and boil gently for 3 to 5 min under
a watch glass cover. Cool to room temperature, rinse cover glass
into beaker, and finish titrating to the pH inflection point. Cal-
culate normality:

. AXB
Nowablity, i = A% B
A T 8300 % 6

where:
A = g Na,CO, weighed into 1-L flask,
B = mL Na,COj; solution taken for titration, and
C = mL acid used.

Use measured normality in calculations or adjust to 0.1000N;
1 mL 0.1000N solution = 5.00 mg CaCOs;.

c. Standard sulfuric acid or hydrochloric acid, 0.02N: Dilute
200.00 mL 0.1000N standard acid to 1000 mL with distilled or
deionized water. Standardize by potentiometric titration of 15.00
mL 0.05N Na,CO; according to the procedure of  3b; 1 mL =
1.00 mg CaCOs;.

d. Bromcresol green indicator solution, pH 4.5 indicator:
Dissolve 100 mg bromcresol green, sodium salt, in 100 mL
distilled water.

e. Mixed bromcresol green-methyl red indicator solution:
Use either the aqueous or the alcoholic solution:

1) Dissolve 100 mg bromcresol green sodium salt and 20 mg
methyl red sodium salt in 100 mL distilled water.

2) Dissolve 100 mg bromeresol green and 200 mg methyl red in
100 mL 95% ethyl alcohol or isopropyl alcohol.

[ Metacresol purple indicator solution, pH 8.3 indicator:
Dissolve 100 mg metacresol purple in 100 mL water.

g. Phenolphthalein solution, alcoholic, pH 8.3 indicator.

h. Sodium thiosulfare, 0.1N: See Section 2310B.3i.
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4. Procedure

a. Color change: See Section 2310B.4b.

b. Potentiometric titration curve: Follow the procedure for
determining acidity (Section 2310B.4c¢), substituting the appro-
priate normality of standard acid solution for standard NaOH,
and continue titration to pH 4.5 or lower. Do not filter, dilute,
concentrate, or alter the sample.

c. Potentiometric titration to preselected pH: Determine the
appropriate end-point pH according to q 1b. Prepare sample and
titration assembly (Section 2310B.4¢). Titrate to the end-point
pH without recording intermediate pH values and without undue
delay. As the end point is approached make smaller additions of
acid and be sure that pH equilibrium is reached before adding
more titrant.

d. Potentiometric ftitration of low alkalinity: For alkalinities
less than 20 mg/L titrate 100 to 200 mL according to the
procedure of § 4¢, above, using a 10-mL microburet and 0.02N
standard acid solution. Stop the titration at a pH in the range 4.3
to 4.7 and record volume and exact pH. Carefully add additional
titrant to reduce the pH exactly 0.30 pH unit and again record
volume.

5. Calculations

a. Potentiometric titration to end-point pH.

g A X N X 50000
Alkalinity, mg CaCO,/L = gl e
where:
A = mL standard acid used and
- N = normality of standard acid
Alkalinit CaCO,/L Aerai
i a - —
i J mL sample
where:

t = titer of standard acid, mg CaCO,/mL.

Report pH of end point used as follows: “The alkalinity to pH
= mg CaCO;/L” and indicate clearly if this pH
corresponds to an inflection point of the titration curve.

b. Potentiometric titration of low alkalinity:

Total alkalinity, mg CaCO,/L

(2B =€) X N X 50000
- mL sample

where:
B = mL ftitrant to first recorded pH,
C = total mL titrant to reach pH 0.3 unit lower, and
N = normality of acid.

¢. Calculation of alkalinity relationships: The results obtained
from the phenolphthalein and total alkalinity determinations
offer a means for stoichiometric classification of the three prin-
cipal forms of alkalinity present in many waters. The classifica-
tion ascribes the entire alkalinity to bicarbonate, carbonate, and
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Tasre 2320:11. ALkavrmrmy RELATIONSHIPS®

Hydroxide Carbonate Bicarbonate
Result of Alkalinity Alkalinity Concentration
Titration as CaCO;, as CaCO, as CaCO,
P=0 0 0 i
P T 0 2P T'= 2P
P = iAaT 0 2P 0
P> YT 2P =T 2T — P) 0
P=T i 0 0

“Key: P—phenolphthalein alkalinity; 7—total alkalinity.

hydroxide, and assumes the absence of other (weak) inorganic or
organic acids, such as silicic, phosphoric, and boric acids. Tt
further presupposes the incompatibility of hydroxide and bicar-
bonate alkalinities. Because the calculations are made on a
stoichiometric basis, ion concentrations in the strictest sense are
not represented in the results, which may differ significantly
from actual concentrations especially at pH > 10. According to
this scheme:

1) Carbonate (CO4>") alkalinity is present when phenolphtha-
lein alkalinity is not zero but is less than total alkalinity.

2) Hydroxide (OH ") alkalinity is present if phenolphthalein
alkalinity is more than half the total alkalinity.

3) Bicarbonate (HCO; ) alkalinity is present if phenol-
phthalein alkalinity is less than half the total alkalinity. These
relationships may be calculated by the following scheme,
where P is phenolphthalein alkalinity and 7 is total alkalinity
(1 1b):

Select the smaller value of P or (I'—P). Then, carbonate
alkalinity equals twice the smaller value. When the smaller
value is P, the balance (T—2F) is bicarbonate. When the
smaller value is (7 P), the balance (2P—T) is hydroxide. All
results are expressed as CaCO;. The mathematical conversion
of the results is shown in Table 2320:11. (A meodification of
Table 2320:11 that is more accurate when P = '/,T has been
proposed.*)

Alkalinity relationships also may be computed nomo-
graphically (see Carbon Dioxide, Section 4500-CO,). Accu-
rately measure pH, calculate OH™ concentration as milli-
grams CaCO, per liter, and calculate concentrations of CO,*~
and HCO;~ as milligrams CaCO; per liter from the OH
concentration, and the phenolphthalein and total alkalinities
by the following equations:

CO,*” =2P — 2[0OH7]

HCO, =7 - 2P + [OH™]

Similarly, if difficulty is experienced with the phenolphtha-
lein end point, or if a check on the phenolphthalein titration is
desired, calculate phenolphthalein alkalinity as CaCO5 from
the results of the nomographic determinations of carbonate
and hydroxide ion concentrations:

P=1/2[C0O77] + [OH ]
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6. Precision and Bias

No general statement can be made about precision because
of the great variation in sample characteristics. The precision
of the titration is likely to be much greater than the uncer-
tainties involved in sampling and sample handling before the
analysis.

In the range of 10 to 500 mg/L, when the alkalinity is due
entirely to carbonates or bicarbonates, a standard deviation of |
mg CaCO,/L can be achieved. Forty analysts in 17 laboratories
analyzed synthetic samples containing increments of bicarbonate
equivalent to 120 mg CaCO4/L. The titration procedure of § 4b
was used, with an end point pH of 4.5. The standard deviation
was 5 mg/L and the average bias (lower than the true value) was
9 mg/L.}

Sodium carbonate solutions equivalent to 80 and 65 mg
CaCO,/L. were analyzed by 12 laboratories according to the
procedure of 4¢.® The standard deviations were 8 and 5
mg/L. respectively, with negligible bias.® Four laboratories
analyzed six samples having total alkalinities of about 1000
mg CaCO./L and containing various ratios of carbonate/
bicarbonate by the procedures of both 44 and  4¢. The
pooled standard deviation was 40 mg/L, with negligible dif-
ference between the procedures.
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2330 CALCIUM CARBONATE SATURATION*

2330 A.

1. General Discussion

Calcium carbonate (CaCO;) saturation indices commonly are
used to evaluate the scale-forming and scale-dissolving tendencies
of water. Assessing these tendencies is useful in corrosion control
programs and in preventing CaCQ, scaling in piping and equipment
such as industrial heat exchangers or domestic water heaters.

Waters oversaturated with respect to CaCO; tend to precipi-
tate CaCO,. Waters undersaturated with respect to CaCO; tend
to dissolve CaCO,. Saturated waters, i.e., waters in equilibrium
with CaCO;, have neither CaCO;-precipitating nor CaCOj;-dis-
solving tendencies. Saturation represents the dividing line be-
tween “precipitation likely” and “precipitation not likely.”

Several water quality characteristics must be measured to
calculate the CaCO, saturation indices described here. Minimum
requirements are total alkalinity (2320), total calcium (3500-Ca),
pH (4500-H "), and temperature (2550). The ionic strength also
must be calculated or estimated from conductivity (2510) or total
dissolved solids (2540C) measurements. Measure pH at the
system’s water temperature using a temperature-compensated
pH meter. If pH is measured at a different temperature, for
example in the laboratory, correct the measured pH.'™ In mea-
suring pH and alkalinity, minimize CO, exchange between sam-
ple and atmosphere. Ideally, seal the sample from the atmo-
sphere during measurements*; at a minimum, avoid vigorous
stirring of unsealed samples.

There are two general categories of CaCO, saturation indices:
indices that determine whether a water has a tendency to precip-
itate CaCOj; (i.e., is oversaturated) or to dissolve CaCO; (i.e., is
undersaturated) and indices that estimate the quantity of CaCO,
that can be precipitated from an oversaturated water and the
amount that can be dissolved by an undersaturated water. Indices
in the second category generally yield more information but are
more difficult to determine.

2. Limitations

It is widely assumed that CaCO, will precipitate from over-
saturated waters and that it cannot be deposited from undersatu-
rated waters. Exceptions may occur. For example, CaCO, dep-
osition from oversaturated waters is inhibited by the presence of
phosphates (particularly polyphosphates), certain naturally oc-
curring organics, and magnesium,” These materials can act as
sequestering agents or as crystal poisons. Conversely, CaCO,
deposits have been found in pipes conveying undersaturated
water. This apparent contradiction is caused by high pH (relative
to the bulk water pH) in the immediate vicinity of certain areas
(cathodes) of corroding metal surfaces. A locally oversaturated
condition may occur even if the bulk water is undersaturated. A
small, but significant, amount of CaCO; can be deposited.

* Approved by Standard Methods Committee, 2000).
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The calculations referred to here, even the most sophisticated
computerized calculations, do not adequately describe these ex-
ceptions. For this reason, do not consider saturation indices as
absolutes. Rather, view them as guides to the behavior of CaCO;
in aqueous systems and supplement them, where possible, with
experimentally derived information.

Similarly, the effects predicted by the indices do not always
conform to expectations. The relationship between the indices
and corrosion rates is a case in point. Conceptually, piping is
protected when CaCOj is precipitated on its surfaces. CaCOj is
believed to inhibit corrosion by clogging reactive areas and by
providing a matrix to retain corrosion products, thus further
sealing the surfaces. Waters with positive indices traditionally
have been assumed to be protective while waters with negative
indices have been assumed to be not protective, or corrosive. The
expected relationship is observed sometimes,*® but not al-
ways.'”!! Unexpected results may be due in part to limited
capability to predict CaCO; behavior. Also, water characteristics
not directly involved in the calculation of the indices (e.g.,
dissolved oxygen, buffering intensity, chloride, sulfate, and wa-
ter velocity) may influence corrosion rates appreciably.”'*~'®
Thus, do not estimate corrosion rates on the basis of CaCO,
indices alone,
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2330 B. Indices Indicating Tendency of a Water to Precipitate CaCO, or Dissolve CaCO,

1. General Discussion

Indices that indicate CaCO; precipitation or dissolution ten-
dencies define whether a water is oversaturated, saturated, or
undersaturated with respect to CaCQO;. The most widely used
indices are the Saturation Index (SI): the Relative Saturation
(RS), also known as the Driving Force Index (DFI); and the
Ryznar Index (RI). The SI is by far the most commonly used and
will be described here. The RS and SI are related (see Equation
6. Section 2330D). The RI' has been used for many years,
sometimes with good results. Because it is semi-empirical it may
be less reliable than the SL

2. Saturation Index by Calculation

SI is determined from Equation 1.

SI=pH — pH, (1
where:
pH = measured pH and
pH, = pH of the water if it were in equilibrium with CaCOj at the
existing caleium ion [Ca®*] and bicarbonate ion [HCO, ]
concentrations.

A positive SI connotes a water oversaturated with respect to
CaCO;. A negative SI signifies an undersaturated water. An SI of
zero represents a water in equilibrium with CaCOs.

a. Analytical solution for pH: Determine pH, as follows™:

pH, = pK, — pK, + p[Ca®*] + p[HCO, "] + 5 pf,, (2)

where:

K, = second dissociation constant for carbonic acid, at the
water temperature,

Tasee 2330:1. Estimating EQuiLiBrium CONSTANTS AND ACTIVITY COEFFICIENTS

Temperature
Equation Range References
When complete mineral analysis is available:
i - 3
I="1, >, X127
i=1
When only conductivity is available:
I=16X107°C 4
When only TDS is available:
I = TDS/40 000 — 5
[ VI
ph=A m—\[-—r-fOJI (valid to 7 <0.5) £ 3
1+ \1‘]

A = 182X 10° (ED71® — 3
.l 68.937 6
TT+116 '

pK, = 107.8871 + 0.032 528 497 — 5151.79/T — 38.925 61 log,,T + 563 713.9/T° 273-373 )
pK,, = 4471/T + 0.017 06T — 6.0875 273-333 8
pK,. = 171.9065 + 0.077 993T — 2839.319/T — 71.595 log T 273-363 7
pK,, = 1719773 + 0.077 9937 — 2903.293/T — 71.595 log;,T 273-363 7
pK,, = 1721295 + 0.077 993T — 3074.688/T — 71.595 log,,T 273-363 7
*] = ionic strength E = dielectric constant

[X,] = concentration of component i, g-moles/L T = temperature, °K (°C + 273.2)

2 = charge of species i K, = second dissociation constant for carbonic acid
€ = conductivity, wmhos/em K, = dissociation constant for water
TDS = total dissolved solids, mg/L K,. = solubility product constant for calcite
pY = — log,, of the value of any factor Y K., = solubility product constant for aragonite
) = activity coefficient for monovalent species K,. = solubility product constant for vaterite
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Tasre 2330:11. PRECALCULATED VALUES For pK AND A AT SELECTED

TEMPERATURES
Temperature PLs
s pK, Calcite Aragonite Vaterite pK, A

5 10.55  8.39 8.24 7.7 1473 0.494
10 1049 8.41 8.26 7.80 14.53  0.498
15 1043  8.43 8.28 7.84 1434 0.502
20 10.38  8.45 8.31 7.87 14.16  0.506
Ptk 1033 848 8.34 791 13.99 0.511
30 1029 851 8.37 7.96 13.83 0515
35 10.25  8.54 8.41 8.00 13.68 0.520
40 10.22 858 8.45 8.05 13.53 0526
45 1020 8.62 8.49 8.10 1339 0.531
50 10.17  8.66 8.54 8.16 13.26  0.537
60 10.14 8.6 8.64 8.28 13.02 0.549
70 10.13  8.87 875 8.40 —  0.562
80 10,13 8.99 8.88 8.55 = F L5706
90 10.14  9.12 9.02 8.70 —  0.591

Note: All values determined from the equations of Table 2330:1.
A is used to calculate pf, (see Table 2330:1).
* pf,, estimated from TDS values at 25°C care as follows:

e e
100 0.024
200 0.033
400 0.044
800 0.060
1000 0.066

K

5

= solubility product constant for CaCO, at the water
temperature,

[Ca®"] = calcium ion concentration, g-moles/L,

[HCO, ] = bicarbonate ion concentration, g-moles/L, and
[ = activity coefficient for monovalent species at the specified
temperature.
In Equation 2, p preceding a variable designates —log,, of
that variable.

Calculate values of pK,, pK,, and pf,, required to solve Equa-
tion 2 from the equations in Table 2330:1. To save computation
time, values for pK, and pK, have been precalculated for selected
temperatures (see Table 2330:11).

Table 2330:1 gives several values for pK,. Different iso-
morphs of CaCOj; can form in aqueous systems, including cal-
cite, aragonite, and vaterite. Each has somewhat different solu-
bility properties. These differences can be accommodated when
computing pH_ simply by using the pK, for the compound most
likely to form. The form of CaCO,; most commonly found in
fresh water is calcite. Use the pK_ for calcite unless it is clear that
a different form of CaCO; controls CaCO; solubility.

Estimate calcium ion concentration from total calcium mea-
surements with Equation 3.

[Ca*"]) = Ca, — Ca;, 3)
where;

Ca, = total calcium, g-moles/L, and
Ca,, = calcium associated with ion pairs such as CaHCO;™,
CaS0,", and CaOH™.

Calcium associated with ion pairs is not available to form
CaCoOs.
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Estimate [HCO; ], the bicarbonate ion concentration, from
Equation 4.

Al’k,— All. + 10 Wh=—pH) _ 1 PHApl=pK)
| 0.5 X 10WA—PkD

[HCO;™] = )

where:

Alk, = total alkalinity, as determined by acid titration to the

carbonic acid end point, g-equivalents/L,
K, = dissociation constant for water, at the water temperature, and

Alk, = alkalinity contributed by NH,", H,Si0,~, HPO,* ",
B(OH),, CH,COO™ (acetate), HS™, and ion pairs such as
CaHCO;™ and MgOH ", These contributions usually are
small compared to the contributions of components
normally considered (HCO; ™, CO32', OH , and H").

Calculations can be simplified. For example, in Equation 4,
terms containing exponents (e.g., 10%7 2 =Pk ysually can
be neglected for waters that are approximately neutral (pH 6.0 to
8.5) with alkalinity greater than about 50 mg/L as CaCO,. The
terms Ca;, in Equation 3 and Alk, in Equation 4 are difficult to
calculate without computers. Therefore they usually are ne-
glected for hand calculations. The simplified version of Equation
2 under such conditions is:

pH, = pK, — pK, + p[Ca,] + plAlk,] + 5 pf,,

1) Sample calculation—The calculation is best illustrated by
working through an example. Assume that calcite controls
CaCO; solubility and determine the SI for a water of the fol-
lowing composition:

Concentration
mg

Constituent mg + —— = g-moles/L
mole

Calcium 152 40 000  3.80 x 10°°
Magnesium 390 24 312 1.60:% 1073
Sodium 50 2298 218 x 1073
Potassium 5 300024 T28GTORS
Chloride 53 35453 149 x107°
Alkalinity (as CaCO;) 130 50 000 2.60 x 1073
Sulfate 430 96 060 4.48 x 107°
Silica (as Si0,) 15 60084 250 % 107*

*g-equivalents.
Water temperature = 20°C (293.2°K); pH = 9.00.

Before evaluating pf,, in Equation 2, determine the ionic strength
(/) and another constant (A). Estimate ionic strength from the first
equation of Table 2330:I, assuming all the alkalinity is due to
bicarbonate ion. Use the alkalinity concentration (2.60 X 10 ) and
the bicarbonate charge (—1) to calculate the contribution of alka-
linity to ionic strength, Assume silica is mostly H,SiO,. Because
H,Si0, has zero charge, silica does not contribute to ionic strength.

I=0.5[4(3.80 X 107%) + 4(1.60 X 107 %)+ 2.18 X 107> + 1.28
X 107% + 1.49 X 1072 + 2,60/ % 1072 + 4(4.48 X 1073)]
=229 X 1072 g-moles/L

In the absence of a complete water analysis, estimate ionic
strength from conductivity or total dissolved solids measure-
ments (see alternative equations, Table 2330:1).

Estimate A from the equation in Table 2330:1, after first
determining the dielectric constant E from the formula in the
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same table. Alternatively, use precalculated values of A in Table
2330:11. In Table 2330:1I, A = 0.506 at 20°C.
Next estimate pf,, from the equation in Table 2330:1:

pf,. = 0.506

V229 % 1072

1+ {2.29 X 1072

- 0.3(2.29 X 1073

= 0.063

Determine [HCO, ] from Equation 4. Neglect Alk,, but
because the pH exceeds 8.5, calculate the other terms. From
Table 2330:11, pK, = 10.38 and pK,, = 14.16.

260 X 10_.3 i ]0(0‘953 —=90) | 10(9,() =+ 0.063 — 14.16)
L 1 + 0.5 % 1090~ 1038

=254 % 107? g-moles/L

Therefore p[HCO; ] = 2.60.
Determine [Ca”"] from Equation 3. Neglect Ca,,

[Ca®"] = Ca, = 3.80 X 107 g-moles/L

Therefore p[Ca®"] = 2.42.
From Table 2330:11, pK, for calcite is 8.45.
Determine pH, from Equation 2:

pH, = 10.38 — 8.45 + 242 + 2.60 + 5(0.063) = 7.27

And finally, determine S7 from Equation 1:

SI'=9.00 =727 = 1.73

The positive SI indicates the water is oversaturated with
respect to calcite,

2) Effect of neglecting Caw and Alk,—If Cay, is neglected, pH,
is underestimated and S7 is overestimated by an amount equal to
p(l — Ym ), where ¥, is the fraction of total calcium in ion pairs.
For example if YC“ = (.30 then the estimate for S7is 0.15 units too
high. Similarly, if Alk is neglected, S/ is overestimated by an
amount equal to p(1—Y,, ), where ¥, is the fraction of total
alkalinity contributed by species other than HCO;~, COy°,0H,
and H+ The effects of neglecting Ca,, and Alk, are additive.

.» and Alk, may be neglected if the factors Y, and Yy, are
small and do not interfere with interpretation of the 8I. The factors
are small for waters of low and neutral pH, but they increase as pH
values approach and exceed 9. At high pH values, however, the S/
is typically much larger than its overestimate, so neglecting Ca,,
and Alk, causes no problem. To return to the example above, when
calculations were done with a computerized water chemistry code
(SEQUIL) (see Table 2330:11I) that considers Ca;, and Alk,,, the SI
was 1.48, ie., 0.25 units lower than the result obtained by hand
calculations. In this instance, neglecting Ca,, and Alk, did not
interfere with interpreting the result. Both calculations showed the
water to be strongly oversaturated.

The potential for misinterpretation is most acute in nearly-
saturated waters of high sulfate concentration. Recirculating
cooling water is an example. Calcium is sequestered by the
robust CaSO,” ion pair and the SI can be overestimated by as
much as 0.3 to 0.5 units, even at neutral pH. Under these
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conditions, the S/ may be thought to be zero (neither scale-
forming or corrosive) when in fact it is negative.

Resolve this problem by determining pH, using computerized
water chemistry codes that consider ion pairs and the other forms
of alkalinity. Section 2330D provides information about water
chemistry codes. The most accurate calculations are obtained
when a complete mineral analysis is provided.

An alternative but somewhat less rigorous procedure involves
direct measurement of (Ca®"), the calcium ion activity, with a
calcium specific-ion electrode.” Use Equation 5 to determine

plCa®"]; then use p[Ca®"] in Equation 2.

plCa®"] = p(Ca®") — 4pf,, (5)

This approach eliminates the need to determine Ca,, How-
ever, no equivalent procedure is available to bypass the deter-
mination of Alk,,.

b. Graphical solutions for pH,: Caldwell-Lawrence diagrams
can be used to determine pH_.'"~'* The diagrams are particularly
useful for estimating chemical dosages needed to achieve desired
water conditions. Consult the references for descriptions of how
to use the diagrams; see Section 2330D for additional informa-
tion about the diagrams.

3. Saturation Index by Experimental Determination

a. Saturometry: Saturometers were developed to measure the
relative saturation of seawater with respect to CaCO;. A water of
known calcium and pH is equilibrated with CaCOj; in a sealed
flask containing a pH electrode. The water temperature is con-
trolled with a constant-temperature bath. During equilibration
the pH decreases if CaCO, precipitates and increases if CaCO,
dissolves. When the pH stops changing, equilibrium is said to
have been achieved. The initial pH and calcium values and the
final pH value are used to calculate the relative saturation (RS)."*
Equation 6, Section 2330D, may then be used to determine SI.

A major advantage of this method is that the approach to equi-
librium can be tracked by measuring pH, thus minimizing uncer-
tainty about the achievement of equilibrium. The method is most
sensitive in the range of minimum buffering intensity (pH 7.5 to
8.5). The calculations do not consider ion pairs or noncarbonate
alkalinity, except borate. The technique has been used for in sifu
oceanographic measurements'* as well as in the laboratory.

The saturometry calculations discussed above use K, of the
CaCOj; phase assumed to control solubility. Uncertainties occur
if the identity of the controlling solid is unknown. Resolve these
uncertainties by measuring K, of the controlling solid. It is equal
to the CaCO, activity product, [Ca®"] X [CO,* ], at equilib-
rium. Calculate the latter from the equilibrium pH and initial
calcium, alkalinity, and pH measurements.'”

b. Alkalinity difference technigue:'® SI also can be determined by
equilibrating water of known pH, calcium, and alkalinity with
CaCO; in a sealed, constant-temperature system. The CaCO; ac-
tivity product before equilibration is determined from initial cal-
cium, pH, and alkalinity (or total carbonate) values. The CaCO,
solubility product constant (K|) equals the CaCO; activity product
after equilibration, which is determined by using the alkalinity
change that occurred during equilibration. RS is found by dividing
the initial activity product by K. Calculate SI by using Equation 6
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(see 2330D.1). The advantage of this method is that it makes no
assumptions about the identity of the CaCO; phase. However it is
more difficult to determine when equilibrium is achieved with this
method than with the saturometry method.

Whatever the method used, use the temperatures that are the
same as the temperature of the water source. Alternatively,
correct test results to the temperature of the water source. '
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2330 C. Indices Predicting the Quantity of CaCO; That Can Be Precipitated or Dissolved

The Calcium Carbonate Precipitation Potential (CCPP) pre-
dicts both tendency to precipitate or to dissolve CaCO; and
quantity that may be precipitated or dissolved. The CCPP also is
known by other names, e.g., Calcium Carbonate Precipitation
Capacity (CCPC).

The CCPP is defined as the quantity of CaCO; that theoreti-
cally can be precipitated from oversaturated waters or dissolved
by undersaturated waters during equilibration.! The amount that
actually precipitates or dissolves may be less, because equilib-
rium may not be achieved. The CCPP is negative for undersatu-
rated waters, zero for saturated waters, and positive for oversat-
urated waters.

1. Calculating CCPP

The CCPP does not lend itself to hand calculations. Preferably
calculate CCPP with computerized water chemistry models and
Caldwell-Lawrence diagrams (see Section 2330D).

The most reliable calculations consider ion pairs and the
contribution to alkalinity of other species besides HCO;
CO.> , OH , and H'. Models that do not consider these factors
overestimate the amount of CaCOj; that can be precipitated and
underestimate the amount of CaCOj that can be dissolved.

2. Experimental Determination of CCPP

Estimate CCPP by one of several experimental techniques.
a. Saturometry: See Section 2330B. The CCPP is determined
as part of the RS calculation.

b. Alkalinity difference technigue: See Section 2330B. The
CCPP equals the difference between alkalinity (or calcium)
values of the initial and equilibrated water, when they are ex-
pressed as CaCOs,,.

c. Marble test: The marble test'™ is similar to the alkalinity
difference technique. The CCPP equals the change in alkalinity
(or calcium) values during equilibration, when they are ex-
pressed as CaCO,.

d. Enslow test: The Enslow test® is a continuous version of the
alkalinity difference or marble tests. Water is fed continuously to
a leveling bulb or separatory funnel partly filled with CaCOs.
The effluent from this device is filtered through crushed marble
so that the filtrate is assumed to be in equilibrium with CaCOj.
The CCPP equals the change in alkalinity (or calcium) values
that occurs during passage through the apparatus.

e. Calcium carbonate deposition test:® The calcium carbonate
deposition test (CCDT) is an electrochemical method that mea-
sures the electric current produced when dissolved oxygen is
reduced on a rotating electrode. When an oversaturated water is
placed in the apparatus, CaCO; deposits on the electrode. The
deposits interfere with oxygen transfer and the current dimin-
ishes. The rate of CaCO; deposition is directly proportional to
the rate at which the current declines. The CCDT and the CCPP
are related, but they are not the same. The CCDT is a rate, and
the CCPP is a quantity.

For realistic assessments of the CCPP (or CCDT) keep test
temperature the same as the temperature of the water source.
Alternatively, correct test results to the temperature of the water
source.
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2330 D. Diagrams and Computer Codes for CaCO; Indices

1. Description

Table 2330:111 lists diagrams and computer codes that can be
used to determine the SI and CCPP. It also provides a brief
description of their characteristics.

Many computer codes do not calculate SI directly, but instead
calculate the relative saturation (RS). When RS data are pre-
sented, calculate the S7 from:'

SI=1 A 6
where: 9108 ®
RS = ratio of CaCOy activity product to CaCO; solubility
product constant.

The diagrams and a few of the codes define pH, as the pH the
water would exhibit if it were in equilibrium with CaCO; at the
existing calcium and total alkalinity concentrations.” This defi-
nition of pH, differs from the definition following Equation 1
because alkalinity is used instead of bicarbonate. Within the pH
range 6 to 9, alkalinity-based pH, and bicarbonate-based pH; are
virtually equal, because total alkalinity is due almost entirely to
bicarbonate ion. Above pH 9 they differ and Equation 6 no
longer applies if SI is calculated with alkalinity-based pH..
However, if S is determined from bicarbonate-based pH,, Equa-
tion 6 continues to apply.

Furthermore, calculating ST with alkalinity-based pH, reverses
the sign of the S7 above pH values of approximately pK.,, i.e., a
positive, not the usual negative, SI connotes an undersaturated
water.” With bicarbonate-based pH, or RS, sign reversal does not
occur, thereby eliminating the confusing sign change. For these
reasons, bicarbonate-based pH, or RS is preferred. Table
2330:111 lists the definition of pH, used for each code.

Some models calculate only the amount of CaCOj that can be
precipitated but not the amount of CaCO; that can be dissolved.
Others calculate both.

The diagrams and codes can be used to determine many more
parameters than the CaCO; saturation indices. A fee may be
charged for computer software or graphs. The information in Table
2330:111 describes parameters each code uses to calculate SI. Con-
tact the sources listed below the table for current information.
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TasLE 2330:111. Grapis anD CompuTER SOFTWARE THAT CaN BE Usep 10 CarcuLaTeE CaCO; SATURATION INDICES®
CaCOj4 Indices
Approximate ~ Approximate
Basis for Temperature Limit of
Calculation Range lonic lon Pairs Alk,
ItemT of SI CCPP S Strength Considered? Considered?: Minimum Equipment Required

1. Caldwell- pH,, P.D 2-25 0.030 No No Diagrams

Lawrence

diagrams®*

2. ACAPP RS P, D —10-110 6+ Yes Yes IBM-compatible PC, 512K bytes of
RAM, MS DOS or PC DOS v.2.1 or
higher

3. DRIVER RS P 7-65 2.5 Yes Yes Mainframe computer

4. INDEX C pH, pHy P.D 0-50 0.5 No No Hewlett-Packard 41C calculator, with
three memory modules

5. LEQUIL RS No 5-90 0.5 Yes Yes IBM-compatible PC, 256K RAM, Lotus
1-2-3 or work-alike, PC DOS or MS
DOS v.2.0 or higher

6. MINTEQA1 RS P,D 0-100 0.5 Yes Yes IBM-compatible PC, 512K bytes of
RAM, PC DOS v.3.0 or higher, 10
megabyte hard disk drive, math
coprocessor useful but not required

7. PHREEQE RS P,D 0-100 0.5 Yes Yes IBM-compatible PC, known to work with

Standard 512K RAM, PC DOS or MS DOS
v.2.11 or higher. Also available for
mainframe computers.

For high- RS B,D 0-80 7-8 Yes Yes IBM-compatible PC, 640K RAM

salinity recommended, with math coprocessor,
waters MS DOS v.3.2 or higher

8. SEQUIL RS P, D 7-65 25 Yes Yes IBM-compatible PC, 512K bytes of
RAM, MS DOS or PC DOS v.2.1 or
higher,

9. SOLMINEQ.88 RS P, D 0-350 6 Yes Yes IBM-compatible PC, 640K RAM, math

10. WTRCHEM  pH

coprocessor, PC DOS or MS DOS
v.3.0 or higher. Also available for
mainframe computer.

P,D 0-100 0.5 No Na Any PC equipped with a BASIC
interpreter, SK RAM.

sa

11. WATEQ4F RS No 0-100 0.5 Yes Yes IBM-compatible PC, known to work with

512K RAM, PC DOS or MS DOS
v.2.11 or higher.

*S1 = saturation index D = calculates amount of CaCO, theoretically dissolved
CCPP = CaCO, precipitation potential RS = relative saturation

pH,, = alkalinity-based pH, PC = personal computer

pH,, = bicarbonate-based pH, RAM = random access memory

P = calculates amount of CaCO, theoretically precipitated

# 1. Loewenthal and Marais® provide 10.2- by 11.4-cm diagrams, with documentation; Merrill® provides 10.2- by 16.5-cm diagrams, with documentation.

D h WD ==

8.
9.
10.
1L

. Radian Corp., 8501 MoPac Blvd., P.O. Box 201088, Austin, TX 78720-1088 Artn: J.G. Noblett (software and documentation).

. Power Computing Co., 1930 Hi Line Dr., Dallas, TX, 74207 (software and documentation®).

. Brown and Caldwell, P.O. Box 8045, Walnut Creek, CA 94596-1220 Attn: D.T. Merrill (software and documentation).

. Illinois State Water Survey. Aquatic Chemistry Section, 2204 Griffith Dr., Champaign, IL 61820-7495 Aun: T.R. Holm (software and documentation).

. Center for Exposure Assessment Modeling, Environmental Research Laboratory, Office of Research and Development. U.S. Environmental Protection Agency,

Athens, GA 30613 (software and documentation’).

. U.S. Geological Survey, National Center, MS 437, Reston, VA 22902, Chief of WATSTORE Program (provides software for mainframe version of standard code):

U.S. Geological Survey, Water Resources Division, MS 420, 345 Middlefield Rd.. Menlo Park, CA 94025 Atn: K. Nordstrom (provides software for personal
computer version of standard code); National Water Research Institute, Canada Centre for Inland Waters, 867 Lakeshore Rd., Burlington, Ont., Canada L7R 4A6 Attn:
A.S. Crowe (provides software and documentation ** for personal computer versions of both standard and high-salinity codes); U.S. Geological Survey, Books and
Open File Report Section, Box 25425, Federal Center, Denver, CO 80225 (provides documentation®™'” for mainframe and personal computer versions of standard
code).

Power Computing Company, 1930 Hi Line Dr., Dallas, TX 74207 (software and documentation'").

U.S. Geological Survey, Water Resources Division, MS 427, 345 Middlefield Rd., Menlo Park, CA 94025 Aun: Y. K. Kharaka (software and documentation'?).
D.T. Merrill, Brown and Caldwell, P.O. Box 8045, Walnut Creek, CA 94596-1220 (code listing and documentation).

U.S. Geological Survey, Water Resources Division, MS 420, 345 Middlefield Rd.. Menlo Park, CA 94025 Aun: K. Nordstrom (software), Books and Open File Report
Section, Box 25425, Federal Center, Denver, CO 80225 (documentation').

$Codes differ in the species included in Alk,,.
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2340 HARDNESS*

2340 A.

1. Definition

Originally, water hardness was understood to be a measure of
the capacity of water to precipitate soap. Soap is precipitated
chiefly by the calcium and magnesium ions present. Other poly-
valent cations also may precipitate soap, but they often are in
complex forms, frequently with organic constituents, and their
role in water hardness may be minimal and difficult to define. In
conformity with current practice, total hardness is defined as the
sum of the calcium and magnesium concentrations, both ex-
pressed as calcium carbonate, in milligrams per liter.

When hardness numerically is greater than the sum of carbon-
ate and bicarbonate alkalinity, that amount of hardness equiva-
lent to the total alkalinity is called “carbonate hardness”; the
amount of hardness in excess of this is called “noncarbonate
hardness.” When the hardness numerically is equal to or less
than the sum of carbonate and bicarbonate alkalinity, all hard-

*Approved by Standard Methods Committee, 1997.

Introduction

ness is carbonate hardness and noncarbonate hardness is absent.
The hardness may range from zero to hundreds of milligrams per
liter, depending on the source and treatment to which the water
has been subjected.

2. Selection of Method

Two methods are presented. Method B, hardness by calcula-
tion, is applicable to all waters and yields the higher accuracy. If
a mineral analysis is performed. hardness by calculation can be
reported. Method C, the EDTA titration method, measures the
calcium and magnesium ions and may be applied with appro-
priate modification to any kind of water. The procedure de-
scribed affords a means of rapid analysis.

3. Reporting Results

When reporting hardness, state the method used, for example,
“hardness (calc.)” or “hardness (EDTA).”

2340 B. Hardness by Calculation

1. Discussion

The preferred method for determining hardness is to compute
it from the results of separate determinations of calcium and
magnesium,

2. Calculation

Hardness, mg equivalent CaCO./L
= 2497 [Ca, mg/L] + 4.118 [Mg, mg/L]

2340 C. EDTA Titrimetric Method

1. General Discussion

a. Principle: Ethylenediaminetetraacetic acid and its sodium
salts (abbreviated EDTA) form a chelated soluble complex when
added to a solution of certain metal cations. If a small amount of
a dye such as Eriochrome Black T or Calmagite is added to an
aqueous solution containing calcium and magnesium ions at a
pH of 10.0 + 0.1, the solution becomes wine red. If EDTA is
added as a titrant, the calcium and magnesium will be com-
plexed, and when all of the magnesium and calcium has been
complexed the solution turns from wine red to blue, marking the
end point of the titration. Magnesium ion must be present to
yield a satisfactory end point. To insure this, a small amount of
complexometrically neutral magnesium salt of EDTA is added to
the buffer; this automatically introduces sufficient magnesium
and obviates the need for a blank correction.

The sharpness of the end point increases with increasing pH.
However, the pH cannot be increased indefinitely because of the

danger of precipitating calcium carbonate, CaCO,, or magne-
sium hydroxide, Mg(OH),, and because the dye changes color at
high pH values. The specified pH of 10.0 = 0.1 is a satisfactory
compromise. A limit of 5 min is set for the duration of the
titration to minimize the tendency toward CaCO; precipitation.

b. Interference: Some metal ions interfere by causing fading or
indistinct end points or by stoichiometric consumption of EDTA.
Reduce this interference by adding certain inhibitors before
titration. MgCDTA [see 2b3)], selectively complexes heavy met-
als, releases magnesium into the sample, and may be used as a
substitute for toxic or malodorous inhibitors. It is useful only
when the magnesium substituted for heavy metals does not
contribute significantly to the total hardness. With heavy metal
or polyphosphate concentrations below those indicated in Table
2340:1, use Inhibitor I or II. When higher concentrations of
heavy metals are present, determine calcium and magnesium by
a non-EDTA method (see Sections 3500-Ca and 3500-Mg) and
obtain hardness by calculation. The values in Table 2340:1 are
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TasLE 2340:1. Maxmum CONCENTRATIONS OF INTERFERENCES
PERMISSIBLE WITH VARIOUS INHIBITORS™

Max. Interference
Concentration

Interfering mg/L
Substance
Inhibitor Inhibitor
I i

Aluminum 20 20
Barium ¥ T
Cadmium v 20
Cobalt over 20 0.3
Copper over 30 20
Iron over 30 )
Lead ) | 20
Manganese (Mn>™) + 1
Nickel over 20 0.3
Strontium T +
Zinc T 200
Polyphosphate 10

* Based on 25-mL sample diluted to 50 mL.
T Titrates as hardness.

intended as a rough guide only and are based on using a 25-mL
sample diluted to 50 mL.

Suspended or colloidal organic matter also may interfere with
the end point. Eliminate this interference by evaporating the
sample to dryness on a steam bath and heating in a muffle
furnace at 550°C until the organic matter is completely oxidized.
Dissolve the residue in 20 mL IN hydrochloric acid (HCI),
neutralize to pH 7 with 1N sodium hydroxide (NaOH), and make
up to 50 mL with distilled water; cool to room temperature and
continue according to the general procedure.

¢. Titration precautions: Conduct titrations at or near normal
room temperature. The color change becomes impractically slow
as the sample approaches freezing temperature. Indicator decom-
position becomes a problem in hot water.

The specified pH may produce an environment conducive to
CaCO; precipitation. Although the titrant slowly redissolves
such precipitates, a drifting end point often yields low results.
Completion of the titration within 5 min minimizes the tendency
for CaCO, to precipitate. The following three methods also
reduce precipitation loss:

1) Dilute sample with distilled water to reduce CaCO, con-
centration. This simple expedient has been incorporated in the
procedure. If precipitation occurs at this dilution of 1 + 1 use
modification 2) or 3). Using too small a sample contributes a
systematic error due to the buret-reading error.

2) If the approximate hardness is known or is determined by a
preliminary titration, add 90% or more of titrant to sample before
adjusting pH with buffer.

3) Acidify sample and stir for 2 min to expel CO, before pH
adjustment. Determine alkalinity to indicate amount of acid to be
added.

2. Reagents

a. Buffer solution:

PHYSICAL & AGGREGATE PROPERTIES (2000)

1) Dissolve 16.9 g ammonium chloride (NH,CI) in 143 mL
conc ammonium hydroxide (NH,OH). Add 1.25 g magnesium
salt of EDTA (available commercially) and dilute to 250 mL
with distilled water.

2) If the magnesium salt of EDTA is unavailable, dissolve 1.179 g
disodium salt of ethylenediaminetetraacetic acid dihydrate (analytical
reagent grade) and 780 mg magnesium sulfate (MgSO,, - 7H,0) or 644
mg magnesium chloride (MgCL, - 6H,0) in 50 mL distilled water.
Add this solution to 16.9 g NH,Cl and 143 mL conc NH,OH with
mixing and dilute to 250 mL with distilled water. To attain the highest
accuracy, adjust to exact equivalence through appropriate addition
of a small amount of EDTA or MgSO,, or MgCl,.

Store Solution 1) or 2) in a plastic or borosilicate glass
container for no longer than 1 month. Stopper tightly to prevent
loss of ammonia (NH,) or pickup of carbon dioxide (CO,).
Dispense buffer solution by means of a bulb-operated pipet.
Discard buffer when 1 or 2 mL added to the sample fails to
produce a pH of 10.0 = 0.1 at the titration end point.

3) Satisfactory alternate “odorless buffers” also are available
commercially. They contain the magnesium salt of EDTA and have
the advantage of being relatively odorless and more stable than the
NH,CI-NH,0H buffer. They usually do not provide as good an end
point as NH,CI-NH,OH because of slower reactions and they may
be unsuitable when this method is automated. Prepare one of these
buffers by mixing 55 mL conc HCI with 400 mL distilled water and
then, slowly and with stirring, adding 300 mL 2-aminoethanol (free
of aluminum and heavier metals). Add 5.0 g magnesium salt of
EDTA and dilute to 1 L with distilled water.

b. Complexing agents: For most waters no complexing agent is
needed. Occasionally water containing interfering ions requires
adding an appropriate complexing agent to give a clear, sharp
change in color at the end point. The following are satisfactory:

1) Inhibitor I: Adjust acid samples to pH 6 or higher with buffer
or (.IN NaOH. Add 250 mg sodium cyanide (NaCN) in powder
form. Add sufficient buffer to adjust to pH 10.0 = 0.1. (CAUTION:
NaCN is extremely poisonous. Take extra precautions in its use (see
Section 1090), Dispose of solutions containing this inhibitor in
accordance with all applicable governmental regulations (see Sec-
tion 1100C), taking special precautions to prevent its contact with
acids, which can liberate volatile poisonous hydrogen cyanide.)

2) Inhibitor II: Dissolve 5.0 g sodium sulfide nonahydrate
(Na,S - 9H,0) or 3.7 g Na,S + 5H,0 in 100 mL distilled water.
Exclude air with a tightly fitting rubber stopper. This inhibitor
deteriorates through air oxidation. It produces a sulfide precipi-
tate that obscures the end point when appreciable concentrations
of heavy metals are present. Use 1 mL in 35 below.

3) MgCDTA: Magnesium salt of 1, 2-cyclohexanediamine-
tetraacetic acid. Add 250 mg per 100 mL sample and dissolve
completely before adding buffer solution. Use this complexing
agent to avoid using toxic or odorous inhibitors when interfering
substances are present in concentrations that affect the end point
but will not contribute significantly to the hardness value.

Commercial preparations incorporating a buffer and a com-
plexing agent are available. Such mixtures must maintain pH
10.0 = 0.1 during titration and give a clear. sharp end point when
the sample is titrated.

¢. Indicators: Many types of indicator solutions have been
advocated and may be used if the analyst demonstrates that they
yield accurate values. The prime difficulty with indicator solu-
tions is deterioration with aging, giving indistinct end points. For
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example, alkaline solutions of Eriochrome Black T are sensitive
to oxidants and aqueous or alcoholic solutions are unstable. In
general. use the least amount of indicator providing a sharp end
point. It is the analyst’s responsibility to determine individually
the optimal indicator concentration.

L) Eriochrome Black T: Sodium salt of 1-(1-hydroxy-2-naph-
thylazo)-5-nitro-2-naphthol-4-sulfonic acid; No. 203 in the Color
Index. Dissolve 0.5 g dve in 100 g 2.2".2"-nitrilotriethanol (also
called triethanolamine) or 2-methoxymethanol (also called eth-
ylene glycol monomethyl ether). Add 2 drops per 50 mL solution
to be titrated. Adjust volume if necessary.

2) Calmagite: 1-(1-hydroxy-4-methyl-2-phenylazo)-2-naphthol-
4-sulfonic acid. This is stable in aqueous solution and produces the
same color change as Eriochrome Black T, with a sharper end point.
Dissolve 0.10 g Calmagite in 100 mL distilled water. Use 1 mL per
50 mL solution to be titrated. Adjust volume if necessary.

3) Indicators 1 and 2 can be used in dry powder form if care
is taken to avoid excess indicator. Prepared dry mixtures of these
indicators and an inert salt are available commercially,

It the end point color change of these indicators is not clear
and sharp, it usually means that an appropriate complexing agent
is required. If NaCN inhibitor does not sharpen the end point, the
indicator probably is at fault.

d. Standard EDTA titrant, 0.01M: Weigh 3.723 ¢ analytical
reagent-grade disodium ethylenediaminetetraacetate dihydrate,
also called (ethylenedinitrilo)tetraacetic acid disodium salt
(EDTA). dissolve in distilled water. and dilute to 1000 mL.
Standardize against standard calcium solution (4 2¢) as described
in Y 35 below.

Because the titrant extracts hardness-producing cations from soft-
glass containers, store in polyethylene (preferable) or borosilicate
glass bottles. Compensate for gradual deterioration by periodic
restandardization and by using a suitable correction factor.

e. Standard calcium solution: Weigh 1.000 g anhydrous
CaCO, powder (primary standard or special reagent low in
heavy metals, alkalis, and magnesium) into a 500-mL erlen-
meyer flask. Place a funnel in the flask neck and add. a little at
atime, 1 + | HCI until all CaCOy has dissolved. Add 200 mL
distilled water and boil for a few minutes to expel CO,. Cool,
add a few drops of methyl red indicator, and adjust to the
intermediate orange color by adding 3¥ NH,OH or | + 1 HCI,
as required. Transfer quantitatively and dilute to 1000 mL with
distilled water: 1 mL = 1.00 mg CaCO,.

1. Sodium hydroxide, NaOH, 0.1N.

3. Procedure

a. Pretreatment of polluted water and wastewater samples:
Use nitrie acid-sulfuric acid or nitric acid-perchloric acid diges-
tion (Section 3030).

b. Titration of sample: Select a sample volume that requires
less than 15 mL EDTA titrant and complete titration within 5
min, measured from time of buffer addition.

Dilute 25.0 mL sample to about 50 mL with distilled water in
a porcelain casserole or other suitable vessel. Add 1 to 2 mL
buffer solution. Usually | mL will be sufficient to give a pH of
10.0 to 10.1. The absence of a sharp end-point color change in
the titration usually means that an inhibitor must be added at this
point (] 25 et seq.) or that the indicator has deteriorated.
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Add 1 1o 2 drops indicater solution or an appropriate amount
of dry-powder indicator formulation [ 2¢3)]. Add standard
EDTA titrant slowly, with continuous stirring, until the last
reddish tinge disappears. Add the last few drops at 3- to 5-s
intervals. At the end point the solution normally is blue. Daylight
or a daylight fluorescent lamp is recommended highly because
ordinary incandescent lights tend to produce a reddish tinge in
the blue at the end point.

If sufficient sample is availahle and interference is absent,
improve accuracy by increasing sample size, as described in § 3¢
below.

¢. Low-hardness sample: For ion-exchanger effluent or other
softened water and for natural waters of low hardness (less than
5 mg/L), take a larger sample, 100 to 1000 mL, for titration and
add proportionately larger amounts of buffer, inhibitor, and
indicator. Add standard EDTA titrant slowly from a microburet
and run a blank, using redistilled, distilled, or deionized water of
the same volume as the sample. to which identical amounts of
buffer, inhibitor, and indicator have been added. Subtract volume
of EDTA used for blank from volume of EDTA used for sample.

4. Calculation

A X B X 1000

Hardness (EDTA) as mg CaCO./L =
i mL sample

where:

A = mL titration for sample and
B = mg CaCO, equivalent to 1.00 mL EDTA titrant.

5. Precision and Bias

A synthetic sample containing 610 mg/L total hardness as
CaCOy contributed by 108 mg Ca/l. and 82 mg Mg/L, and the
following supplementary substances: 3.1 mg K/L, 19.9 mg Na/L,
241 mg Cl /L, 0.25 mg NO, -N/L, .1 mg NO; -N/L, 259 mg
SO, /L, and 42.5 mg total alkalinity/l. (contributed by
NaHCO,) in distilled water was analyzed in 56 laboratories by
the EDTA titrimetric method with a relative standard deviation
of 2.9% and a relative error of 0.8%.
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2350 OXIDANT DEMAND/REQUIREMENT*

2350 A. Introduction

1. Significance and Chemistry

Oxidants are added to water supplies and wastewater primarily
for disinfection. Other beneficial uses include slime removal,
oxidation of undesirable inorganic species (e.g., ferrous ion,
reduced manganese, sulfide, and ammonia) and oxidation of
organic constituents (e.g., taste- and odor-producing com-
pounds). Oxidant demand refers to the difference between the
added oxidant dose and the residual oxidant concentration mea-
sured after a prescribed contact time at a given pH and temper-
ature. Oxidant requirement refers to the oxidant dose required to
achieve a given oxidant residual at a prescribed contact time, pH,
and temperature.

The fate of oxidants in water and wastewater is complex.
For example, chlorine reacts with sample constituents by
three general pathways: oxidation, addition, and substitution.
First, chlorine can oxidize reduced species, such as Fe®",
Mn?*, and sulfide. In these reactions, chlorine is reduced to
inorganic chloride (C17). Second, chlorine can add to olefins
and other double-bond-containing organic compounds to pro-
duce chlorinated organic compounds. Third, chlorine can
substitute onto chemical substrates. The addition and substi-
tution reactions produce organochlorine species (e.g., chlori-
nation of phenol to chlorophenols) or active chlorine species
(e.g., chlorination of ammonia to produce monochloramine).
Chlorine reacts with naturally occurring organic compounds
by a combination of these mechanisms to generate such
products as trihalomethanes. See Sections 4500-CI (chlorine),
4500-CIO; (chlorine dioxide), and 4500-O5 (ozone) for addi-
tional information.

Oxidant demand and oxidant requirement are significantly
affected by the chemical and physical characteristics of the
sample and the manner in which the oxidant consumption is
measured. In particular, oxidant reactivity is influenced by
temperature, pH, contact time, and oxidant dose. Oxidant
demand and oxidant requirement are defined operationally by
the analytical method used to determine the residual oxidant
concentration. Report sample temperature, pH, contact time,
oxidant dose, and analytical method with oxidant demand or
oxidant requirement. Sample temperature strongly affects re-
action kinetics and thus the demand exerted in a given contact
time. Sample pH affects the form of the oxidant and the nature
and extent of the demand. For example, ozone is unstable at
high pH values and ozone demand is especially sensitive to
sample pH. Oxidant demand increases with time and therefore
the demand must be defined for a given contact time. Oxidant

* Approved by Standard Methods Committee, 1997.
Joint Task Group: 20th Edition—Roger A. Yorton (chair), James N. Jensen, Maria
T. Morsillo.

demand also is dependent on oxidant dose. Increasing oxidant
dose usually will increase demand, but it is incorrect to
assume that doubling the oxidant dose will double the oxidant
demand. For these reasons, it is difficult to extrapolate oxidant
demand data from one set of conditions to another. Always
study oxidant consumption under the range of conditions
expected in the field.

Oxidant consumption is used to evaluate oxidant demand
and oxidant requirement. Report consumption values accord-
ing to the objective of the study. For example, report chlorine
demand as follows: “The sample dosed at 5.0 mg/L consumed
3.9 mg/L after 24 h at 20°C and pH 7.1, as measured by
amperometric fitration.” By contrast, report ozone require-
ment as follows: “The sample required a dose of 2.1 mg/L to
achieve an ozone residual of 0.5 mg/L after 20 min at 15°C
and pH 6.5, as measured by the indigo method.”

2. Selection of Method

Select a method to measure oxidant residuals used in the
demand calculation that is specific and has adequate sensitiv-
ity. Some oxidant residual measurement techniques are sub-
ject to interferences from oxidation-produced oxidants. Inter-
ferences affect oxidant demand measurements because the
concentrations of the interferents may change as the oxidant
residual changes. Thus, calculate free chlorine demand in
municipal wastewater as the difference between free chlorine
dose and free chlorine residual measured after a desired
contact time at a given temperature, pH, and chlorine dose for
a specified analytical method. Chlorination of non-nitrified
municipal wastewater probably produces chloramines. If the
analytical method for free chlorine is subject to interferences
from chloramines, then the free chlorine residual measure-
ment will be too large (see Section 4500-Cl1.A.3), and the
resulting free chlorine demand value will be incorrectly low.
It is sometimes difficult to predict the manner in which
oxidant-produced oxidants will affect the demand measure-
ment. The best approach is to use the analytical method most
specific to the oxidant of interest but always indicate the
method with the result.

The addition of reagents may cause loss of oxidant residual
or other changes in oxidant demand. The loss of total chlorine
upon addition of acid and KI is discussed in Section 4500-
ClL.A3a.
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2350 B. Chlorine Demand/Requirement

1. General Discussion

a. Principle: The sample is divided into subsamples and each
is dosed with the standardized oxidant (chlorine) solution to
yield a series of increasing doses. After the appropriate contact
time, oxidant residual, pH, and temperature are measured and the
demand/requirement determined by difference between initial
and final concentrations.

h. Selection of method: Chlorine consumption tests may be
made to examine the demand or requirement for total chlorine,
free chlorine, combined chlorine, monochloramine, or dichlora-
mine. Specify the chlorine species consumed in the chlorine
demand/requirement test. The analytical method should exhibit
minimal interferences for the species examined. For demand/
requirement studies with free chlorine, use only amperometric
titration (Section 4500-C1.D) or DPD methods (Sections 4500-
CLF and 4500-CL.G).

c. Interference: Refer to Section 4500-CLD.15H (amperometric
titration), 4500-CLF.1d (DPD ferrous titrimetric method), or 4500-
CLG.1h (DPD colorimetric method). Pay special attention to inter-
ferences caused by oxidation products such as MnO,, NH,Cl, and
NHCL,. If the ammonia or organic nitrogen content of the water is
significant, combined chlorine may form. See Section 4500-Cl for
details. Under these conditions. expect interferences in the measure-
ment of free chlorine by combined chlorine.

d. Minimum detectable concentration: Because it is calcu-
lated by difference, the minimum detectable chlorine demand/
requirement is V2 times the minimum chlorine residual detect-
able by the analytical method. For minimum detectable chlorine
residual, see Section 4500-CLFE.le (DPD ferrous titrimetric
method) or 4500-CLG. ¢ (DPD colorimetric method). Minimum
detectable demand also is influenced by amount of oxidant
consumed relative to oxidant dose (see § 6 below).

e. Sampling: Most reliable results are obtained on fresh sam-
ples that contain low amounts of suspended solids. If samples
will be analyzed within 24 h of collection, refrigerate unacidified
at 4°C immediately after collection. To preserve for up to 28 d,
freeze unacidified samples at —20°C. Warm chilled samples to
desired test condition before analysis.

2. Apparatus

See Section 4500-CL.D (amperometric titration) or 4500-C1L.G
(DPD colorimetric method).

3. Reagents

a. Chlorine-demand-free water: See Section 4500-C1.C.3m.
Alternatively, prepare dilutions, blanks, and dosing solutions
from high-quality distilled water (preferably carbon-filtered re-
distilled water).

b. Acetic acid, conc (glacial).

c. Potassium iodide, KI, crystals.

d. Standard sodium thiosulfate tirrant, 0.025N: See Section
4500-CLB.24.

e. Starch indicator solution: See Section 4500-C1.B 2e.

[ Reagents for determining residual chlorine: See Section
4500-C1.D.3 (amperometric titration), 4500-C1.F.2 (DPD ferrous
titrimetric method), or 4500-C1.G.3 (DPD colerimetric method).

g. Standard chlorine solution: Prepare by bubbling chlorine
gas through distilled water or by diluting commercially available
5-7% (50 000-=70 000 mg/L) sodium hypochlorite. Store in the
dark or in a brown, glass-stoppered bottle. Standardize each day
of use. A suitable strength of chlorine solution usually will be
between 100 and 1000 mg/L, preferably about 100 times esti-
mated chlorine demand. Use a solution of sufficient concentra-
tion so that adding the chlorine solution will not increase the
volume of the treated portions by more than 5%.

Standardization—Place 2 mL acetic acid and 10 to 15 mL
chlorine-demand-free water in a flask. Add about 1 g KI. Mea-
sure into the flask a suitable volume of chlorine solution. In
choosing a convenient volume, note that 1 mL 0.025N Na,S,0,
titrant is equivalent to about 0.9 mg chlorine as Cl,. Select
volumes that will require no more than 20 mL titrant.

Titrate with standardized 0.025N Na,S,04 titrant until the yellow
iodine color almost disappears. Add 1 to 2 mL starch indicator
solution and continue titrating until the blue color disappears.

Determine the blank by adding identical quantities of acid, KI,
and starch indicator to a volume of chlorine-demand-free water
corresponding to the sample used for titration. Perform which-
ever blank titration applies, according to Section 4500-C1.B.34.
Calculate the chlorine stock concentration as described in Sec-
tion 4500-C1.B.4.

4. Procedure

Measure sample temperature and pH. Keep sample and sample
portions at desired temperature and protect from light throughout
the procedure. If pH adjustment is desired, prepare a blank in
distilled water containing the same amount of buffer as in the
sample. Carry the blank throughout the procedure.

Measure 5% equal sample portions of 200 mL7{ each into
glass-stoppered bottles or flasks of ample capacity to permit
mixing. Add increasing amounts of standard chlorine solution (4
3g) to successive portions in the series. Try to bracket the
estimated demand/requirement and satisfy criteria of § 5a. In-
crease dosage between portions in increments of 0.1 mg/L for
determining low demands/requirements and up to 1.0 mg/L or
more for higher demands. Mix while adding. Dose sample por-
tions according to a staggered schedule that will permit deter-
mining the residual after predetermined contact times.

Conduct test over desired contact period. Record contact time. At
end of contact period, measure sample temperature, sample pH, and
residual chlorine. Record residual measurement method used.

* The number of sample portions can be increased when working with samples of
unknown demand and may be decreased when working with samples of familiar
origin.

¥ Size of sample portions is not critical, bul must be large enough to ensure
reproducible results as well as provide volume sufficient to measure chlorine
residual, pH, and temperature.
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5. Calculation

a. Chlorine demand: Select sample portion with a residual at
the end of the contact period that satisfies the following criteria:

1) R, <D,— 14R
2) R:‘ > Rmin' and
3) Dose is most similar to the dosage range expected in the field

min®

where:
R, = residual after contact time, mg/L,
D= dose, mg/L, and
R,,;,= minimum residual measurable by the method, mg/L.

The first two criteria insure that the chlorine residual and
demand are greater than their respective minimum detection
limits. If no sample portion satisfies all criteria, repeat the test
and adjust doses accordingly. Calculate chlorine demand as
follows:

Chlorine demand, mg/L = (Dg — Rg) — (D — Ry)
where R, and D, are defined as above, and:

Rp= residual of blank after contact time, mg/L, and
Dy, = blank dose, mg/L.

When reporting chlorine demand, include dose, contact time,
sample temperature, sample pH, and analytical method.

b. Chlorine requirement: Report the chlorine dose that produced
the target residual after the desired contact time. When reporting
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chlorine requirement, include the target residual, contact time. sam-
ple temperature, sample pH, and analytical method. Report chlorine
demand of blank if it is greater than 10% of the difference between
the requirement and the target residual.

6. Precision and Bias

For data on precision and bias of concentration measurements,
see analytical method used. Because demand is calculated by dif-
ference, the uncertainty associated with the demand value will be
greater than the uncertainty of the individual residual measure-
ments. If the standard deviations of the dose measurement and
residual measurements are the same, then the standard deviation and
minimum detection limit of the oxidant demand will be /2 (ap-
proximately 1.4) times the standard deviation and minimum detec-
tion limit of the measurement technique, respectively.

The chlorine dose and amount consumed affect the precision
and bias of demand calculation in two ways. First, the amount
consumed must be sufficiently large, relative to the dose, to
minimize errors associated with a value calculated from the
difference of two numbers of approximately equal value. Sec-
ond, the amount consumed must be small enough, relative to the
dose, to prevent the residual concentration from being too small.

7. Bibliography

See Section 4500-CL.D.7 or F.6, according to analytical
method used.

2350 C. Chlorine Dioxide Demand/Requirement

1. General Discussion

a. Principle: See Section 2350B.1. Chlorine dioxide con-
sumption studies are made by dosing samples from a ClO, stock
solution.

b. Selection of method: Use the amperometric method I1 (Sec-
tion 4500-ClO,.E) because of its high degree of accuracy and
minimal interferences.

¢. Interference: See Section 4500-Cl10,.E.1h.

d. Minimum detectable concentration: The minimum detect-
able chlorine dioxide demand/requirement is \/2 times the min-
imum chlorine dioxide residual detectable by the analytical
method (see Section 2350B.1d and B.6).

2. Apparatus
See Section 4500-C10,.E.2.
3. Reagents

See Section 4500-C10,.B.2 to prepare and standardize ClO,.

See Section 4500-C10,.E.3 for reagents required to determine
ClO, residual.

4. Procedure

Follow procedure of Section 2350B 4, using ClO, solution,
rather than chlorine solution, for dosing sample portions.

Follow procedure of Section 4500-C10,.E.4 to measure ClO,
residual.

5. Calculation

a. Chlorine dioxide demand: See Section 2350B.5a.
b. Chlorine dioxide requirement: See Section 2350B.5b.

6. Precision and Bias
See Section 2350B.6.
7. Bibliography

See Section 4500-ClO,.E.6 and 7.
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2350 D. 0Ozone Demand/Requirement—Batch Method

1. General Discussion

a. Principle: See Section 2350B.1. Samples can be ozonated
in batch and semi-batch modes. In batch ozone consumption
studies, an ozone stock solution is used to add ozone to the
samples. In semi-batch ozone consumption studies, a stream of
ozone gas is added continuously to the sample.

Ozone decomposes at high pH. Thus, even pH-buffered dis-
tilled water has a non-zero ozone demand/requirement. Analyze
blanks with all ozone consumption tests. Do not subtract the
ozone demand of the blank from the ozone demand of the
sample, but report it separately.

b. Selection of method: Ozone produces oxidants that inter-
fere with iodometric methods. The indigo method (Section 4500-
0,.B) is recommended for measuring ozone residuals in ozone
consumption studies. The indigo method measures only the
demand for ozone; it does not measure the demand for ozone-
produced oxidants such as the hydroxyl radical.

c. Interference: See Section 4500-04.B.15.

d. Minimum detectable concentration: The minimum detect-
able ozone demand/requirement is V2 times the minimum
ozone residual detectable by the analytical method (see Section
2350B.1d and B.6).

For minimum detectable ozone residuals, see Section 4500-
0;.B.1c.

2. Apparatus

a. Ozone generator: Use a laboratory-scale ozonator, capable
of providing up to about 5% ozone in the gas phase at a gas flow
of up to about 1 L/min.

b. Apparatus for measuring residual ozone: See Section
4500-0,.B.2.

3. Reagents

a. Ozone-demand-free water: Ozonate reagent water (see
Section 1080) for at least 1 h and purge with nitrogen gas for at
least 1 h. Cavrnion: Conduct all laboratory ozonations under a
vented hood.

b. Standard ozone solution: Put about 800 mL of ozone-
demand-free water in a 1-L flask. Bubble ozone (approximately
1 to 5% O in the gas phase) through the water for about 30 min
while stirring. At room temperature the ozone solution will
contain about 10 to 20 mg O4/L. If the flask is cooled in an ice

bath throughout the procedure, the ozone concentration will be
about 30 to 40 mg O/L. Standardize the ozone solution by the
indigo method. Use a small sample volume (typically 1 mL) as
directed in Section 4500-0,.B.4a3).

4. Procedure

Follow procedure of Section 2350B.4, using standard ozone
solution, rather than chlorine solution, for dosing sample por-
tions. Carry a reagent blank through the procedure.

Follow procedure of Section 4500-04.B.4 to measure O, re-
sidual.

5. Calculation

a. Ozone demand: See Section 2350B.5a for selection of the
proper sample portion. Calculate ozone demand in sample as
follows:

Ozone demand, mg/L = Dy — R

where:
R, = oxidant residual of sample after contact time, mg/L, and
D, = sample oxidant dose, mg/L.

Calculate ozone demand in the blank separately.

Ozone demand of blank, mg/L. = Dy — Ry

where:
Ry = oxidant residual of blank after contact time, mg/L, and
Dy = blank oxidant dose, mg/L.

Report the ozone demand and the ozone demand of the blank,
ozone dose, contact time, sample temperature, sample pH, and
analytical method.

b. Ozone requirement: See Section 2350B.55.

6. Precision and Bias

See Section 2350B.6.
7. Bibliography

See Section 4500-0,.B.7 and 8.

2350 E. Ozone Demand/Requirement—Semi-Batch Method

1. General Discussion

See Section 2350D.1.

The semi-batch method involves determination of ozone de-
mand with the continuous addition of gaseous ozone to a batch
reactor. The results obtained in this method depend on the
mass-transfer characteristics of the reactor. In addition, some
compounds that consume ozone may volatilize during the test.

2. Apparatus

All apparatus listed in Section 2350D.2 is required, plus:

a. Gas washing bottles, borosilicate glass, minimum volume
250 mL.

b. Tubing: Use only stainless steel or TFE tubing.

¢. Glassware: Buret, 50 mL; beaker, 400 mL; graduated cyl-
inder, 250 mL.
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d. Wash bottle, 500 mL.,
e. Magnetic stirrer (optional).

3. Reagents

a. Ozone-demand-free water: See Section 2350D.3a.

b. Sulfuric acid, H,SO,, 2N: Cautiously add 56 mL conc
H,SO, to 800 mL ozone-demand-free water in a 1-L volumetric
flask. Mix thoroughly, cool, add up to mark with ozone-demand-
free water.

¢. Potassium iodide, KI: Dissolve 20 g KI in about 800 mL of
ozone-demand-free water in a 1-L volumetric flask. Make up to
mark with ozone-demand-free water.

d. Standard sodium thiosulfate titrant, Na,S5,0,, 0.1N: See
Section 4500-CLB .2c.

e. Standard sodium thiosulfate titrant, Na,S-0;, 0.005N: Di-
lute the proper volume (approximately 50 mL) of standardized
0.1N Na,S,05 to 1 L.

f. Starch indicator solution: See Section 4500-CL.B.2e.

4. Procedure

Determine the output of the ozone generator by passing the
ozone gas through two serial KI traps (Traps A and B) for about
10 min. For best results, keep gas flow below approximately 1
L/min. Each trap is a gas washing bottle containing a known
volume (at least 200 mL) of 2% KI. Quantitatively transfer
contents of each trap into a beaker, add 10 mL of 2N H,S0,, and
titrate with standardized 0.005N Na,S,0; until the yellow iodine
color almost disappears. Add 1 to 2 mL starch indicator solution
and continue titrating to the disappearance of blue color.

Put a known volume (at least 200 mL) of sample in a separate
gas washing bottle (label gas washing bottles to avoid contam-
inating the reaction vessel with iodide). Direct ozone gas through
this reaction vessel. For ozone demand studies, direct gas stream
leaving reaction vessel through a KI trap (Trap C) prepared as
above. Ozonate sample for a given contact time. For ozone
demand studies, turn ozonator off at end of contact time and pour
contents of Trap C into a beaker. Add 10 mL 2N H,SO, and
titrate with 0.005N Na,S,0; as described above. For ozone
requirement studies, remove a portion from the reaction vessel at
the end of contact time and measure residual ozone concentra-
tion by the indigo method.
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5. Calculation

a. Ozone dose:

(A + B) X N X 24

Ozone dose, mg/min = T

where:

A = mL titrant for Trap A,

B = mL titrant for Trap B,

N = normality of Na,S,0,, and
T = ozonation time, min.

b. Ozone demand.:

C XN X244

Ozone demand, mg/min = ozone dose, mg/min — 7

where:
C = mL titrant for Trap C.

Report sample ozone demand and blank ozone demand, ozone
dose, ozonation time, sample temperature, sample pH, sample
volume, and analytical method. Because the ozone transfer rate
is highly dependent on experimental conditions, also report
vessel volume, vessel type, gas flow rate, and sample volume.

¢. Ozone requirement: The ozone requirement in the semi-
batch test is the ozone dose, mg/min, required to obtain the target
ozone residual after the desired ozonation time. See Section
2350E.54 to calculate dose. When reporting ozone requirement,
also include target oxidant residual as well as other experimental
characteristics listed in q b above.

6. Precision and Bias
See Section 2350B.6.
7. Bibliography

See Section 4500-0,.B.7 and 8.

2510 CONDUCTIVITY*

2510 A.

Conductivity, k, is a measure of the ability of an aqueous
solution to carry an electric current. This ability depends on the
presence of ions; on their total concentration, mobility, and

* Approved by Standard Methods Committee, 1997.
Joint Task Group: 20th Edition—Robert M. Bagdigian (chair), Stephen W.
Johnson, William F. Koch, Russell W. Lane, Misha Plam.

Introduction

valence; and on the temperature of measurement. Solutions of
most inorganic compounds are relatively good conductors. Con-
versely, molecules of organic compounds that do not dissociate
in aqueous solution conduct a current very poorly, if at all.
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TasLe 2510:1. Equivarent Conpuctivity, A, anp ConpucTiviTy, K, OF
Porasstum CHLORIDE AT 23.0°C.*>*

Equivalent

KCI Concentration Conductivity, A Conductivity, k,

M or equivalent/L mho-cm*/equivalent wmho/cm
0 149.9
0.0001 148.9 14.9
0.0005 147.7 139
0.001 146.9 146.9
0.005 143.6 717.5
0.01 141.2 1 412
0.02 138.2 2 765
0.05 133.3 6 667
0.1 128.9 12 890
0.2 124.0 24 800
0.5 117.3 58 670
1 111.9 111 900

* Based on the absolute ohm, the 1968 temperature standard, and the dm* volume
standard.” Values are accurate to £0.1% or 0.1 pmho/cm, whichever is greater.

1. Definitions and Units of Expression
Conductance, G, is defined as the reciprocal of resistance, R:

1
-
where the unit of R is ohm and G is ohm ' (sometimes written
mho). Conductance of a solution is measured between two
spatially fixed and chemically inert electrodes. To avoid po-
larization at the electrode surfaces the conductance measure-
ment is made with an alternating current signal." The con-
ductance of a solution, G, is directly proportional to the
electrode surface area, A, cm?, and inversely propartional to
the distance between the electrodes, L, cm. The constant of
proportionality, k, such that:

-y

is called “conductivity” (preferred to “specific conductance”).
It is a characteristic property of the solution between the
electrodes. The units of k are 1/ohm-cm or mho per centime-
ter. Conductivity is customarily reported in micromhos per
centimeter (wmho/cm).

In the International System of Units (SI) the reciprocal of the
ohm is the siemens (S) and conductivity is reported as milli-
siemens per meter (mS/m); 1 mS/m = 10 pwmhos/cm and 1
pS/em = 1 pumho/cm. To report results in SI units of mS/m
divide wmhos/cm by 10.

To compare conductivities, values of k are reported relative to
electrodes with A = 1 cm? and L = 1 cm. Absolute conduc-
tances, G, of standard potassium chloride solutions between
clectrodes of precise geometry have been measured; the corre-
sponding standard conductivities, k,, are shown in Table 2510:1.

The equivalent conductivity, A, of a solution is the conduc-
tivity per unit of concentration. As the concentration is decreased
toward zero, A approaches a constant, designated as A°, With k
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in units of micromhos per centimeter it is necessary to convert
concentration to units of equivalents per cubic centimeter; there-
fore:

A = 0.001k/concentration

where the units of A, k, and concentration are mho-cm?/
equivalent, umho/cm, and equivalent/L, respectively. Equiv-
alent conductivity, A, values for several concentrations of
KCI are listed in Table 2510:1. In practice, solutions of KCI
more dilute than 0.001M will not maintain stable conductiv-
ities because of absorption of atmospheric CO,. Protect these
dilute solutions from the atmosphere.

2. Measurement

a. Instrumental measurements: In the laboratory, conductance,
G,. (or resistance) of a standard KCl solution is measured and
from the corresponding conductivity, k,, (Table 2510:1) a cell
constant, C, em™ ", is calculated:

Most conductivity meters do not display the actual solution
conductance, G, or resistance, R; rather, they generally have a dial
that permits the user to adjust the internal cell constant to match the
conductivity, k,, of a standard. Once the cell constant has been
determined, or set, the conductivity of an unknown solution,

kl( = CGM‘

will be displayed by the meter.

Distilled water produced in a laboratory generally has a conduc-
tivity in the range 0.5 to 3 pumhos/cm. The conductivity increases
shortly after exposure to both air and the water container,

The conductivity of potable waters in the United States ranges
generally from 50 to 1500 pwmhos/cm. The conductivity of
domestic wastewaters may be near that of the local water supply,
although some industrial wastes have conductivities above
10000 pmhos/cm. Conductivity instruments are used in pipe-
lines, channels, flowing streams, and lakes and can be incorpo-
rated in multiple-parameter monitoring stations using recorders.

Most problems in obtaining good data with conductivity mon-
itoring equipment are related to electrode fouling and to inade-
quate sample circulation. Conductivities greater than 10 000 to

TaBLE 2510:11. SampLE ANALYSIS ILLUSTRATING CALCULATION OF
ConpucTiviry, k FOR NATURAL WATERS.

cale

Tons mg/L mM [zl ALmae ZmM
Ca 55 1.38 164.2 552
Mg 12 0.49 52,0 1.96
Na 28 1.22 6l.1 1.22
K B2 0.08 59 0.08
HCO, 170 2.79 124.2 2.79
S0, 77 0.80 128.0 3.20
Cl 20 0.56 42.8 0.56

578.2 15.33
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50 000 wmho/cm or less than about 10 wmho/cm may be diffi-
cult to measure with usual measurement electronics and cell
capacitance. Consult the instrument manufacturer’s manual or
published references. !¢

Laboratory conductivity measurements are used to:

= Establish degree of mineralization to assess the effect of the
total concentration of ions on chemical equilibria, physiological
effect on plants or animals, corrosion rates, etc.

» Assess degree of mineralization of distilled and deionized
water.

* Evaluate variations in dissolved mineral concentration of
raw water or wastewater. Minor seasonal variations found in
reservoir waters contrast sharply with the daily fluctuations in
some polluted river waters. Wastewater containing significant
trade wastes also may show a considerable daily variation.

* Estimate sample size to be used for common chemical
determinations and to check results of a chemical analysis.

* Determine amount of ionic reagent needed in certain pre-
cipitation and neutralization reactions, the end point being de-
noted by a change in slope of the curve resulting from plotting
conductivity against buret readings.

» Estimate total dissolved solids (mg/L) in a sample by mul-
tiplying conductivity (in micromhos per centimeter) by an em-
pirical factor. This factor may vary from 0.55 to 0.9, depending
on the soluble components of the water and on the temperature
of measurement. Relatively high factors may be required for
saline or boiler waters, whereas lower factors may apply where
considerable hydroxide or free acid is present. Even though
sample evaporation results in the change of bicarbonate to car-
bonate the empirical factor is derived for a comparatively con-
stant water supply by dividing dissolved solids by conductivity.

= Approximate the milliequivalents per liter of either cations
or anions in some waters by multiplying conductivity in units of
micromhos per centimeter by 0.01.

b. Calculation of conductivity: For naturally occurring waters
that contain mostly Ca®*, Mg®*, Na*, K*, HCO; ", SO,*", and
Cl™ and with TDS less than about 2500 mg/L, the following
procedure can be used to calculate conductivity from measured
ionic concentrations.” The abbreviated water analysis in Table
2510:11 illustrates the calculation procedure.

At infinite dilution the contribution to conductivity by differ-
ent kinds of ions is additive. In general, the relative contribution
of each cation and anion is calculated by multiplying equivalent
conductances, A, and A_, mho-cm?*/equivalent, by concentration
in equivalents per liter and correcting units. Table 2510:II1
contains a short list of equivalent conductances for ions com-
monly found in natural waters.® Trace concentrations of ions
generally make negligible contribution to the overall conductiv-
ity. A temperature coefficient of 0.02/deg is applicable to all
ions, except H' (0.0139/deg) and OH™ (0.018/deg).

At finite concentrations, as opposed to infinite dilution, con-
ductivity per equivalent decreases with increasing concentration
(see Table 2510:1). For solutions composed of one anion type
and one cation type, e.g., KCl as in Table 2510:1, the decrease in
conductivity per equivalent with concentration can be calculated,
+0.1%, using an ionic-strength-based theory of Onsager.” When
mixed salts are present, as is nearly always the case with natural
and wastewaters, the theory is quite complicated.'” The follow-
ing semiempirical procedure can be used to calculate conductiv-
ity for naturally occurring waters:
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TasLE 2510:111. EQUIVALENT CONDUCTANCES, A, AND A_, (MHO-CM?/
EQUIVALENT) FOR Tons v WaTeR AT 25.0 C.8

° o

Cation A Anion A
H* 350 OH™ 198.6
1/2Ca** 59.5 HCOy 44.5
1/2Mg>* 53.1 1/2C0,* 72
Na* 50.1 1/280,% 80.0
K* 73.5 ¢ 76.4
NH,* 73.5 Ac™ 40.9
1/2Fe** 54 F~ 54.4
1/3Fe’* 68 NO,~ 71.4

H,PO,~ 33
1/2HPO,>~ 57

First, calculate infinite dilution conductivity (Table 2510:11,
Column 4):

ke = 3z, (G ) + Zlz, ] AL mpy)

where:

|z,- = absolute value of the charge of the i-th ion,
mM, = millimolar concentration of the i-th ion, and
A, »A_; = equivalent conductance of the i-th ion.

If mM is used to express concentration, the product, (A’)
(mM,) or (A\_)(mM,), corrects the units from liters to cm’, In this
case k° is 578.2 umho/cm (Table 2510:11, Column 4).

Next, calculate ionic strength, IS in molar units:

IS = Sz, (mM,)/2000

The ionic strength is 15.33/2000 = 0.00767 M (Table 2510:1I,
Column 35).

Calculate the monovalent ion activity coefficient, y, using the
Davies equation for IS = (.5 M and for temperatures from 20 to
300(‘*.9.1 1

y = 1070,5{1.9“%1 + I5V2) — 0:318]

In the present example /S = 0.00767 M and y = 0.91.
Finally, obtain the calculated value of conductivity, k., from:

kculc o kc.vz

In the example being considered, k., = 578.2 X 0917 =
478.8 pmho/cm versus the reported value as measured by the
USGS of 477 umho/cm.

For 39 analyses of naturally occurring waters,”'> conductivi-
ties calculated in this manner agreed with the measured values to
within 2%.
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2510 B. Laboratory Method

1. General Discussion

See Section 2510A.

2. Apparatus

a. Self-contained conductivity instruments: Use an instrument
capable of measuring conductivity with an error not exceeding
1% or 1 pmho/cm, whichever is greater.

b. Thermometer, capable of being read to the nearest 0.1°C
and covering the range 23 to 27°C. Many conductivity meters are
equipped to read an automatic temperature sensor.

c. Conductivity cell:

1) Platinum-electrode type—Conductivity cells containing plat-
inized electrodes are available in either pipet or immersion form.
Cell choice depends on expected range of conductivity. Experimen-
tally check instrument by comparing instrumental results with true
conductivities of the KCI solutions listed in Table 2510:1. Clean
new cells, not already coated and ready for use, with chromic-
sulfuric acid cleaning mixture [see Section 2580B.352)] and plati-
nize the electrodes before use. Subsequently, clean and replatinize
them whenever the readings become erratic, when a sharp end point
cannot be obtained, or when inspection shows that any platinum
black has flaked off, To platinize, prepare a solution of 1 g chloro-
platinic acid, H,PtCl, - 6H,0, and 12 mg lead acetate in 100 mL
distilled water. A more concentrated solution reduces the time
required to platinize electrodes and may be used when time is a
factor, e.g., when the cell constant is 1.0/cm or more. Immerse
electrodes in this solution and connect both to the negative terminal
of a 1.5-V dry cell battery. Connect positive side of battery to a
piece of platinum wire and dip wire into the solution. Use a current
such that oenly a small quantity of gas is evolved. Continue elec-
trolysis until both cell electrodes are coated with platinum black.
Save platinizing solution for subsequent use. Rinse electrodes thor-
oughly and when not in use keep immersed in distilled water.

2) Nonplatinum-electrode type—Use conductivity cells contain-
ing electrodes constructed from durable common metals (stainless
steel among others) for continuous monitoring and field studies.
Calibrate such cells by comparing sample conductivity with results
obtained with a laboratory instrument. Use properly designed and
mated cell and instrument to minimize errors in cell constant. Very

long meter leads can affect performance of a conductivity meter.
Under such circumstances, consult the manufacturer’s manual for
appropriate correction factors if necessary.

3. Reagents

a. Conductivity water: Any of several methods can be used to
prepare reagent-grade water. The methods discussed in Section
1080 are recommended. The conductivity should be small com-
pared to the value being measured.

b. Standard potassium chloride solution, KC1, 0.0100M: Dis-
solve 745.6 mg anhydrous KCl in conductivity water and dilute to
1000 mL in a class A volumetric flask at 25°C and store in a
CO,-free atmosphere. This is the standard reference solution, which
at 25°C has a conductivity of 1412 pmhos/em. It is satisfactory for
most samples when the cell has a constant between 1 and 2 cm™ .
For other cell constants, use stronger or weaker KCl solutions listed
in Table 2510:1. Care must be taken when using KCI solutions less
than 0.001M, which can be unstable because of the influence of
carbon dioxide on pure water. For low conductivity standards,
Standard Reference Material 3190, with a certified conductivity of
25.0 pS/em * 0.3 pS/cm, may be obtained from NIST. Store in a
glass-stoppered borosilicate glass bottle.

4. Procedure

a. Determination of cell constant: Rinse conductivity cell with
at least three portions of 0.01M KClI solution. Adjust temperature
of a fourth portion to 25.0 * 0.1°C. If a conductivity meter
displays resistance, R, ohms, measure resistance of this portion
and note temperature. Compute cell constant, C:

C, em™! = (0.001412)(R )1 + 0.0191(r — 25)]

where:

Ry, = measured resistance, ohms, and
1 = observed temperature, °C.

Conductivity meters often indicate conductivity directly.
Commercial probes commonly contain a temperature sensor.
With such instruments, rinse probe three times with 0.0100M
KClI, as above. Adjust temperature compensation dial to 0.0191
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C~'. With probe in standard KCI solution, adjust meter to read
1412 pmho/cm. This procedure automatically adjusts cell con-
stant internal to the meter.,

b. Conductivity measurement: Thoroughly rinse cell with one
or more portions of sample. Adjust temperature of a final portion
to about 25°C. Measure sample resistance or conductivity and
note temperature to =0.1°C,

5. Calculation

The temperature coefficient of most waters is only approxi-
mately the same as that of standard KCI solution; the more the
temperature of measurement deviates from 25.0°C, the greater
the uncertainty in applying the temperature correction. Report
lemperature-compensated conductivities as “pmho/cm @
250"

a. When sample resistance is measured, conductivity at 25°C
18:

(1000 000)(C)
CR,[1+00191( — 25)]

where:

k = conductivity, wmhos/cm,
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C = cell constant, cm ™,

R, = measured resistance of sample, ohms, and
t = temperature of measurement.

b. When sample conductivity is measured without internal
temperature compensation conductivity at 25°C is:

" ) § (k)
» KO/ = T3 0191¢r — 25)

where:

k,, = measured conductivity in units of pmho/em at °C, and
other units are defined as above.

For instruments with automatic temperature compensation and
readout directly in wmho/cm or similar units, the readout auto-
matically is corrected to 25.0°C. Report displayed conductivity
in designated units.

6. Precision and Bias

The precision of commercial conductivity meters is commonly
between 0.1 and 1.0%. Reproducibility of 1 to 2% is expected
after an instrument has been calibrated with such data as is
shown in Table 2510:L

2520 SALINITY*

2520 A.

1. General Discussion

Salinity is an important unitless property of industrial and
natural waters. It was originally conceived as a measure of the
mass of dissolved salts in a given mass of solution. The exper-
imental determination of the salt content by drying and weighing
presents some difficulties due to the loss of some components.
The only reliable way to determine the true or absolute salinity
of a natural water is to make a complete chemical analysis.
However, this method is time-consuming and cannot yield the
precision necessary for accurate work. Thus, to determine salin-
ity, one normally uses indirect methods involving the measure-
ment of a physical property such as conductivity. density, sound
speed, or refractive index. From an empirical relationship of
salinity and the physical property detemined for a standard
solution it is possible to calculate salinity. The resultant salinity
is no more accurate than the empirical relationship. The preci-
sion of the measurement of a physical property will determine
the precision in salinity. Following are the precisions of various
physical measurements and the resultant salinity presently at-
tainable with commercial instruments:

* Approved by Standard Methods Committee, 2000,
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Precision of Precision of
Property Measurement Salinity
Conductivity +0.0002 +0.0002
Density +3 X 107° g/em? +0.004
Sound speed *0.02 m/s *0.01

Although conductivity has the greatest precision, it responds
only to ionic solutes. Density, although less precise. responds
to all dissolved solutes.

2. Selection of Method

In the past, the salinity of seawater was determined by hydro-
metric and argentometric methods, both of which were included
in previous editions of Standard Methods (see Sections 210B
and C, 16th edition). In recent years the conductivity (2520B)
and density (2520C) methods have been used because of their
high sensitivity and precision. These two methods are recom-
mended for precise field and laboratory work.

3. Quality Assurance

Calibrate salinometer or densimeter against standards of KCI or
standard seawater. Expected precision is better than +0.01 salinity
units with careful analysis and use of bracketing standards.
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2520 B. Electrical Conductivity Method

1. Determination

See Conductivity, Section 2510. Because of its high sensitivity
and ease of measurement, the conductivity method is most com-
monly used to determine salinity.' For seawater measurements use
the Practical Salinity Scale 1978.> This scale was developed
relative to a KCI solution. A seawater with a conductivity, C, at
15°C equal to that of a KCI solution containing a mass of 32.4356
g in a mass of 1 kg of solution is defined as having a practical
salinity of 35. This value was determined as an average of three
independent laboratory studies. The salinity dependence of the
conductivity ratio, R,, as a function of temperature (¢ °C, Interna-
tional Practical Temperature Scale 1968) of a given sample to a
standard S= 35 seawater is used to determine the salinity

1A 34 S5/
S=a,+ alR,/‘ + @R, +aJR,/‘ + a R+ ttsR,/" +AS

where A § is given by

t= 15
AS=

— " lGnrhRA
1+ 0.0162 (7 — 15)](7“ o

Fb,R, +bsR7? + bR? + bR,

and:
ap=0.0080 by=0.0005
a,=—0.1692 b, =—0.0056
a,= 25.3851 by=—0.0066
a,= 14.0941 by=—0.0375
a,=—7.0261 b,= 0.0636
as= 2.7081 bs=—0.0144

valid from § = 2 to 42, where:

] C (sample at 1)
' € (KCl solution at 1)

To measure the conductivity, use a conductivity bridge cali-
brated with standard seawater* with a known conductivity rela-
tive to KCl, following manufacturer’s instructions and the pro-
cedures noted in Section 2510. If the measurements are to be
made in estuarine waters, make secondary calibrations of
weight-diluted seawater of known conductivity to ensure that the
bridge is measuring true conductivities.

The Practical Salinity Scale recently has been extended to low
salinities® to give an equation that is valid from 0 to 40 salinity.
The equation is:

dy R byf(1)
I1SEHER 1+ P28

S = Spss—

where:

Spgs = value determined from the Practical Salinity Scale given

earlier,
ag = 0.008,
b, = 0.0005,
X = 400R,,

* Available from Standard Seawater Services, Institute of Oceanographic Ser-
vices. Warmley, Godalming, Surrey, England.

Y = 100R,, and
f(t) = (1—15)/[1 + 0.0162 (t—15)]

The practical salinity breaks with the old salinity-chlorinity
relationship, S = 1.806 55 CI. Although the scale can be used for
estuarine waters’'° and brines'' "7, there are limitations.'>'*~2?
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2520 C. Density Method

1. Determination

With a precise vibrating flow densimeter, it is possible to make
rapid measurements of the density of natural waters. The measure-
ments are made by passing the sample through a vibrating tube
encased in a constant-temperature jacket. The solution density (p) is
proportional to the square of the period of the vibration (7).

p = A+BT

where A and B are terms determined by calibration, B being
determined by calibration with a densimeter with standard
seawater. The difference between the density of the sample
and that of pure water is given by:

P = po = B -1

where T and 7 are, respectively, the periods of the sample and
water. The system is calibrated with two solutions of known
density. Follow manufacturer’s recommendations for calibra-
tion. These two solutions can be nitrogen gas and water or
standard seawater and water. The salinity of the sample can be
determined from the | atm international equation of state for
seawater. This equation relates (p —p,) to the practical salin-
ity (S) as a function of temperature.’

p (kg/®) = po+ AS +BS”2 + €52
where:
A= 824493 % 107" — 40899 x 107%
+ 7.6438 X 107572 — 8.2467 10777 + 53875 x107%",
B=—572466 % 107 + 1.0227 x 107% — 1.6546 % 107°7,
C=48314 x 1074,

and the density of water is given by:

po = 999.842 594 + 6.793 952 % 1072 — 9.095 290% 1073 2

+ 1.001 685 x 107** — 1.120 083 X10~%* + 6.536 332
=95

Perform sm]1pleriteration by adjusting S until it gives the
measured p — p, at a given temperature. If the measurements
are made at 25°C, the salinity can be determined from the
following equation:

§ = 13343 (p — py) + 2.155 306 x107*

(p— pp)* —1.171 16 x 1075 (p —pp)*
which has a 7 = 0.0012 in . Approximate salinitics also can be
determined from densities or specific gravities obtained with a hydrom-
eter at a given temperature (Section 210B, 16th edition).

2. Reference

. MiLLero, F.J. & A. Poisson. 1981. International one-atmosphere
equation of state of seawater. Deep Sea Res. 28:625,

2520 D. Algorithm of Practical Salinity

Because all practical salinity measurements are carried out in
reference to the conductivity of standard seawater (corrected to § =
35), it is the quantity R, that will be available for salinity calcula-
tions. R, normally is obtained directly by laboratory salinometers,
but in situ measurements usually produce the quantity R, the ratio of
the in situ conductivity to the standard conductivity at § = 35,1 =
15°C. p = 0 (where p is the pressure above one standard atmo-
sphere and the temperature is on the 1968 International Temperature
Scale). R is factored into three parts, i.e.,

R =R 1R,
where:

', = ratio of in sint conductivity o conductivity of the same sample
at the same temperature, but at p = 0 and r, = matio of
conductivity of reference seawater, having a practical salinity
of 35, at temperature £, to its conductivity at + = 15°C. From
R, and r, calculate R, vsing the in situ results, ie.,

R
R{_m

R, and r, can be expressed as functions of the numerical values
of the in situ parameters, R, 1, and p, when 7 is expressed in °C
and p in bars (10° Pa), as follows:

ple; +ep + e3p3)

R,=1+ .
1 +d,t + dyt® + (dy+ d )R
where:
¢ = 2.070 x 1074, di= 34261072,
e = —6.370 % 107, d, = 4.464%X107%,
o= 3.989 x 10712, d, = 41215107
and dy= —3.107x1077%,
and
ro=cg oyt Feott +eat® eyt
where:

o = 0.676 609 7,

¢, =2.005 64 X 1072,
1.104 259 %104,
—6.9698 % 1077, and
1.0031 % 107°,

Il

G2

€3
Cy
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2530 FLOATABLES”

2530 A.

One important criterion for evaluating the possible effect of
waste disposal into surface waters is the amount of floatable
material in the waste. Two general types of floating matter are
found: particulate matter that includes “grease balls,” and liquid
components capable of spreading as a thin, highly visible film
over large areas. Floatable material in wastewaters is important
because it accumulates on the surface, is often highly visible, is
subject to wind-induced transport, may contain pathogenic bac-

* Approved by Standard Methods Committee, 2000.
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teria and/or viruses associated with individual particles, and can
significantly concentrate metals and chlorinated hydrocarbons
such as pesticides and PCBs. Colloidally dispersed oil and grease
behave like other dispersed organic matter and are included in
the material measured by the COD, BOD, and TOC tests. The
floatable oil test indicates the readily separable fraction. The
results are useful in designing oil and grease separators, in
ascertaining the efficiency of operating separators, and in mon-
itoring raw and treated wastewater streams. Many cities and
districts have specified floatable oil and grease limits for waste-
water discharged to sewers.

2530 B. Particulate Floatables

1. Discussion

a. Principle: This method depends on the gravity separation of
particles having densities less than that of the surrounding water.
Particles that collect on the surface and can be filtered out and dried
at 103 to 105°C are defined by this test as floatable particles.

b. Application: This method is applicable to raw wastewater,
treated primary and secondary effluent, and industrial wastewater.
Because of the limited sensitivity, it is not applicable to tertiary
effluents or receiving waters, whether freshwater or seawater.

¢. Precautions: Even slight differences in sampling and han-
dling during and after collection can give large differences in the
measured amount of floatable material. Additionally, uniformity
of the TFE* coating of the separation funnel is critical to ob-
taining reliable results. For a reproducible analysis treat all
samples uniformly, preferably by mixing them in a standard
manner, before flotation and use consistently prepared separation
funnels as much as possible. Because the procedure relies on the
difference in specific gravity between the liquid and the floating
particles, temperature variations may affect the results. Conduct
the test at a constant temperature the same as that of the receiv-
ing water body, and report temperature with results.

d. Minimum detectable concentration: The minimum repro-
ducible detectable concentration is approximately 1 mg/L. Al-
though the minimum levels that can be measured are below 1
mg/L, the results are not meaningful within the current estab-
lished accuracy of the test.

* Teflon or equivalent.

=

20-mm ID
e

Figure 2530:1. Floatables sampler with mixer.

2. Apparatus

a. Floatables sampler with mixer: Use a metal container of at
least 5 L capacity equipped with a propeller mixer on a separate
stand (Figure 2530:1), and with a 20-mm-ID bottom outlet cocked
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Figure 2530:2. Floatables flotation funnel and filter holder.

at an angle of 45° to the container wall in the direction of fluid
movement. The 45° angle assures that even large particles will flow
from the container into the flotation funnels where the sample is
withdrawn. Fit exterior of bottom outlet with a short piece of tubing
and a pinch clamp to allow unrestricted flow through the outlet.
Coat inside of container with TFE as uniformly as possible, using a
TFE spray to prevent oil and grease from sticking to the surface.

b. Flotation funnel: Use an Imhoff cone provided with a TFE
stopcock at the bottom and extended at the top to a total volume
of 3.5 L (Figure 2530:2). Coat inside of flotation funnel with
TFE as uniformly as possible to prevent floatable grease particles
sticking to the sides. Mount flotation funnels as shown in Figure
2530:3 with a light behind the bottom of the funnels to aid in
reading levels.

c. Filter holder: Coat inside of top of a standard 500-mL
membrane filter holder with TFE. again taking all possible
precautions to obtain a uniform TFE coating.

PHYSICAL & AGGREGATE PROPERTIES (2000)
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Figure 2530:3. Flotation funnels and mixing unit.

d. Filters, glass fiber, fine porosity.T

e. Vacuum fiask, 500 mL.

[ TFE coating: Follow instructions that accompany commer-
cially available coating kits. Alternatively, have necessary glass-
ware coated commercially. Uniform coatings are key to the
reliability of the test results, but in practice are difficult to obtain.

3. Procedure

a. Preparation of glass fiber filters: See Section 2540D.3a.

b. Sample collection and treamment: Collect sample in the
floatables sampler at a point of complete mixing, transport to the
laboratory, and place 3.0 L in the flotation funnel within 2 h after
sample collection to minimize changes in the floatable material.

+ Whatman GF/C or equivalent.

TasLe 2530:1. COEFFICIENT OF VARIATION AND RECOVERY FOR
PaRTICULATE FLOATABLES TEST

Average
Floatables Coefficient
Type of Concentration ~ No. of  of Variation Recovery
Wastewater mg/L Samples o %
Raw* 49 5 5.9 96
Raw 1.0 5 20 92
Primary effluent 2.7 5 15 91

* Additional floatable material added from skimmings of a primary sedimentation
basin.
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While the flotation funnel is being filled, mix sampler contents with
a small propeller mixer. Adjust mixing speed to provide uniform
distribution of floating particles throughout the liquid but avoid
extensive air entrapment through formation of a large vortex.

¢. Correction for density and for concentration effects: When
a receiving water has a density and ion concentration different
from that of the waste, adjust sample density and ion concentra-
tion to that of the receiving water. For example, if the receiving
water is ocean water, place 1.5 L sample in flotation funnel and
add 1.5 L filtered seawater from the receiving area together with
mixture of 39.8 g NaCl, 8.0 g MgCl, - 6H,0, and 2.3 g
CaCl, - 2H,0. The final mixture contains the amount of
floatables in a 1.5-L sample in a medium of approximately the
same density and ion concentration as seawater.

d. Flotation: Mix flotation funnel contents at 40 rpm for 15
min using a paddle mixer (Figure 2530:3). Let settle for 5 min,
mix at 100 rpm for 1 min, and let settle for 30 min. Discharge 2.8
L through bottom stopcock at a rate of 500 mL/min. Do not
disturb the sample surface in the flotation funnel during dis-
charge. With distilled water from a wash bottle, wash down any
floatable material sticking to sides of stirring paddle and funnel.
Let remaining 200 mL settle for 15 min and discharge settled
solids and liquid down to the 40-mL mark on the Imhoff cone.
Let settle again for 10 min and discharge until only 10 mL liquid
and the floating particles remain in funnel. Add 500 mL distilled
water and stir by hand to separate entrapped settleable particles
from the floatable particles. Let settle for 15 min, then discharge
to the 40-mL mark. Let settle for 10 min, then discharge drop-
wise to the 10-mL mark. Filter remaining 10 mL and floating
particles through a preweighed glass fiber filter. Wash sides of
flotation funnel with distilled water to transfer all floatable
material to filter.

e. Weighing: Dry and weigh glass fiber filter at 103 to 105° C
for exactly 2 h (see Section 2540D.3¢).

4, Calculation

(A — B)

mg particulate floatables/L. = C

where:
A = weight of filter + floatables, mg,

B = weight of filter, mg, and
C = sample volume, L. (Do not include volume used for density
or concentration correction, if used.)

5. Precision and Bias

Precision varies with the concentration of suspended matter in
the sample. There is no completely satisfactory procedure for
determining the bias of the method for wastewater samples but
approximate recovery can be determined by running a second
test for floatables on all water discharged throughout the proce-
dure, with the exception of the last 10 mL. Precision and bias are
summarized in Table 2530:1. Experience with the method at one
municipal treatment plant indicates that the practical lower limit
of detection is approximately 1 mg/L.
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2530 C. Trichlorotrifluoroethane-Soluble Floatable Oil and Grease

1. Discussion

The floatable oil and grease test does not measure a precise
class of substances; rather, the results are determined by the
conditions of the test. The fraction measured includes oil and
grease, both floating and adhering to the sides of the test
vessel. The adhering and the floating portions are of similar
practical significance because it is assumed that most of the
adhering portion would otherwise float under receiving water
conditions. The results have been found to represent well the

amount of oil removed in separators having overflow rates
equivalent to test conditions.

2. Apparatus

a. Floatable oil tube (Figure 2530:4): Before use, carefully
clean tube by brushing with a mild scouring powder. Water must
form a smooth film on inside of cleaned glass. Do not use
lubricant on stopcock.

b. Conical flask, 300 mL.
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Figure 2530:4. Floatable oil tube, 1-L capacity.

3. Reagents

a. 1,1,2-trichloro-1,2,2-trifluoroethane*: See Section 5520C .3b.
b. Hydrochloric acid, HCI, 6N.
c¢. Filter paper.f

4. Procedure

a. Sampling: Collect samples at a place where there is a strong
turbulence in the water and where floating material is not trapped at
the surface. Fill floatable oil tube to mark by dipping into water. Do
not use samples taken to the laboratory in a bottle, because oil and
grease cannot be redispersed to their original condition.

b. Flotation: Support tube in a vertical position. Start flotation
period at sampling site immediately after filling tube. The standard

* Freon or equivalent.
+ Whatman No. 40 or equivalent.
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flotation time is 30 min. If a different time is used, state this
variation in reporting results. At end of flotation period, discharge
the first 900 mL of water carefully through bottom stopcock, stop-
ping before any surface oil or other floating material escapes. Rotate
tube slightly back and forth about its vertical axis to dislodge sludge
from sides, and let settle for 5 min. Completely discharge sludge
that has settled to the bottom or that comes down from the sides
with the liquid. Scum on top of the liquid may mix with the water
as it moves down the tube. If mixing occurs, stop drawing off water
before any floatables have been lost. Let settle for 5 min before
withdrawing remainder of water. After removing water, return tube
to laboratory to complete test.

c. Extraction: Acidify to pH 2 or lower with a few drops of
6N HCI, add 50 to 100 mL trichlorotriflucroethane, and shake
vigorously. Let settle and draw off solvent into a clean dry
beaker. Filter solvent through a dry filter paper into a tared
300-mL conical flask, taking care not to get any water on filter
paper. Add a second 50-mL portion of trichlorotrifluoroethane
and repeat extraction, settling, and filtration into the same
300-mL flask. A third extraction may be needed if the amount of
floatables in sample exceeds 4 mg/L. Wash filter paper carefully
with fresh solvent discharged from a wash bottle with a fine tip.
Evaporate solvent from flask as described in Section 5520B.4.
For each solvent batch. determine weight of residue left after
evaporation from the same volume as used in the analysis.

5. Calculations

Report results as “soluble floatable oil and grease, 30 min (or
other specified) settling time, mg/L.”

Trichlorotrifluoroethane-soluble floatable oil and grease, 30 min
settling time, mg/L
_ (A —B) x 1000
= m

where:
A = total gain in weight of tared flask, mg, and
B = calculated residue from solvent blank of the same volume
as that used in the test, mg.

6. Precision and Bias

There is no standard against which bias of this test can be
determined. Variability of replicates is influenced by sample heter-
ogeneity. If large grease particles are present, the element of chance
in sampling may be a major factor. One municipal wastewater
discharge and two meat-packing plant discharges, both containing
noticeable particles of grease, were analyzed in triplicate. Averages
for the three wastewaters were 48, 57, and 25 mg/L; standard
deviations averaged 11%. An oil refinery made duplicate determi-
nations of its separator effluent on 15 consecutive days, obtaining
results ranging from 5.1 to 11.2 mg/L. The average difference
between pairs of samples was 0.37 mg/L.

7. Bibliography
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2540 SOLIDS*

2540 A.

Solids refer to matter suspended or dissolved in water or
wastewater, Solids may affect water or effluent quality adversely
in a number of ways. Waters with high dissolved solids generally
are of inferior palatability and may induce an unfavorable phys-
iological reaction in the transient consumer. For these reasons, a
limit of 500 mg dissolved solids/L. is desirable for drinking
waters. Highly mineralized waters also are unsuitable for many
industrial applications. Waters high in suspended solids may be
esthetically unsatisfactory for such purposes as bathing. Solids
analyses are important in the control of biological and physical
wastewater treatment processes and for assessing compliance
with regulatory agency wastewater effluent limitations.

1. Definitions

“Total solids” is the term applied to the material residue left in
the vessel after evaporation of a sample and its subsequent
drying in an oven at a defined temperature. Total solids includes
“total suspended solids,” the portion of total solids retained by a
filter, and “total dissolved solids,” the portion that passes through
the filter.

The type of filter holder, the pore size, porosity, area, and thick-
ness of the filter and the physical nature, particle size, and amount
of material deposited on the filter are the principal factors affecting
separation of suspended from dissolved solids. “Dissolved solids™ is
the portion of solids that passes through a filter of 2.0 um (or
smaller) nominal pore size under specified conditions. “Suspended
solids™ is the portion retained on the filter.

“Fixed solids” is the term applied to the residue of total,
suspended, or dissolved solids after heating to dryness for a
specified time at a specified temperature. The weight loss on
ignition is called “volatile solids.” Determinations of fixed and
volatile solids do not distinguish precisely between inorganic
and organic matter because the loss on ignition is not confined to
organic matter. It includes losses due to decomposition or vol-
atilization of some mineral salts. Better characterization of or-
ganic matter can be made by such tests as total organic carbon
(Section 5310), BOD (Section 5210), and COD (Section 5220).

“Settleable solids™ is the term applied to the material settling
out of suspension within a defined period. It may include floating
material, depending on the technique (2540F.3b).

2. Sources of Error and Variability

Sampling, subsampling, and pipeting two-phase or three-phase
samples may introduce serious errors, Make and keep such samples
homogeneous during transfer. Use special handling to insure sample
integrity when subsampling. Mix small samples with a magnetic
stirrer. If suspended solids are present, pipet with wide-bore pipets.

* Approved by Standard Methods Commitiee, 1997,
Joint Task Group: 20th Edition—Brannon H. Wilder (chair), Harold S. Costa,
Christine M. Kosmowski. William E. Purcell.
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If part of a sample adheres to the sample container, consider this in
evaluating and reporting results. Some samples dry with the forma-
tion of a crust that prevents water evaporation; special handling is
required to deal with this. Avoid using a magnetic stirrer with
samples containing magnetic particles.

The temperature at which the residue is dried has an important
bearing on results, because weight losses due to volatilization of
organic matter, mechanically occluded water, water of crystalli-
zation, and gases from heat-induced chemical decomposition, as
well as weight gains due to oxidation, depend on temperature
and time of heating. Each sample requires close attention to
desiccation after drying. Minimize opening desiccator because
moist air enters. Some samples may be stronger desiccants than
those used in the desiccator and may take on water.

Residues dried at 103 to 105°C may retain not only water of
crystallization but also some mechanically occluded water. Loss
of CO, will result in conversion of bicarbonate to carbonate.
Loss of organic matter by volatilization usually will be very
slight. Because removal of occluded water is marginal at this
temperature, attainment of constant weight may be very slow.

Residues dried at 180 = 2°C will lose almost all mechanically
occluded water. Some water of crystallization may remain, es-
pecially if sulfates are present. Organic matter may be lost by
volatilization, but not completely destroyed. Loss of CO, results
from conversion of bicarbonates to carbonates and carbonates
may be decomposed partially to oxides or basic salts. Some
chloride and nitrate salts may be lost. In general, evaporating and
drying water samples at 180°C yields values for dissolved solids
closer to those obtained through summation of individually
determined mineral species than the dissolved solids values
secured through drying at the lower temperature.

To rinse filters and filtered solids and to clean labware use
Type M1 water. Special samples may require a higher quality
water; see Section 1080.

Results for residues high in oil or grease may be questionable
because of the difficulty of drying to constant weight in a
reasonable time.

To aid in quality assurance, analyze samples in duplicate. Dry
samples to constant weight if possible. This entails multiple
drying-cooling-weighing cycles for each determination.

Analyses performed for some special purposes may demand
deviation from the stated procedures to include an unusual constit-
uent with the measured solids. Whenever such variations of tech-
nique are introduced, record and present them with the results.

3. Sample Handling and Preservation

Use resistant-glass or plastic bottles, provided that the material
in suspension does not adhere to container walls. Begin analysis
as soon as possible because of the impracticality of preserving
the sample. Refrigerate sample at 4°C up to the time of analysis
to minimize microbiological decomposition of solids. Preferably
do not hold samples more than 24 h. In no case hold sample more
than 7 d. Bring samples to room temperature before analysis.
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4. Selection of Method

Methods B through F are suitable for the determination of
solids in potable, surface, and saline waters, as well as domestic
and industrial wastewaters in the range up to 20 000 mg/L.

Method G is suitable for the determination of solids in sedi-
ments, as well as solid and semisolid materials produced during
water and wastewater treatment,

PHYSICAL & AGGREGATE PROPERTIES (2000)
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2540 B. Total Solids Dried at 103-105°C

1. General Discussion

a. Principle: A well-mixed sample is evaporated in a weighed
dish and dried to constant weight in an oven at 103 to 105°C. The
increase in weight over that of the empty dish represents the total
solids. The results may not represent the weight of actual dis-
solved and suspended solids in wastewater samples (see above).

b. Interferences: Highly mineralized water with a significant
concentration of calcium, magnesium, chloride, and/or sulfate may
be hygroscopic and require prolonged drying, proper desiccation,
and rapid weighing. Exclude large, floating particles or submerged
agglomerates of nonhomogeneous materials from the sample if it is
determined that their inclusion is not desired in the final result.
Disperse visible floating oil and grease with a blender before with-
drawing a saniple portion for analysis. Because excessive residue in
the dish may form a water-trapping crust, limit sample to no more
than 200 mg residue (see 2540A.2).

2. Apparatus

a. Evaporating dishes: Dishes of 100-mL capacity made of
one of the following materials:

1) Porcelain, 90-mm diam.

2) Platinum—~Generally satisfactory for all purposes.

3) High-silica glass.*

b. Muffle furnace for operation at 550°C.

c. Steam bath.

d. Desiccator, proyided with a desiccant containing a color
indicator of moisture concentration or an instrumental indicator,

e. Drying oven, for operation at 103 to 105°C.

[ Analytical balance, capable of weighing to 0.1 mg.

g. Magnetic stirrer with TFE stirring bar.

h. Wide-bore pipets.t

1. Graduated cylinder.

J. Low-form beaker.

3. Procedure

a. Preparation of evaporating dish: 1f volatile solids are to be
measured ignite clean evaporating dish at 550°C for | h in a
muffle furnace. If only total solids are to be measured, heat clean

* Vycor, product of Corning Glass Works, Corning, NY, or equivalent.
+ Kimble Nos. 37005 or 37034B, or equivalent.
+ Class B or better.

dish to 103 to 105°C for 1 h. Store and cool dish in desiccator
until needed. Weigh immediately before use.

b. Sample analysis: Choose a sample volume that will yield a
residue between 2.5 and 200 mg. Pipet a measured volume of
well-mixed sample, during mixing, to a preweighed dish. For
homogeneous samples, pipet from the approximate midpoint of
the container but not in the vortex. Choose a point both middepth
and midway between wall and vortex. Evaporate to dryness on a
steam bath or in a drying oven, Stir sample with a magnetic
stirrer during transfer. If necessary, add successive sample por-
tions to the same dish after evaporation. When evaporating in a
drying oven, lower temperature to approximately 2°C below
boiling to prevent splattering. Dry evaporated sample for at least
1 hin an oven at 103 to 105°C, cool dish in desiccator to balance
temperature, and weigh. Repeat cycle of drying, cooling, desic-
cating, and weighing until a constant weight is obtained, or until
weight change is less than 4% of previous weight or 0.5 mg,
whichever is less. When weighing dried sample, be alert to
change in weight due to air exposure and/or sample degradation.
Analyze at least 10% of all samples in duplicate. Duplicate
determinations should agree within 5% of their average weight.

4. Calculation

' (A — B) X 1000
mg total solids/L. = ———————
sample volume, mL
where:

A = weight of dried residue + dish, mg, and
B = weight of dish, mg.

5. Precision

Single-laboratory duplicate analyses of 41 samples of water
and wastewater were made with a standard deviation of differ-
ences of 6.0 mg/L.

6. Bibliography

Symons, G.E. & B. Morey. 1941. The effect of drying time on the
determination of solids in sewage and sewage sludges. Sewage
Works J. 13:936.
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2540 C. Total Dissolved Solids Dried at 180°C

1. General Discussion

a. Principle: A well-mixed sample is filtered through a stan-
dard glass fiber filter, and the filtrate is evaporated to dryness in
a weighed dish and dried to constant weight at 180°C. The
increase in dish weight represents the total dissolved solids. This
procedure may be used for drying at other temperatures.

The results may not agree with the theoretical value for solids
calculated from chemical analysis of sample (see above). Ap-
proximate methods for correlating chemical analysis with dis-
solved solids are available.! The filtrate from the total suspended
solids determination (Section 2540D) may be used for determi-
nation of total dissolved solids.

b. Interferences: See 2540A.2 and 2540B.1. Highly min-
eralized waters with a considerable calcium, magnesium,
chloride, and/or sulfate content may be hygroscopic and re-
quire prolonged drying, proper desiccation, and rapid weigh-
ing. Samples high in bicarbonate require careful and possibly
prolonged drying at 180°C to insure complete conversion of
bicarbonate to carbonate. Because excessive residue in the
dish may form a water-trapping crust, limit sample to no more
than 200 mg residue.

2. Apparatus

Apparatus listed in 2540B.2a-h is required, and in addition:

a. Glass-fiber filter disks* without organic binder.

b. Filtration apparatus: One of the following, suitable for the
filter disk selected:

1) Membrane filter funnel.

2) Gooch crucible, 25-mL to 40-mL capacity, with Gooch
crucible adapter.

3) Filtration apparatus with reservoir and coarse (40- to
60-pm) fritted disk as filter support. T

¢. Suction flask, of sufficient capacity for sample size selected.

d. Drying oven, for operation at 180 = 2°C.

3. Procedure

a. Preparation of glass-fiber filter disk: 1f pre-prepared glass
fiber filter disks are used, eliminate this step. Insert disk with
wrinkled side up into filtration apparatus. Apply vacuum and
wash disk with three successive 20-mL volumes of reagent-
grade water. Continue suction to remove all traces of water.
Discard washings.

b. Preparation of evaporating dish: If volatile solids are to be
measured, ignite cleaned evaporating dish at 550°C for 1 hin a
muffle furnace. If only total dissolved solids are to be measured,
heat clean dish to 180 = 2°C for 1 h in an oven. Store in
desiccator until needed. Weigh immediately before use.

¢. Selection of filter and sample sizes: Choose sample volume
to yield between 2.5 and 200 mg dried residue. If more than 10

* Whatman grade 934AH; Gelman type A/E: Millipore type AP40; E-D Scientific
Specialties grade 161; Environmental Express Pro Weigh; or other products that
give demonstrably equivalent results. Practical filter diameters are 2.2 to 12.5 cm.
T Gelman No. 4201 or equivalent.

min are required to complete filtration, increase filter size or
decrease sample volume,

d. Sample analysis: Stir sample with a magnetic stirrer and pipet
a measured volume onto a glass-fiber filter with applied vacuum.
Wash with three successive 10-mL volumes of reagent-grade water,
allowing complete drainage between washings, and continue suc-
tion for about 3 min after filtration is complete. Transfer total filtrate
(with washings) to a weighed evaporating dish and evaporate to
dryness on a steam bath or in a drying oven. If necessary, add
successive portions to the same dish after evaporation. Dry evapo-
rated sample for at least 1 h in an oven at 180 = 2°C, cool in a
desiccator to balance temperature, and weigh. Repeat drying cycle
of drying, cooling, desiccating, and weighing until a constant weight
is obtained or until weight change is less than 4% of previous
weight or 0.5 mg, whichever is less. Analyze at least 10% of all
samples in duplicate. Duplicate determinations should agree within
5% of their average weight. If volatile solids are to be determined,
follow procedure in 2540E.

4, Calculation

(A — B) X 1000

total diss solidsL = ———————
mg total dissolved solids/LL e

where:

A = weight of dried residue + dish, mg, and
B = weight of dish, mg.

5. Precision

Single-laboratory analyses of 77 samples of a known of 293
mg/L. were made with a standard deviation of differences of
21.20 mg/L.

6. Reference

1. Soxororr, V.P. 1933. Water of crystallization in total solids of water
analysis. Ind. Eng. Chem., Anal. Ed. 5:336.

7. Bibliography

Howarp, C.S. 1933, Determination of total dissolved solids in water
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Water Samples for Dissolved Minerals and Gases. Techniques of
Water-Resources Investigations, Book 5, Chap. Al. U.S. Geologi-
cal Surv., Washington, D.C.
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2540 D. Total Suspended Solids Dried at 103-105°C

1. General Discussion

a. Principle: A well-mixed sample is filtered through a
weighed standard glass-fiber filter and the residue retained on the
filter is dried to a constant weight at 103 to 105°C, The increase
in weight of the filter represents the total suspended solids. If the
suspended material clogs the filter and prolongs filtration, it may
be necessary to increase the diameter of the filter or decrease the
sample volume. To obtain an estimate of total suspended solids,
calculate the difference between total dissolved solids and total
solids.

b. Interferences: See 2540A.2 and 2540B.1. Exclude large
floating particles or submerged agglomerates of nonhomoge-
neous materials from the sample if it is determined that their
inclusion is not representative. Because excessive residue on the
filter may form a water-entrapping crust, limit the sample size to
that yielding no more than 200 mg residue. For samples high in
dissolved solids thoroughly wash the filter to ensure removal of
dissolved material. Prolonged filtration times resulting from filter
clogging may produce high results owing to increased colloidal
materials captured on the clogged filter.

2. Apparatus

Apparatus listed in Sections 2540B.2 and 2540C.2 is required,
except for evaporating dishes, steam bath, and 180°C drying
oven. In addition:

Aluminum weighing dishes.

3. Procedure

a. Preparation of glass-fiber filter disk: If pre-prepared glass
fiber filter disks are used, eliminate this step. Insert disk with
wrinkled side up in filtration apparatus. Apply vacuum and wash
disk with three successive 20-mL portions of reagent-grade
water. Continue suction to remove all traces of water, turn
vacuum off, and discard washings. Remove filter from filtration
apparatus and transfer to an inert aluminum weighing dish. If a
Gooch crucible is used, remove crucible and filter combination.
Dry in an oven at 103 to 105°C for 1 h. If volatile solids are to
be measured, ignite at 550°C for 15 min in a muffle furnace.
Cool in desiccator to balance temperature and weigh. Repeat
cycle of drying or igniting, cooling, desiccating, and weighing
until a constant weight is obtained or until weight change is less
than 4% of the previous weighing or 0.5 mg, whichever is less.
Store in desiccator until needed.

b. Selection of filter and sample sizes: Choose sample volume
to yield between 2.5 and 200 mg dried residue. If volume filtered
fails to meet minimum yield. increase sample volume up to 1 L.
If complete filtration takes more than 10 min, increase filter
diameter or decrease sample volume.

¢. Sample analysis: Assemble filtering apparatus and filter and
begin suction. Wet filter with a small volume of reagent-grade water
to seat it. Stir sample with a magnetic stirrer at a speed to shear
larger particles, if practical, to obtain a more uniform (preferably
homogeneous) particle size. Centrifugal force may separate parti-
cles by size and density, resulting in poor precision when point of
sample withdrawal is varied. While stirring, pipet a measured vol-

ume onto the seated glass-fiber filter. For homogeneous samples,
pipet from the approximate midpoint of container but not in vortex.
Choose a point both middepth and midway between wall and
vortex. Wash filter with three successive 10-mL volumes of re-
agent-grade water, allowing complete drainage between washings,
and continue suction for about 3 min after filtration is complete.
Samples with high dissolved solids may require additional wash-
ings. Carefully remove filter from filtration apparatus and transfer to
an aluminum weighing dish as a support. Alternatively, remove the
crucible and filter combination from the crucible adapter if a Gooch
crucible is used. Dry for at least 1 h at 103 to 105°C in an oven, cool
in a desiccator to balance temperature, and weigh. Repeat the cycle
of drying, cooling, desiccating, and weighing until a constant weight
is obtained or until the weight change is less than 4% of the previous
weight or 0.5 mg, whichever is less. Analyze at least 10% of all
samples in duplicate. Duplicate determinations should agree within
5% of their average weight. If volatile solids are to be determined,
treat the residue according to 2540E.

4. Calculation

total PR O
al sus e
MEELS I S sample volume, mL

where:

A = weight of filter + dried residue, mg, and
B = weight of filter, mg.

5. Precision

The standard deviation was 5.2 mg/L (coefficient of variation
33%) at 15 mg/L, 24 mg/L (10%) at 242 mg/L, and 13 mg/L
(0.76%) at 1707 mg/L in studies by two analysts of four sets of
10 determinations each.

Single-laboratory duplicate analyses of 50 samples of water
and wastewater were made with a standard deviation of differ-
ences of 2.8 mg/L.
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2540 E. Fixed and Volatile Solids Ignited at 550°C

1. General Discussion

a. Principle: The residue from Method B, C, or D is ignited
to constant weight at 550°C. The remaining solids represent the
fixed total, dissolved, or suspended solids while the weight lost
on ignition is the volatile solids. The determination is useful in
control of wastewater treatment plant operation because it offers
a rough approximation of the amount of organic matter present
in the solid fraction of wastewater, activated sludge, and indus-
trial wastes.

b. Interferences: Negative errors in the volatile solids may be
produced by loss of volatile matter during drying. Determination
of low concentrations of volatile solids in the presence of high
fixed solids concentrations may be subject to considerable error.
In such cases, measure for suspect volatile components by an-
other test, for example, total organic carbon (Section 5310).
Highly alkaline residues may react with silica in sample or
silica-containing crucibles.

2. Apparatus

See Sections 2540B.2, 2540C.2, and 2540D.2.

3. Procedure

Ignite residue produced by Method 2540B, C, or D to constant
weight in a muffle furnace at a temperature of 550°C. Ignite a
blank glass fiber filter along with samples. Have furnace up to
temperature before inserting sample. Usually, 15 to 20 min
ignition are required for 200 mg residue. However, more than

one sample and/or heavier residues may overtax the furnace and
necessitate longer ignition times. Let dish or filter disk cool
partially in air until most of the heat has been dissipated. Trans-
fer to a desiccator for final cooling in a dry atmosphere. Do not
overload desiccator. Weigh dish or disk as soon as it has cooled
to balance temperature. Repeat cycle of igniting, cooling, desic-
cating, and weighing until a constant weight is obtained or until
weight change is less than 4% or 0.5 mg. whichever is less.
Analyze at least 10% of all samples in duplicate. Duplicate
determinations should agree within 5% of their average weight.
Weight loss of the blank filter is an indication of unsuitability of
a particular brand or type of filter for this analysis.

4. Calculation

(A — B) X 1000

mg volatile solids/L. = ————— X
sample volume, mL

(B — C) X 1000

mg fixed solids/L = ——————
e sample volume, mL

where:

A = weight of residue + dish before ignition, mg,
B = weight of residue + dish or filter after ignition, mg, and
C = weight of dish or filter, mg.

5. Precision

The standard deviation was 11 mg/L at 170 mg/L volatile total
solids in studies by three laboratories on four samples and 10
replicates. Bias data on actual samples cannot be obtained.

2540 F. Settleable Solids

1. General Discussion

Settleable solids in surface and saline waters as well as do-
mestic and industrial wastes may be determined and reported on
either a volume (mL/L) or a weight (mg/L) basis.

2. Apparatus
The volumetric test requires only an Imhoff cone. The gravi-

metric test requires all the apparatus listed in Section 2540D.2
and a glass vessel with a minimum diameter of 9 cm.

3. Procedure

a. Volumetric: Fill an Imhoff cone to the 1-L mark with a
well-mixed sample. Settle for 45 min, gently agitate sample near

the sides of the cone with a rod or by spinning, settle 15 min
longer, and record volume of settleable solids in the cone as
milliliters per liter. If the settled matter contains pockets of liquid
between large settled particles, estimate volume of these and
subtract from volume of settled solids. The practical lower limit
of measurement depends on sample composition and generally is
in the range of 0.1 to 1.0 mL/L. Where a separation of settleable
and floating materials occurs, do not estimate the floating mate-
rial as settleable matter. Replicates usually are not required.

Where biological or chemical floc is present, the gravimetric
method (3b) is preferred.

b. Gravimetric:

1) Determine total suspended solids as in Section 2540D.

2) Pour a well-mixed sample into a glass vessel of not less
than 9 ¢cm diam using not less than 1 L and sufficient sample to
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give a depth of 20 cm. Alternatively use a glass vessel of greater
diameter and a larger volume of sample. Let stand quiescent for
I h and, without disturbing the settled or floating material,
siphon 250 mL from center of container at a point halfway
between the surface of the settled material and the liquid surface.
Determine total suspended solids (milligrams per liter) of this
supernatant liquor (Section 2540D). These are the nonsettleable
solids.

4, Calculation

mg seltleable solids/L
= mg total suspended solids/L. — mg nonsettleable solids/L

PHYSICAL & AGGREGATE PROPERTIES (2000)

5. Precision and Bias

Precision and bias data are not now available.

6. Bibliography

Fiscuer, AJ. & G.E. Symons. 1944, The determination of settleable
sewage solids by weight. Warer Sewage Works 91:37,

2540 G. Total, Fixed, and Volatile Solids in Solid and Semisolid Samples

1. General Discussion

a. Applicability: This method is applicable to the determina-
tion of total solids and its fixed and volatile fractions in such
solid and semisolid samples as river and lake sediments, sludges
separated from water and wastewater treatment processes, and
sludge cakes from vacuum filtration, centrifugation, or other
sludge dewatering processes.

b. Interferences: The determination of both total and volatile
solids in these materials is subject to negative error due to loss of
ammonium carbonate and volatile organic matter during drying.
Although this is true also for wastewater, the effect tends to be
more pronounced with sediments, and especially with sludges
and sludge cakes. The mass of organic matter recovered from
sludge and sediment requires a longer ignition time than that
specified for wastewaters, effluents, or polluted waters. Carefully
observe specified ignition time and temperature to control losses
of volatile inorganic salts if these are a problem. Make all
weighings quickly because wet samples tend to lose weight by
evaporation. After drying or ignition, residues often are very
hygroscopic and rapidly absorb moisture from the air. Highly
alkaline residues may react with silica in the samples or silica-
containing crucibles.

2. Apparatus

All the apparatus listed in Section 2540B.2 is required except
that a magnetic stirrer and pipets are not used and a balance
capable of weighing to 10 mg may be used.

3. Procedure

a. Total solids:

1) Preparation of evaporating dish—If volatile solids are to be
measured, ignite a clean evaporating dish at 550°C for 1 h in a
muffle furnace. If only total solids are to be measured, heat dish
at 103 to 105°C for 1 hin an oven. Cool in desiccator, weigh, and
store in desiccator until ready for use.

2) Sample analysis

a) Fluid samples—If the sample contains enough moisture to
flow more or less readily, stir to homogenize, place 25 to 50 g in
a prepared evaporating dish, and weigh. Evaporate to dryness on

a water bath, dry at 103 to 105°C for 1 h, cool to balance
temperature in an individual desiccator containing fresh desic-
cant, and weigh. Repeat heating, cooling, desiccating, and
weighing procedure until the weight change is less than 4% or 50
mg, whichever is less. Analyze at least 10% of all samples in
duplicate. Duplicate determinations should agree within 5% of
their average weight.

b) Solid samples—If the sample consists of discrete pieces of
solid material (dewatered sludge, for example), take cores from
each piece with a No. 7 cork borer or pulverize the entire sample
coarsely on a clean surface by hand, using rubber gloves. Place 25
to 50 g in a prepared evaporating dish and weigh. Place in an oven
at 103 to 105°C overnight. Cool to balance temperature in a desic-
cator and weigh. Repeat drying (1 h), cooling, weighing, and
desiccating steps until weight change is less than 4% or 50 mg,
whichever is less. Analyze at least 10% of all samples in duplicate.
Duplicate determinations should agree within 5% of their average
weight.

b. Fixed and volatile solids: Transfer the dried residue from
2)a) above to a cool muffle furnace, heat furnace to 550°C, and
ignite for | h. (If the residue contains large amounts of organic
matter, first ignite it over a gas burner and under an exhaust hood
in the presence of adequate air to lessen losses due to reducing
conditions and to avoid odors in the laboratory.) Cool in desic-
cator to balance temperature and weigh. Repeat igniting (30
min), cooling, desiccating and weighing steps until the weight
change is less than 4% or 50 mg, whichever is less. Analyze at
least 10% of all samples in duplicate. Duplicate determinations
should agree within 5% of their average weight.

4, Calculation

s i e BLX 108

o total solids = C - B
s volatile solids = A~ D) % 100
o volatile solids = o

b fixed sofids < 2= B) X 100

o 11Xed solias = A =B
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where:

A = weight of dried residue + dish, mg,

B = weight of dish,

C = weight of wet sample + dish, mg, and

D = weight of residue + dish after ignition, mg.

5. Precision and Bias

Precision and bias data are not now available.
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2550 TEMPERATURE"

2550 A.

Temperature readings are used in the calculation of various
forms of alkalinity, in studies of saturation and stability with
respect to calcium carbonate, in the calculation of salinity, and in
general laboratory operations. In limnological studies, water

* Approved by Standard Methods Committee, 2000.

Introduction

temperatures as a function of depth often are required. Elevated
temperatures resulting from discharges of heated water may have
significant ecological impact. Identification of source of water
supply, such as deep wells, often is possible by temperature
measurements alone. Industrial plants often require data on water
temperature for process use or heat-transmission calculations.

2550 B. Laboratory and Field Methods

1. Laboratory and Other Non-Depth Temperature
Measurements

Normally, temperature measurements may be made with any
good mercury-filled Celsius thermometer. As a minimum, the ther-
mometer should have a scale marked for every 0.1°C, with mark-
ings etched on the capillary glass. The thermometer should have a
minimal thermal capacity to permit rapid equilibration. Periodically
check the thermometer against a precision thermometer certified by
the National Institute of Standards and Technology (NIST, formerly
National Bureau of Standards)* that is used with its certificate and
correction chart. For field operations use a thermometer having a
metal case to prevent breakage.

A total immersion thermometer is designed to indicate tem-
peratures correctly when the bulb and the entire liquid column
are exposed to the temperature being measured, except for a
minimal emergent length. A partial-immersion thermometer has
a line around it at the immersion distance from the bottom. It
indicates correctly when the bulb and the liquid column to that
line are exposed to the temperature being measured and the
emergent stem is at ambient temperature.

* Some commercial thermometers may be as much as 3°C in error.

2. Depth Temperature Measurements

Depth temperature required for limnological studies may be
measured with a reversing thermometer, thermophone, or ther-
mistor. The thermistor is most convenient and accurate; how-
ever, higher cost may preclude its use. Calibrate any temperature
measurement devices with a NIST-certified thermometer before
field use. Make readings with the thermometer or device im-
mersed in water long enough to permit complete equilibration.
Report results to the nearest 0.1 or 1.0°C, depending on need.

The thermometer commonly used for depth measurements is
of the reversing type. It often is mounted on the sample collec-
tion apparatus so that a water sample may be obtained simulta-
neously. Correct readings of reversing thermometers for changes
due to differences between temperature at reversal and temper-
ature at time of reading. Calculate as follows:

[(T‘ - (T + VOJ]
AT = | ———————
K

(T' = (T + V)
I B Bt g

where:

AT = correction to be added algebraically to uncorrected reading,
T' = uncorrected reading at reversal,
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1 = temperature at which thermometer is read,
Vi, = volume of small bulb end of capillary up to 0°C
graduation,
K = constant depending on relative thermal expansion of
mercury and glass (usual value of K = 6100), and
L = calibration correction of thermometer depending on 7",

If series observations are made it is convenient to prepare graphs
for a thermometer to obtain AT from any values of 7" and .
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2560 PARTICLE COUNTING AND SIZE DISTRIBUTION*

2560 A.

1. General Discussion

Particles are ubiquitous in natural waters and in water and waste-
water treatment streams. Particle counting and size distribution
analysis can help to determine the makeup of natural waters, treat-
ment plant influent, process water, and finished water. Similarly, it
can aid in designing treatment processes, making decisions about
changes in operations, and/or determining process efficiency. Meth-
ods for measuring particle size distribution included herein depend
on electronic measurement devices because manual methods are
likely to be too slow for routine analysis. However, when particle
size analysis is to include size distribution of large (>500-pm)
aggregates, use direct microscopic counting and sizing. Principles
of various types of instruments capable of producing both size and
number concentration information on particulate dispersions are
included. Unless explicitly stated otherwise, the term “size distri-
bution” means an absolute size distribution, i.e., one that includes
the number concentration or count.

In most particle-counting instruments, particles pass though a
sensing zone where they are measured individually; the only
exception included is the static type of light-scattering instru-
ment. Instruments create an electronic pulse (voltage, current, or
resistance) that is proportional to a characteristic size of the
particle. The instrument responses (pulse height, width, or area)
are classified by magnitude and counted in each class to vield the
particle size distribution.

* Approved by Standard Methods Committee, 2000,
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2. Selection of Method

Three instrument types are included: electrical sensing zone
instruments, light-blockage instruments, and light-scattering in-
struments.

Select instrument consistent with expected use of the particle size
analysis. Instruments vary in the particle characteristic being sensed,
lower and upper size limits of detection, degree of resolution of the
size distribution, particle number concentration range that can be
measured accurately, amount of shear to which a sample is sub-
jected before measurement, amount of sample preparation, operator
skill required, and the ease with which data can be obtained and
manipulated into the desired forms. See Sections 2560B.1, C.1, and
D.1, and manufacturers” literature for information on characteristics
of each type of instrumentation.

Some instruments can be set up for either continuous-flow or
batch sampling. Others can be used only for batch analysis. For
instruments usable in both modes, check that no systematic
differences in particle size distributions occur between continu-
ous-flow measurements and batch samples taken at or near the
intake point for continuous-flow samples.

3. Sample Collection and Handling

a. Batch samples: Use extreme care in obtaining, handling,
and preparing batch samples to avoid changing total particle
count and size distribution.

Choose representative times and locations for sampling. Ensure
that particles are not subjected to greater physical forces during
collection than in their natural setting. Collect samples from a body
of water with submerged vessels to minimize turbulence and bubble
entrainment. If sampling from particular depths, use standard sam-
plers designed for that purpose. For flowing systems, make sure that
the velocity into the opening of the sampling device is the same as
that of the flowing stream (isokinetic sampling) and that the opening
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diameter is at least 50 times as large as the particles to be measured.
For sampling from a tap, let water flow slowly and continuously
down the side of the collection vessel.

Minimize particle contamination from the air, dilution water
(or, for electrical sensing zone instruments, electrolyte solution)
(see 4 below), and any vessel or glassware that comes in
contact with the sample. Minimize exposure to air by keeping
sample in a closed container and by minimizing time between
sampling and analysis.

Preferably use glass bottles and other vessels with bottle cap
liners of TFE.

Clean all glassware scrupulously by automatic dishwashing,
vigorous hand brushing, and/or ultrasonication. Rinse glassware
immediately before use with particle-free water. Between sam-
ples, rinse any part of the instrument that comes in contact with
samples with either clean water or the upcoming sample. Alter-
natively, run multiple replicates and discard the first results.

To avoid breakup of aggregates of particles or flocs, sample
and make dilutions very slowly using wide-bore pipets, needles,
or other sampling devices; cut off pipet tips to avoid high
velocities at the entrance. If sample dilution is required, add
sample to dilution water, not vice versa, by submerging the pipet
tip in the dilution water and releasing sample slowly. Use min-
imum intensity and duration of mixing adequate to dilute the
suspension into the dilution water. Avoid mechanical stirrers
inside the sample or ultrasonication. Simultaneously gently ro-
tate and partially invert entire sample in a closed bottle. Use
cylindrical dilution bottles to avoid sharp corners. Leave less
than approximately 25% air space during mixing. To avoid
sedimentation, make measurements immediately after mixing.
Do not mix during measurement unless absolutely necessary to
prevent sedimentation.

Most surface and ground waters contain relatively stable par-
ticles that aggregate slowly. Particle size distribution in biolog-
ically active waters or waters that have been treated with coag-
ulants is more likely to change over short time periods. To
minimize flocculation, minimize time between sampling and
measurement. In highly flocculent systems, maximum holding
time should be only a few minutes; for more stable samples, a
few hours may be acceptable. Dilution slows flocculation kinet-
ics and, in some cases, makes flocculation less likely. Make
dilutions only immediately before measurement.

Samples measured at different temperature or pressure than when
collected and those with biological activity may develop entrained
air bubbles that interfere with measurement accuracy. If any gas
bubbles are visible, let sample stand for a short time to degas
naturally or use a mild vacuum to speed degassing. Use ultrasound
to aid degassing, but only if floc breakup is not a problem.

Minimize time between sampling and analysis; if at all pos-
sible, make measurements immediately after sampling. If storage
is unavoidable, refrigerate at 4°C but restore samples to room
temperature, preferably in water bath, before measurement.

b. Continuous-flow: Using a particle counter as a continuous-
flow monitor may be desirable. Many more samples can be
processed by automated particle counting than by batch sample
analysis. All the instruments mentioned in Methods B through D
can be used in this mode, although instruments and samples not
requiring dilution are easier to set up. For some instruments, this
type of operation requires custom hardware; for others there is
commercially available hardware.
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Problems of batch samples are equally relevant to continuous
analysis. Other critical considerations include selection of sam-
pling point, velocity at entrance and throughout sample line,
maintenance of stable sample flow rate, position of instrument’s
sensor in the sample line, and absence of flow-modifying devices
upstream of the sensor.

Choose a sampling point that is representative and away from
wall surfaces. Place entrance to sample line facing the flow, with the
velocity at the opening nearly the same as the surrounding flow.

Sample preservation within the instrument is difficult because
both deposition (or temporary holdup) of particles and floc breakup
must be avoided. Deposition occurs by gravity settling of particles
onto horizontal surfaces. Floc breakup occurs because of excessive
shear forces. Minimize length of transmission lines, especially in
horizontal components. and preferably have no horizontal lines.
Avoid drastic changes in flow direction or velocity. Do not use
flow-modifying devices such as pumps, fittings with irregular sur-
faces, sharp angle changes, flow controllers, etc., between the sam-
pling point and the sensor. Locate pumps after the sensor. Prefera-
bly, provide curved sample lines (e.g., flexible tubing or bent glass
tubing) rather than right-angle fittings.

For most instruments, flow rate is specified. Because calibration
(see J 5) can change with flow rate within the range, flow control
within very narrow limits is essential. Calibrate and use the sensor
at the same flow rate. For continuous particle size distribution
measurements, flow control, not simply flow monitoring, is neces-
sary. Do not make measurements at a flow rate different from that
used for calibration. Provide a flow control system downstream of
the sensor, maintain a constant rate, and do not introduce turbulence
or pulsations before or through the sensor.

4. Dilution Water

Particle-free water is virtually impossible to obtain, but it is
possible to produce water containing very few particles within
the size range to be measured. Produce “particle-free” or “clean”
water from distilled, deionized water or water taken from the
same source as the samples. If all samples are from the same
source or have similar chemical characteristics, preferably filter
sample water to produce “particle-free” water with no change in
chemical environment. Distilled, deionized water produced by
ion exchange and cartridge filtration may produce acceptable
“particle free” dilution water, but preferably use continuous
closed-loop membrane filtration.

Dilution water preparation systems are available from particle-
counter manufacturers. Alternatively, assemble a system similar
to that shown in Figure 2560:1 (or any system that produces a
water of sufficient quality). In the system shown, a pump draws
the water from a bottle and puts it through the in-line filter. Use
membrane filters with nominal pore sizes no more than 10% of
the smallest particle size expected; alternatively use cartridge
filters. Pass water through the filter several times. The system
lets water be passed directly from the product-water bottle to the
source-water bottle by opening of the clamps and three-way
stopcock. Use glass tubing in the bottles, but use flexible tubing
to allow draining product-water bottle into source-water bottle.
Attach a glass wool or membrane filter to air inlets. Dilute
samples by drawing water directly from the three-way stopcock
into the bottle to be used in sample analysis.
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Figure 2560:1. Schematic of filtration apparatus for preparation of par-
ticle-free dilution water or electrolyte solution.

A simpler system with one-pass filtration directly into the
sample bottle may be adequate for many samples, depending on
the particle size range to be measured. Such a system would omit
the product-water bottle, the connections between the two bottles
and associated stopcock and clamps of Figure 2560:1. Dilution
water is produced on demand and the effluent is put directly,
without additional handling, into the sample container.

Guard against biological growth within filtration systems by
frequent disassembly and adequate washing or replacement of
components. For many samples, do not use chemical disinfec-
tants because they might change the particle count and size
distribution by their oxidizing potential.

5. Calibration

As a particle is detected in the sensing zone of any instrument,
an electrical response is generated and sorted into a channel of
the instrument based on its magnitude.

Calibrate by determining the channel number into which par-
ticles of known size are sorted by the instrument. Use spherical
particles manufactured for this purpose. Calibration particles are
available in suspension or as dry particles. Over time, suspen-
sions are likely to undergo some aggregation; use ultrasound to
break up flocs before calibration. Calibration particles are nearly
monodisperse but do exhibit a small inherent (true) variance.
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The precision (see Section 1030A.1) and resolution of the instru-
ment influence its ability to sort particles into different channels.
Resolution is a measure of the ability of an instrument to distinguish
between particles of similar but different sizes. An instrument with
high precision and good resolution will measure monodisperse
particles in a very narrow size range; some instruments have suffi-
cient precision and resolution so that calibration particles with
extremely narrow size distributions (very small variance) are sorted
into a few adjacent channels. In such cases, the true variance of the
particle size and the measured variance will be nearly equal. An
instrument with low precision but high resolution will yield a wide
distribution on the same particles (i.e., measured variance > (rue
variance). An instrument with high precision but low resolution
(e.g., few channels) may yield a narrow measured distribution (e.g.,
all the particles in the same channel) even though the true distribu-
tion is broader (i.e., measured variance < true variance).

Use at least three sizes of calibration particles in reasonably
similar number concentrations to calibrate a sensor. To analyze
different-size particles in a mixture, ensure that the different sizes do
not interfere with one another. Calibrate under conditions identical
with those of sample measurements, e.g., settings on the instrument,
flow rate, type of sample cell, dilution water or electrolyte solution,
and mixing during measurement. Do not exceed the maximum
concentration for the sensor during calibration.

The calibration curve depends on the characteristic of the
particle measured by the instrument (diameter, area, or volume)
and whether the pulses are sorted into channels on an arithmetic
or logarithmic basis. For example, if an electrical sensing zone
instrument (which responds to particle volume) is used in a
logarithmic mode, the calibration curve will be the logarithm of
particle volume vs. channel number.

Generally, increments between channels are equal on an arith-
metic or logarithmic basis. In most light-blockage and light-
scattering instruments, the lower and upper limits for each chan-
nel can be set by the user. Because most samples have broad
particle size distributions, spanning at least one order of magni-
tude, and often two or three, preferably use larger increments for
larger sizes. This is consistent with equal logarithmic spacing.
although other less systematic intervals that preserve the char-
acteristic of larger increments for larger sizes are permissible.
Such intervals also are consistent with the resolution capabilities
of most available instruments, which respond to a characteristic
particle area or volume (proportional to square or cube of diam-

TaBLE 2560:1. ExaMPLE CALCULATIONS FOR PARTICLE SizE DISTRIBUTION ANALYSIS

Lower Upper Mean Number  Volume
Limit ~ Limit  Diam. log d,,; Cone. Conc. AN/Ad,;  AV/Ad,, log AN/Ad,,;
Channel d, d, dy; Ad,  d,in Corrected AN, AV, Nou o’/ AN/A log d,;  AV/A log d,,; AN/Ad, in
No. i win e pn pam Alog dy; Count No./mL o fmL mL-pn mL-pum No.fmL pm’fml No.Jml-pm
(A) (B) (€) (D) (E) (F) (G) (H) (1] ) (K) (L) (M) (N) (0)
6 2.95 3.39 3.6 044 050 0.06 5125 102500 1.69E+6 2.33E+5 3.85E+6 1.71E+6 2.83E+7 5.37
7 339 3.89 363 050 056 0.06 4568 91360 2.29E+6 1.83E+5 4.358E+6 1.52E+6 2.82E+7 5.26
8 3.89 4.47 417 058 0.62 0.06 3888 77760 295E+6 1.34E+5  S5.09E+6 1.30E+6 4.92E+7 5.13
9 447 5.13 479  0.66 0.68 0.06 3088 61760 3.55E+6  9.36E+4 5.3BE+6 1.LO3E+6 591E+7 4.97
10 5.13 5.89 550 0.76 0.74 0.06 2289 45780  3.99E+6  6,02E+4 5.25E+6 7.63E+5 6.63E+7 4.78
11 5.89 6.76 631 087 080 0.06 1584 31680 4.17E+6 3.64E+4 4.86E+6 5.28E+3 6.94E+7 4.56
12 6.76 7.76 7.24 1.00 0.86 0.06 1023 20460 4.07E+6 2.05E+4 4.07E+6 341E+5 6.79E+7 431
13 7.76 8.91 830 TS 092 0.06 631 12620 38IE+6 [.I0E+4 331E+6 200E+S 6.33E+7 4.04
14 891 1023 9:58 L 132 ;7008 0.06 363 7260 331E+6 550E+3 251E+6 1.21E+5 5:52E+7 3.74
15 10.23 .75 1096 1:52 1.04 0.06 199 3980 2.74E+6 2.62E+3 1.BOE+6 6.65E+4 4.59E+7 342
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eter, respectively), and therefore require greater resolution for
larger particles than for smaller ones on a diameter basis.

At a given set of settings for a given sensor, each channel
represents a certain average size and size increment. After mea-
suring the channel number associated with several sizes of
calibration particles, use a calibration equation to assign average
sizes or, in some cases, the lower limit of size, to all other
channels. Knowledge of the average size and both the arithmetic
and logarithmic increment of each channel is necessary for
reporting. In contrast to calibration particles, environmental par-
ticles are rarely spherical. Generally report measurements in
terms of “equivalent spherical diameter,” i.e., size of any particle
taken as that of a sphere that would give the same response in the
instrument. Because most sample particles are nonspherical and
different instruments respond to different characteristics of par-
ticles, different measured particle size distributions result from
different instruments.

Some light-scattering instruments calculate particle size from
first principles and do not require calibration per se. For those
instruments, periodically adjust the system optics. Make frequent
checks that the instrument response is consistent by following
the calibration procedures for other instruments.

6. Data Reporting

a. Particle concentrations: Number, surface, or volume con-
centration over a specified size range is particularly valuable as
a summary factor for particle counting and size distribution. Its
variation with some changes in an independent variable in a
natural or engineered system may be of interest.

When reporting the number concentration (number per milli-
liter) of particles, report also the size range measured (both lower
and upper size limits). The lower limit is particularly important.
because most samples have large number concentrations near the
lower limit of detection of currently available instruments. Never
state or imply a lower size limit of zero,

In some studies a surface area concentration (um>/mL) or
volume concentration ( pm?’/mL) may be more relevant; convert
number concentration to these forms by multiplying by the area
or volume, respectively, of a sphere with the mean diameter for
each size class. (This is an approximation based on the assump-
tion that particles are spherical.) In such cases, also report lower
and upper limits of size class.

b. Tabulated size distributions: 1f the distribution itself (i.e.. the
variation of particle number, surface area, or volume concentration
with particle size) is to be shown in tabular format, give for each
instrument channel (or grouping of channels) the number concen-
tration and the associated size range (lower and upper limits).

c¢. Graphical size distributions: For graphical reporting, pref-
erably use the count information (on a number, surface area, or
volume basis) as the ordinate and particle size as the abscissa.

For the count information, use absolute, rather than relative,
scales because they indicate both concentration and size distri-
bution. Also, preferably use differential, rather than cumulative,
distributions because they show directly what size range con-
tained the most particles. For ease of plotting, associate the
number (or surface area or volume) concentration with a mean
size for each channel, rather than with the size range (the lower
and upper limit). To account for that change without losing
information, normalize the data by dividing the concentration of
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particles in a given size class by the size interval for that class
(on either an arithmetic or a logarithmic basis). Normalization
prevents creation of artificial (or apparent) peaks or valleys in a
distribution and ensures that the same distribution measured by
different instruments with different size increments will be the
same graphically. If data are not normalized, plot size distribu-
tion data (absolute and differential) as a discrete histogram (i.e.,
as a bar chart with the upper limit of one channel being identical
to the lower limit of the next).

Preferably show particle sizes with a logarithmic scale. Most
samples have broad distributions and most analyzers use larger
increments of diameter with increasing size; these characteristics
are consistent with a logarithmic scale, which also intrinsically
avoids showing a zero size. Produce the logarithmic scale by
showing the log of diameter on an arithmetic scale or the
arithmetic values of diameter on a logarithmic scale.

d. Example calculations: A calculation layout (with example
data) useful for preparing either tabular or graphical presentation
is shown in Table 2560:1. This format may be abbreviated or
modified to suit the data presentation being developed.

Columns A through G represent calibration information. Which
of these values are set (or determined from calibration by the user)
and which are caleulated from this primary information depends on
the type of instrument. In constructing such a table, preferably place
primary information first. In most light-blockage and light-scatter-
ing instruments, the lower and upper size limits for each channel are
known; calculate mean diameter as the arithmetic or logarithmic
(geometric) mean of these limits, depending on whether instrument
channels represent arithmetic or logarithmic increments. In electri-
cal sensing zone instruments, the mean size (or log size) is deter-
mined directly from the calibration equation and increment width
(arithmetic, Ad,,;, or logarithmic, Alog d,,,) is pre-set; calculate lower
and upper limits as mean size * one half the arithmetic or loga-
rithmic increment.

Columns H through O represent counting information for a
sample. The corrected counts (Column H) are the direct counts from
the particle size analyzer minus the background count for each
channel. Adjust background count for dilution and differences in
sample measured and dilution water measured for background
count. Adjust this figure for sample dilution and volume analyzed to
obtain the number concentration of particles (Column I). For ex-
ample, for corrected count #, a 1:10 dilution, and 0.5 mL analyzed,
number concentration is calculated as (n X 10)/0.5 = 20n/mL.
Volume concentration (Column J) may be approximated as the
number of particles multiplied by the volume of a spherical particle
with the mean diameter for the channel (ﬂd?/ﬁ). Values in the
remaining columns are calculated as shown in the table. The nor-
malized, differential, absolute distribution functions obtained in
Columns K (particle size distribution function) through O give the
values needed for graphic presentations as follows:

K: particle numbers (arithmetic scale) vs. diameter (arithmetic
scale)

L: particle volume (arithmetic scale) vs. diameter (arithmetic scale)

M: particle number (arithmetic scale) vs. diameter (logarithmic
scale)

N: particle volume (arithmetic scale) vs. diameter (logarithmic
scale)

O: log of particle number (arithmetic scale) vs. diameter (logarith-
mic scale).
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(Alternatively, plot values from Column K directly on a logarithmic
scale.)

If distribution K. L, M, or N is plotted, the area under the
resulting graph between any two values of diameter represents
the total number or volume concentration between those size
limits. The logarithmic graph (O) shows the entire distribution
better than other distributions, but can hide differences between
similar distributions. It often is linear over specified size ranges.

7. Quality Control

See Sections 1020 and 1030. Observe precautions for sam-
pling and handling discussed in | 3 above. Particle counting and
size analysis requires experienced analysts capable of judgment
in recognizing unusual behavior of an instrument. Ability to
recognize partial blockage of an aperture or sensor or electronic
noise is essential.

Electronic noise can be detected directly in some instruments
by making a particle count when no flow is being put through a
sensor. Ensure that the noise is not environmental, i.e., due to
other nearby instruments, poor grounding, or inconsistent elec-
trical supply. Noise also can be created by excessive cable length
between the sensor and instrument or worn cables and connec-
tors. Perform noise checks periodically.

Analyze sample blanks, handled identically to real samples, daily.
Discard data from all channels that yield counts in the blanks greater
than 5% of the counts for real samples. This procedure accounts for
both particle contamination and electronic noise. Develop a maxi-
mum acceptable total count for blanks for each sensor (or for each
set of standard settings for one sensor); if blanks give more than this
maximum, discontinue particle counting until the contamination or
noise is eliminated. Set maximum so that the 5% rule is met for all
channels of interest (i.e.. down to some minimum size limit accept-
able in the laboratory for the sensor in use and the samples being
measured). Recognize that the lower size limit of measurement for
every sensor and every instrument is more likely to be dictated by
electronic noise and particle contamination than by electronic set-
tings.

Test cleaning and rinsing for sample bottles by partially filling
the container with clean water, swirling the water to contact all
sides, and performing a particle count. When the container has
been shown to contribute negligible counts, check cleanliness of
the cap similarly. Develop and document the standard washing
and rinsing procedure, verify its validity as indicated, and follow
the procedure without exception.

Also develop standard procedure for mixing samples and dilution
water, Test mixing by varying the mixing intensity and/or duration
to determine the minimum that gives adequate reproducibility (a
sign of uniform concentration) and to determine if greater mixing
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increases the total particle counts (a sign of floc breakup). Follow an
established mixing procedure without exception.

To determine precision, make replicate measurements on at
least 5% of the samples. Report standard deviation (or range) of
the total particle number concentration for each sensor or the
total of all sensors, if more than one is used. See Section 1030.

Particle counting and size distribution analyzers are calibrated
for size, not concentration. Standards for calibrating (or check-
ing) the ability of an instrument to measure particle concentra-
tion accurately are under development. Currently, only precision,
not bias, can be measured well for particle concentration. Obtain
an indication of bias by preparing standards of particles of
known density at a known suspended solids concentration; mul-
tiply total measured particle volume concentration by the known
density to estimate the suspended solids concentration from the
particle measurements. Compare this estimate with the known
suspended solids concentration as an indicator of the combined
instrument and laboratory bias.

Periodically calibrate with particles traceable to the National
Institute of Standards and Technology (NIST).
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2560 B. Electrical Sensing Zone Method

1. General Discussion

a. Principle: In electrical sensing zone instruments, particles
are suspended in an electrolyte solution and pass through a
small orifice. A constant current or potential is applied be-

tween electrodes on either side of the orifice; the change in
resistance caused by the particle taking up volume in the
orifice causes a change in potential or current (whichever is
not being held constant electronically). The pulse is propor-
tional to the particle volume.
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The voltage or current pulses are amplified and sorted into size
classes or channels based on their maximum height. Some instru-
ments have fixed channels; others permit selection of number of
size classes, size width of each channel, and/or lowest size to be
measured.

b. Interferences: Interferences are caused by contamination
with particles, the presence of gas bubbles, and electronic noise.
See Sections 2560A.3a and b for sampling precautions, and
2560A .4 for particle-free water preparation. Minimize electronic
noise as directed in 2560A.7. Increasing electrolyte strength is
another method for minimizing electronic noise.

c. Detectable sizes and concentrations: The lower size limit
of measurement depends on both electronic noise and aperture
size. Manufacturers claim that the lower size limit (diameter)
is approximately 2% of the aperture size, but not lower than
approximately 0.4 wm, but values as low as approximately 0.7
pm have been reported. For the upper size limit, manufactur-
ers state the maximum size is 40 to 60% of the aperture size,
but a realistic upper limit for measuring flocs is 20% of the
aperture size.

The minimum concentration limit depends on the ability to
distinguish particles from background counts. For each chan-
nel, background count should be less than 5% of total count.
In size ranges in which the count is very low (zero or nearly
s0), counts may be statistically unreliable. Determine if a
larger sample volume provides more satisfactory (less scat-
tered) data. Grouping data from several adjacent channels,
thereby increasing the size increment, also can give a more
accurate size distribution.

The maximum concentration limit depends on the rate at which
the instrument can process different pulses and the need to avoid
more than one particle in the sensing zone at the same time (coin-
cidence). Follow manufacturers’ instructions for upper limits on
particle counts for each aperture size. Some instruments include a
capability for correcting for overly concentrated samples, but do not
use this feature because each particle is not measured individually
and errors in absolute size distribution may result.

2. Apparatus

a. Particle counter and size-distribution analyzer.
b. Glassware: For glassware preparation. see Sections
2560A.3a and 2560A.7.

3. Reagents

a. Particle-free electrolyte solution: Prepare an electrolyte solu-
tion of NaCl, CaCl,, NaNO;, Ca(NO,),. or some other simple
inorganic salt at a concentration of 1 to 10% by weight. Pass
solution through a continuous-flow membrane microfiltration sys-
tem (see Section 2560A.4). Alternatively. use a commercially pre-
pared electrolyte solution (filtration also may be required).

b. Calibration particles: See Section 2560A.5.

4. Procedure

a. Preparation: Let instrument warm up according to man-
ufacturer’s instructions. Select proper size aperture for parti-

cle sizes of interest; use more than one aperture if size
distribution is wider than the range that can be measured with
one aperture. Rinse aperture with acid solution, distilled wa-
ter, and finally clean electrolyte solution. Install aperture.
Choose settings on the instrument for each type of choice,
including linear or logarithmic mode (spacing of sizes for
each channel; logarithmic is preferable for environmental
samples), desired size width of each channel, total number of
channels and which channels are to be included, and method
of starting and stopping counting. Counting can be started and
stopped manually, by switches built into the manometer rep-
resenting set sample volumes, by a set maximum count in any
one channel, or stopped by time after a manual start. For
reporting absolute measurements, choose a method that mea-
sures volume sampled.

b. Calibration: See Section 2560A.5. Calibrate each aperture
with at least three particle sizes, determining the channel number
at which the maximum count for each size is located. Handle
calibration samples identically to those used for measurement.
Because calibration can change, check it at each use of the
instrument. Plot results as the volume of calibration particles vs.
channel number (linear mode) or as the logarithm (base 10 or e)
of the volume of calibration particles vs. channel number (log-
arithmic mode). The results should plot as a straight line. Use an
equation for that line to assign an average size to each channel,
Convert results from particle volume to particle diameter for
reporting.

c. Blank sample: Measure at least one blank sample of the
electrolyte solution. Carry a sample bottle with only electrolyte
solution through procedures identical to those used for samples.
Subtract counts from the blank solution (i.e., background
counts), channel by channel, from the counts of the samples. See
Section 2560A.7.

d. Measurement of samples: Prepare diluted sample, ensur-
ing that the volume of sample is no greater than the volume of
the electrolyte solution (dilution water); if a more concen-
trated suspension is necessary, prepare dilution water with a
higher electrolyte concentration. Mix gently (see Section
2560A.3a). Insert sample container into the instrument. Start
vacuum to control the mercury column and start particle
counting. During counting, continuously watch the monitor
provided on the instrument to check for blockage of the
aperture by oversized particles. Check that the time for the
specified volume (if the count is controlled by the stop and
start switches on the manometer) is consistent with that found
for particle-free electrolyte solution. When count is complete,
check that the concentration did not exceed the manufactur-
er’s recommendations. Repeat with a greater dilution if nec-
essary. When a series of samples with various concentrations
is to be measured and sample order is not critical, measure
samples in order of expected increasing particle concentra-
tion, rinsing with next sample.

5. Calculation

See Section 2560A.6.
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2560 C. Light-Blockage Methods

1. General Discussion

a. Principle: In light-blockage instruments, a focused beam of
light shines from one side of the measurement zone toward a
photovoltaic cell on the other side. The illuminated volume of liquid
constitutes the sensing zone. Particles pass through the sensing zone
at a known velocity. The blockage of light by the particle creates a
change in the voltage at the photovoltaic cell. In different instru-
ments, different characteristics of the resulting signal are used to
determine size: light obscuration instruments use pulse height (re-
lated to the cross-sectional area of the particle) while time-of-
transition instruments use the pulse width (proportional to a char-
acteristic length of the particle). In all cases, measurements usually
are reported in terms of equivalent spherical diameter.

For light-obscuration instruments, consult manufacturer’s lit-
erature to determine the relationship between height of the
voltage pulse and particle size (and increment of particle size).

Time-of-transition devices typically utilize a laser beam as the
light source. The beam may scan a stationary sample at a fixed
velocity as it sweeps out an optical sensing zone. Alternatively,
a suspension can be passed through a fixed optical sensing zone.
In the latter case, the measured particle size is sensitive to flow
rate through the sensor.

Devices using light blockage principles vary in the number of chan-
nels (size classes) into which particles are sorted. In some cases, these
are pre-set by the manufacturer; in others, they can be set by the analyst.
Ditferent (interchangeable) sensors are available to measure different
size ranges and different particle concentrations.

b. Interferences: Interferences are caused by contamination with
particles, the presence of gas bubbles, and electronic noise. See
Sections 2560A.3a and b for sampling precautions and 2560A .4 for
particle-free dilution water preparation. Dilution water is necessary
only for samples with particle number concentrations exceeding the
capacity of the sensor to distinguish different particles. If dilution
water is to be used, analyze it without sample and subtract particle
counts in each channel from sample counts.

For devices in which sample flows through the sensor, some
electronic noise can be detected by counting with clean water in
the sensor and no flow (that is, with no true particle counts). If
noise is present, it is likely to occur as a very large number of
counts in the smallest size range (lowest channel). Eliminate this
noise by re-setting the size range of the smallest channel (in-
creasing the lowest size range to be measured) high enough to
avoid significant counts in the lowest channel. For further mea-
sures to minimize electronic noise, see Section 2560A.7.

¢. Detectable sizes and concentrations: The lower size limit of
measurement depends on both electronic noise and sensor capability.
Devices using the principle of light obscuration typically are limited to
particles larger than approximately | pm. Devices using the time-of-
transition principle can detect particles as small as 0.1 pum. The upper
particle size limit usually is determined by the size of the orifice through
which particles pass. Manufacturers state particle size limits (lower and
upper) for each sensor. See Section 2560B.1c.

2. Apparatus

a. Particle counter and size distribution analyzer.
b. Glassware: See Sections 2560A.3a and 2560A.7.

3. Reagents

a. Particle-free dilution water: See Section 2560A.4.
b. Calibration particles: See Section 2560A.5.

4. Procedure

a. Preparation: Let instrument warm up according to manufac-
turer’s instructions. Select sensor to measure size and concentration
ranges expected; use more than one sensor if size distribution is
wider than the range that can be measured with one sensor. Rinse
sensor with a volume of particle-free dilution water equivalent to at
least three times that used in measuring samples.

Choose settings on the instrument for each type of choice avail-
able: including total number of channels and which channels are to
be included, absolute or relative counts, cumulative or differential
counts, ete. Also choose method of starting and stopping counting
based on total count, maximum count in one channel, duration of
counting, or analysis of a specified volume of sample. Usually, the
known-volume method is preferable because it lends itself to de-
termination of absolute size distribution.

b. Calibration: See Section 2560A.5. Initial calibration of
each sensor on an instrument requires several particle sizes to
determine the relationship between particle size and channel
number. Either this relationship may be controlled by varying the
range of millivolt responses that are sorted into each channel or
it is pre-set by the manufacturer.

After initial calibration, use at least two sizes of calibration
particles for each sensor each time the instrument is used. For
instruments in which the sample flows through a stationary
sensing zone, measure flow rate of sample and adjust it to that
used during initial calibration.

¢. Blank sample: See Section 2560B .4c¢ but substitute particle-
free dilution water for electrolyte solution.

d. Measurement of samples: Dilute sample, if necessary to keep
within manufacturer’s guidelines. Mix gently (see Section
2560A.3q). For flow-type instruments with pressure-based sam-
plers, insert sample container into the instrument; for vacuum-based
samplers, insert sampler tubing into the sample container. Start
counting only after sufficient sample has passed through the tubing
connecting the sample and sensor to ensure that the sensor is
receiving the sample. For instruments that scan a stationary sample,
gently transfer sample into the measurement device and insert.

For all instruments, when the count is complete, check that the
concentration did not exceed the manufacturer’s recommenda-
tions. Repeat with a greater dilution if necessary.

Between samples. rinse with dilution water or the upcoming
sample. When a series of samples with various concentrations is
to be measured and sample order is not critical, measure samples
in order of expected increasing particle concentration; prefera-
bly, rinse with the next sample.

5. Calculation

See Section 2560A.6.
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2560 D. Light-Scattering Method

1. General Discussion

a. Principle: Light-scattering instruments may be either flow
or static devices. In flow instruments, the direct path of the light
beam through the flow cell is blocked by a particle as it flows
through the measurement zone with the fluid, and light scattered
over a fixed range of angles is collected and measured. Particle
size is determined from the angle and intensity of scattering
based on the principles of Fraunhofer diffraction and/or Mie
scattering. In static instruments, the particles remain quiescent
and a laser light beam scans part of the suspension. Scattered
light is collected by a photovoltaic cell and the resulting response
from all particles scanned is mathematically deconvoluted to
generate the size distribution.

Available particle counters vary in the angle or range of angles
at which scattered light is measured and in the number of
channels (size classes) into which particles are sorted. For flow-
type instruments, different (interchangeable) sensors are avail-
able to measure different size ranges and different particle con-
centrations. The particle sizes determined by these instruments
are equivalent spherical diameters, i.e., they are determined from
the amount of light that would have been scattered at the angle(s)
built in to the instrument by a calibration sphere of that diameter.

b. Interferences: For both types of instruments, interferences
are caused by contamination of the sample with particles, the
presence of gas bubbles. and electronic noise. For static-type
instruments, additional sources of interference can be surface
contamination (particles, markings, or scratches) on the sample
container and sample color. See Sections 2560A.3¢ and b for
sampling precautions and 2560A.4 for particle-free dilution wa-
ter preparation. Dilution water is necessary only for samples with
particle number concentrations exceeding the capacity of the
sensor to distinguish different particles. If dilution water is to be
used, analyze it without sample and subtract particle counts in
each channel from sample counts. To correct for color interfer-
ence, consult the instrument manual.

In flow-type instruments, some electronic neise can be de-
tected by counting with clean water in the sensor and no flow
(that is, with no true particle counts). If noise is present, it is
likely to oceur as a very large number of counts in the smallest
size range (lowest channel). Eliminate this noise by resetting the
size range of the smallest channel (increasing the lowest size
range to be measured) high enough to avoid significant counts in
the lowest channel. For further measures to minimize electronic
noise, see Section 2560A.7.

For static-type instruments, use a glass container that is opti-
cally clear and has no lettering or markings, at least in the light
path. Minimize the effect of specific glassware by using the same
sample container for all samples that will be compared and
ensuring that the orientation of the sample container in the light
beam is the same for every sample.

¢. Detectable sizes and concentrations: The lower size limit of
measurement depends on both electronic noise and sensor capa-
bility. For flow-type instruments, the upper particle size limit
usually is determined by the size of the orifice through which
particles pass. Manufacturers state particle size limits (lower and
upper) for each sensor. See Section 2560B.1c.

Application of the Mie theory to the scattering data can extend
the range of light-scattering instruments to as low as 0.1 pwm.
Alternatively, some instruments extend the lower limit of detect-
able diameters to 0.1 um by augmenting Fraunhofer diffraction
data with scattering intensity measurements at a fixed angle
(often 90°) using two or three different wavelengths of incident
light.

2. Apparatus

a. Particle counter and size distribution analyzer.
b. Glassware: See Sections 2560A.3a and 2560A.7.

3. Reagents

a. Particle-free dilution water: See Section 2560A.4.
b. Calibration particles: See Section 2560A.5.

4. Procedure

a. Preparation: Let instrument warm up according to manu-
facturer’s instructions. For flow-type instruments, select sensor
to measure size and concentration ranges expected; use more
than one sensor if size distribution is wider than the range that
can be measured with one sensor. Preferably use a sensor de-
signed for the concentration range of the undiluted sample rather
than diluting samples into the concentration range of the sensor.
For both types of instruments, place in or pass through the sensor
at least three times a volume of particle-free dilution water
equivalent to that used in measuring samples, before the first
sample.

Choose settings on the instrument for each type of choice
available, including flow rate, total number of channels and
which channels are to be included, absolute or relative counts,
etc. Also choose method of starting and stopping counting: total
count, maximum count in one channel, duration of counting, or
analysis of a specified volume of sample. For flow-type instru-
ments, the known-volume method is preferable because it lends
itself to determination of absolute size distribution. For static-
type analyzers, the analyst does not control sample size directly,
but can control duration of measurement. Take care not to
exceed maximum particle number concentration limits suggested
by manufacturer.

Some flow-type instruments permit choice between vacuum or
pressure systems for transporting the sample through the sensor.
If floc preservation is essential, preferably use a vacuum system
but ensure that bubbles do not form before the sensor; otherwise,
use a pressure system with a pulseless gear pump.

b. Calibration: See Section 2560A.5. For flow-type instru-
ments, initial calibration of each sensor on an instrument requires
several particle sizes to determine the relationship between par-
ticle size and channel number. Either this relationship may be
controlled by varying the range of millivolt responses that are
sorted into each channel, or it is pre-set by the manufacturer.
Static-type instruments are pre-set by the manufacturer because
sizing is done by a software conversion of the light sensed. After
initial calibration, use at least two sizes of calibration particles
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for each sensor each time the instrument is used. Although the
calceulation of particle sizes is based on first principles and not on
this calibration, calibrate to ensure that the instrument is functioning
properly. For flow-type instruments, measure flow rate through the
sensor and adjust to that used during initial calibration.

¢. Blank sample: See Section 2560B.4¢, but substitute particle-
free dilution water for electrolyte solution.

d. Measurement of samples: 1f dilution is necessary. dilute
sample to keep within manufacturer’s guidelines for the maxi-
mum counting rate. Mix gently (see Section 2560A.3a).

For flow-type instruments, initiate the flow from the sample
through the sensor. Check that low rate is the same as that used
for sensor calibration. Start counting only after sufficient sample
has passed through the tubing connecting the sample and sensor
to ensure that the sensor is receiving the sample. When counting
is complete, check that the concentration did not exceed the
manufacturer’s recommendations. Repeat with a greater dilution
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if necessary. For subsequent samples. rinse with dilution water
or the next sample. When a series of samples with varying
concentrations is to be measured and sample order is not critical.
measure samples in order of expected increasing particle con-
centration; in this case, preferably rinse with next sample.

For static-type instruments, insert sample beaker or bottle and
start particle counting. When counting is complete, check that
the concentration did not exceed the manufacturer’s recommen-
dations by diluting and measuring again. If the second count is
related to the first according to the ratio of the dilution factors of
the two measurements, consider the first measurement accept-
able. Repeat with a greater dilution if necessary. For subsequent
samples, see directions in preceding paragraph.

5. Calculation

See Section 2560A.6.

2570 ASBESTOS*

2570 A.

1. Occurrence and Significance

The term “asbestos™ describes a group of naturally occurring,
inorganic, highly fibrous silicate minerals that are easily sepa-
rated into long, thin, flexible fibers when crushed or processed.
Included in the definition are the asbestiform (see | 2 below)
varieties of serpentine (chrysotile), riebeckite (crocidolite),
grunerite (grunerite asbestos), anthophyllite (anthophyllite as-
bestos), tremolite (tremolite asbestos), and actinolite (actinolite
asbestos).

Asbestos has been used widely as a thermal insulator and in
filtration. The tiny. almost indestructible fibers penetrate lung
tissue and linings of other body cavities, causing asbestosis and
cancer in the lungs and mesothelioma in other cavity linings.

2. Definitions

Asbestiform— having a special type of fibrous habit (form) in
which the fibers are separable into thinner fibers and ultimately
into fibrils. This habit accounts for greater flexibility and higher
tensile strength than other habits of the same mineral. More
information on asbestiform mineralogy is available.'?

Aspect ratio—ratio ol the length of a fibrous particle to its
average width.

Buridle—structure composed of three or more fibers in parallel
arrangement with the fibers closer than one fiber diameter to
¢ach other.

* Approved by Standard Methods Committee, 2000,
Joint Task Group: 20th Edition — Joseph A. Krewer (chair), Dennis D. Lane. Lilia
M. McMillan, James R. Milleue, Stephen €. Roesch, George Yamate.
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Cluster—structure with fibers in a random arrangement such that all
fibers are intermixed and no single fiber is isolated from the group:
groupings of fibers must have more than two points touching,

Fiber (AHERA )—structure having a minimum length greater
than or equal to 10 wm, an aspect ratio of 5:1 or greater. and
substantially parallel sides.”

Fibril—single fiber that cannot be separated into smaller com-
ponents without losing its fibrous properties or appearance.

Fibrous—composed of parallel, radiating, or interlaced aggre-
gates of fibers, from which the fibers are sometimes separable. The
crystalline aggregate of a mineral may be referred to as fibrous even
if it is not composed of separable fibers, but has that distinct
appearance. “Fibrous” is used in a general mineralogical way (o
describe aggregates of grains that crystallize in a needle-like habit
and appear to be composed of fibers; it has a much more general
meaning than “asbestos.” While all asbestos minerals are fibrous,
not all minerals having fibrous habits are asbestos.

Matrix—fiber or fibers with one end free and the other end
embedded in. or hidden by, a particle. The exposed fiber must
meet the fiber definition.

Structures—all the types of asbestos particles. including fi-
bers, bundles, clusters. and matrices.

3. References

1. SteeL. E. & A, Wywie. 1981, Mineralogical characteristics of ashes-
tos. /In P.H. Riordon. ed. Geology of Asbestos Deposits. Soc, Mining
Engincers—American Inst. Mechanical Engineers, New York, N.Y.

. Zussman, 1. 1979, The mineralogy of asbestos. In Asbestos: Proper-
ties, Applications and Hazards. John Wiley & Sons, New York, N.Y.

3. ULS. EnvIRONMENTAL PROTECTION AGENCY. 1987, Asbestos-containing

materials in schools: Final rule and notice. Federal Register, 40 CFR
Part 763, Appendix A to Sub-part E, Oct. 30, 1987.
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2570 B. Transmission Electron Microscopy Method

1. General Discussion

This method is used to determine the concentration of asbestos
structures, expressed as the number of such structures per liter of
water. Asbestos identification by transmission electron micros-
copy (TEM) is based on morphology, selected area electron
diffraction (SAED), and energy dispersive X-ray analysis
(EDXA). Information about structure size also is generated.
Only asbestos structures containing fibers greater than or equal
to 10 wum in length are counted. The concentrations of both
fibrous asbestos structures greater than 10 pwm in length and total
asbestos structures per liter of water are determined. The fibrous
asbestos structures greater than 10 pum in length are of specific
interest for meeting the Federal Maximum Contaminant Level
Goal (MCLG) for drinking water, but in many cases the total
asbestos concentration provides important additional informa-
tion.

a. Principle: Sample portions are filtered through a membrane
filter. A section of the filter is prepared and transferred to a TEM
grid using the direct transfer method. The asbestiform structures
are identified, sized, and counted by transmission electron mi-
croscopy (TEM), using selected area electron diffraction
(SAED) and energy dispersive spectroscopy (EDS or EDXA) at
a magnification of 10 000 to 20 000X.

b. Interferences: Certain minerals have properties (i.e., chem-
ical or crystalline structure) that are very similar to those of
asbestos minerals and may interfere with the analysis by causing
false positives. Maintain references for the following materials in
the laboratory for comparison with asbestos minerals, so that
they are not misidentified as asbestos minerals: antigorite, atta-
pulgite (palygorskite), halloysite, hornblende, pyroxenes, sepio-
lite, and vermiculite scrolls.

High concentrations of iron or other minerals in the water may
coat asbestos fibers and prevent their full identification.

2. Sampling

a. Containers: Use new, pre-cleaned, capped bottles of glass
or low-density (conventional) polyethylene, capable of holding
at least 1 L. Do not use polypropylene bottles. Rinse bottles
twice by filling approximately one-third full with fiber-free water
and shaking vigorously for 30 s. Discard rinse water, fill bottles
with fiber-free water, treat in ultrasonic bath (60 to 100 W) for
15 min, and rinse several times with fiber-free water.

Make blank determinations on the bottles before collecting a
sample. Use one bottle in each batch or a minimum of one bottle
in each 24 to test for background level when using polyethylene
bottles. When sampling waters probably containing very low
levels of asbestos, or for additional confidence in the bottle
blanks, run additional blank determinations.

b. Collection: Follow general principles for water sampling
(see Section 1060). Some specific considerations apply to asbes-
tos fibers, which range in length from 0.1 pm to 20 wm or more.
In large bodies of water, because of the range of sizes there may
be a vertical distribution of particle sizes that may vary with
depth. If a representative sample from a water supply tank or
impoundment is required, take a carefully designated set of

samples representing vertical as well as horizontal distribution
and composite for analysis. When sampling from a distribution
system, choose a commonly used faucet and remove all hoses or
fittings. Let the water run to waste for at least 1 to 3 min or
longer to guarantee that the sample collected is representative of
the water supply. (Often, the appropriate time to obtain a main’s
sample can be determined by waiting for a change in water
temperature.) Because sediment may build up in valving works,
do not adjust faucets or valves until all samples have been
collected. Similarly, do not consider samples at hydrants and at
dead ends of the distribution systems to be representative of the
water in the system. As an additional precaution against contam-
ination, rinse each bottle several times with the source water
being sampled. For depth sampling, omit rinsing. Obtain a sam-
ple of approximately 800 mL from each sampling site, leaving
some air space in each bottle. Using a waterproof marker, label
each container with date, time, place, and sampler’s initials.

c. Shipment: Ship water samples in a sealed container, but
separate from any bulk or air samples intended for asbestos
analysis. Preferably, ship in a cooler with ice to retard bacterial
or algal growth. Do not freeze the sample. In the laboratory,
prepare sample within 48 h of collection.

3. Apparatus

a. High-efficiency particulate air (HEPA) filtered positive-
pressure positive-flow hood.

b. Filter funnel assemblies, either 25 mm or 47 mm, of either
of the following types:

1) Disposable plastic units, or

2) Glass filtering unit. With this type of unit, observe the
following precautions: Never let unit dry after filtering. Imme-
diately place it in detergent solution, scrub with a test-tube brush,
and rinse several times in particle-free water. Periodically treat
unit in detergent solution in an ultrasonic bath. Clean unit after
each sample is filtered. Run a blank on particle-free water filtered
through the glass filtering unit at frequent intervals to ensure
absence of residual asbestos contamination.

c. Side-arm filter flask, 1000 mL.

d. Filters: Use either:

1) Mixed cellulose ester (MCE) membrane filters, 25- or
47-mm diam, = 0.22-um and 5-um pore size, or

2) Polycarbonate (PC) filters, 25- or 47-mm diam, = 0.1-um
pore size.

e. Ultrasonic bath, tabletop model, 60 to 100 W.

f. Graduated pipet, disposable glass, 1, 5, and 10 mL.

g. Cabinet-type desiccator or low-temperature drying oven.

h. Cork borer, 7 mm.

i. Glass slides.

J. Petri dishes, glass, approximately 90-mm diam.

k. Mesh screen, stainless steel or aluminum, 30 to 40 mesh.

L. Ashless filter paper filters, 90-mm diam.

m. Exhaust or fume hood.

n. Scalpel blades.

0. Low-temperature plasma asher.

p. High-vacuum carbon evaporator with rotating stage, capa-
ble of less than 0.013 Pa pressure. Do not use units that evapo-
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rate carbon filaments in a vacuum generated only by oil rotary
pump. Use carbon rods sharpened with a carbon rod sharpener to
necks about 4 mm long and 1| mm in diam. Install rods in the
evaporator so that the points are approximately 100 to 120 mm
from surface of microscope slide held in the rotating device.

q. Lens tissue.

r. Copper TEM finder grids, 200 mesh. Use pre-calibrated
grids, or determine grid opening area by either of the following
methods:

1) Measure at least 20 grid openings in each of 20 random
200-mesh grids (total of 400 grid openings for every 1000 grids
used) by placing the 20 grids on a glass slide and examining
them under an optical microscope. Use a calibrated reticule to
measure average length and width of 20 openings from each of
the individual grids. From the accumulated data, calculate the
average grid opening area.

2) Measure grid area at the TEM ({s below) at a calibrated
screen magnification low enough to permit the measurement of
the sides of the opening. Measure one grid opening for each grid
examined. Measure grid openings in both the x and y directions
and calculate area.

s. Transmission electron microscope (TEM), 80 to 120 kV,
equipped with energy dispersive X-ray system (EDXA), capable
of performing electron diffraction with a fluorescent screen
inscribed with calibrated gradations. The TEM must have a
scanning transmission electron microscopy (STEM) attachment
or be capable of producing a spot size of less than 250 nm diam
at crossover. Calibrate routinely for magnification, camera con-
stant, and EDXA settings according to procedures of 5d.

4. Reagents and Materials

a. Acetone.

b. Dimethylformamide (DMF). CauTion: Toxic; use only in a
Jfume hood.

¢. Glacial acetic acid. Caution: Use in a fume hood.

d. Chloroform.

e. I-Methyl-2-pyrrolidone.

[ Particle-free water: Use glass-distilled water or treat by
reverse osmosis; filter through a filter with pore diam 0.45 uwm or
smaller.

g. Non-asbestos standards for minerals listed in § 15 above.

h. Asbestos standards for minerals listed in Section 2570A.1.

5. Procedure

a. Sample filtration: Samples with high levels of organic
contaminants may require pretreatment, A process using ultra-
violet light and ozone bubbling is described elsewhere.' Drink-
ing water samples prepared within 48 h of collection do not
require pretreatment.

Carefully wet-wipe exterior of sample bottle to remove any
possible contamination before taking bottle into a clean prepa-
ration area separated from preparation areas for bulk or air-
sample handling.

Prepare specimen in a clean HEPA filtered positive-pressure
hood. Measure cleanliness of preparation area hoods by cumu-
lative process blank concentrations (see i & below).

If using a disposable plastic filter funnel unit, remove funnel
assembly and discard top filter supplied with the apparatus, but
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be sure to retain the coarse polypropylene support pad in place.
Assemble unit with the adapter and a properly sized ncoprene
stopper, and attach funnel to the 1000-mL side-arm vacuum
flask. Moisten support pad with a few milliliters distilled water,
place a 5.0-um-pore-size MCE backing filter on support pad,
and place an MCE or PC filter (=0.22 um or 0.1 pum pore-size)
on top of backing filter. After both filters are completely wet,
apply vacuum, ensuring that filters are centered and pulled flat
without air bubbles. If there are any irregularities on the filter
surface, discard filters and repeat process. Replace funnel assem-
bly. Return flask to atmospheric pressure. Alternatively, use
glass filtering unit, following the same procedure to set up filters.

Vigorously, by hand, shake capped bottle with sample suspen-
sion, then place it in tabletop ultrasonic bath and sonicate for 15
min. The water level in the bath should be approximately the
same as that of the sample. After treatment, return sample bottle
to work surface of HEPA hood. Carry out all preparation steps.
until filters are ready for drying, in this hood.

Shake suspension vigorously by hand for 2 to 3 s. Estimate
amount of liquid to be withdrawn to produce an adequate filter
preparation. Experience has shown that a light staining of the
filter surface will usually yield a suitable preparation. If the
sample is relatively clean. use a volumetric cylinder to measure
sample. If sample has a high particulate or asbestos content,
withdraw a small volume (but at least 1 mL) with disposable
glass pipet, inserting pipet halfway into sample.

Norte: If, after examination in the TEM, the smallest volume
measured (1.0 mL) yields an overloaded sample, make addi-
tional serial dilutions of the suspension. Shake suspension vig-
orously by hand for 2 to 3 s before taking serial dilution portion.
Do not re-treat in ultrasonic bath either original solution or any
dilutions. Mix 10 mL sample with 90 mL particle-free water in
a clean sample bottle to obtain a 1:10 serial dilution.

Disassemble filtering unit and carefully remove filter with
clean forceps. Place filter, particle side up, in a precleaned,
labeled, disposable plastic petri dish or similar container.

To obtain an optimally loaded filter, make several filtrations
with different sample portions. Use new disposable plastic fun-
nel units or carefully cleaned glass units for each filtration. When
additional filters are prepared. shake suspension without addi-
tional ultrasonic treatment before removing the sample portion.
Each new filtration should represent at least a five-fold loading
difference.

Dry MCE filters for at least 12 h in an airtight, cabinet-type
desiccator, or in a HEPA filtered hood or an asbestos-free oven.
Alternatively, to shorten drying time for filters prepared using
the acetone collapsing method, plug damp filter and attach to a
glass slide as described in 4 cl)a) below. Place the slide with
filter plug(s) (up to eight plugs can be attached to one slide) on
a bed of desiccant, cover, and place in desiccator for 1 to 2 h.

Place PC filters in a dessicator for at least 30 min before
preparation: lengthy drying is not required.

b. Sample blank preparation: Prepare a process blank using =
50 mL particle-free water for each set of samples analyzed. An
acceptable process blank level is =0.01 million fibers/L. (MFL)
> 10 pm in length.

Analyze one unused filter from each new box of MCE or PC
sample filters. Filter blanks are considered acceptable if they are
shown to contain =53 asbestos structures/um’, which corre-
sponds to =3 asbestos structures / 10 grid openings analyzed.
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Identify source of contamination before making any further
analysis. Reject samples that were processed with the contami-
nated blanks and prepare new samples after source of contami-
nation is found. Take special care with polycarbonate filters,
because some have been shown to contain asbestos contamina-
tion.

c. Specimen preparation:

1) Mixed cellulose ester (MCE) filters

a) Filter fusing—Use either the acetone or the DMF-acetic
acid method.

(1) Acetone fusing method—Remove a section from any
quadrant of the sample and blank filters with a 7-mm cork borer.
Place filter section (particle side up) on a clean microscope slide.
Affix filter section to slide with a gummed page reinforcement or
other suitable means. Label slide with a glass scribing tool or
permanent marker.

Prepare a fusing dish as follows: Make a pad from five to six
ashless paper filters and place in bottom of a glass petri dish.
Place metal screen bridge on top of pad and saturate filter pads
with acetone. Place slide on top of bridge and cover the petri
dish. Wait approximately 5 min for sample filter to fuse and clear
completely.

(2) DMF-acetic acid fusing method—Place drop of clearing
solution (35% dimethylformamide [DMF], 15% glacial acetic
acid, and 50% particle-free water by volume) on a clean micro-
scope slide. CauTioN: DMF is a toxic solvent; use only in a fume
hood. Use an amount of clearing solution that just saturates the
filter. Using a clean scalpel blade, cut a wedge-shaped section of
filier. A one-eighth filter section is sufficient. Carefully lay filter
segment, sample surface upward, on top of solution. Bring filter
and solution together at an angle of about 20 deg to help exclude
air bubbles. Remove excess clearing solution with filter paper.
Place slide in oven, on a slide-warmer, or on hot plate, in a fume
hood, at 65 to 70°C for 10 to 30 min. The filter section should
fuse and clear completely.

b) Plasma etching—Place microscope slide, with attached
collapsed filter pieces, in a low-temperature plasma asher. Be-
cause plasma ashers vary greatly in their performance, both from
unit to unit and between different positions in the asher barrel, it
is difficult to specify operating conditions. Insufficient etching
will result in a failure to expose embedded fibers; too much
etching may result in the loss of particles from the filter surface.
Calculate time for ashing on the basis of final sample observa-
tions in transmission electron microscope. Additional informa-
tion on calibration is available.”?

¢) Carbon coating—Using high-vacuum carbon evaporator (]
3p), proceed as follows: Place glass slide helding filters on the
rotation device and evacuate evaporator chamber to a pressure of
less than 0.013 Pa. Perform evaporation in very short bursts,
separated by 3 to 4 s to let electrodes cool. An experienced
analyst can judge the thickness of the carbon film. Make initial
tests on unused filters. If the carbon film is too thin, large
particles will be lost from the TEM specimen, and there will be
few complete and undamaged grid openings. A coating that is
too thick will lead to a TEM image lacking in contrast and a
compromised ability to obtain electron diffraction patterns. The
carbon film should be as thin as possible and still remain intact
on most of the grid openings of the TEM specimen.

d) Specimen washing—Prepare a Jaffe washer according to
any published design.'* One such washer consists of a simple
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stainless steel bridge contained in a glass petri dish. Place on the
stainless steel bridge several pieces of lens tissue large enough to
hang completely over the bridge and into the solvent. In a fume
hood, fill petri dish with either acetone, DMF, |-methyl-2-
pyrrolidone, or chloroform to the level of the stainless steel
bridge.

Place TEM grids, shiny side up, on a piece of lens tissue or
filter paper so that individual grids can be easily picked up with
forceps. Prepare from each sample three grids. Using a curved
scalpel blade, excise three square (3-mm X 3-mm) pieces of
carbon-coated MCE filter from random areas on the filter. Place
each square filter piece, carbon-side up, on top of a TEM
specimen grid (f 3r).

Place all three assemblies (filter/grid) for each sample on the
same piece of saturated lens tissue in Jaffe washer. Place lid on
the Jaffe washer and let system stand, preferably overnight.

Alternatively, place grids on a low-level (petri dish is filled
only enough to wet paper on screen bridge) DMF Jaffe washer
for 60 min. Then add enough solution of equal parts DMF/
acetone to fill washer up to screen level. Remove grids after 30
min if they have cleared, i.e., all filter material has been removed
from the carbon film, as determined by inspecting in the TEM.
Let grids dry before placing in TEM.

2) Polycarbonate (PC) filters—Cover surface of a clean mi-
croscope slide with two strips of double-sided cellophane tape.
Cut a strip of filter paper slightly narrower than width of slide.
Position filter paper strip on center of length of slide. Using a
clean, curved scalpel blade, cut a strip of the PC filter approxi-
mately 25 X 6 mm. Use a rocking motion of the scalpel blade to
avoid tearing filter. Place PC strip, particle side up, on slide
perpendicular to long axis of slide, making sure that the ends of
the PC strip contact the double-sided cellophane tape. Each slide
can hold several PC strips. Label filter paper next to each PC
strip with sample number.

Carbon-coat filter strips as directed in J 1)c) above. (Etching
is not required.) Take special care to avoid overheating filter
sections during carbon coating.

Prepare a Jaffe washer as described in § 1)d) above, but fill
washer with chloroform or 1-methyl-2-pyrrolidone to the level
of the screen. Using a clean curved scalpel blade, excise three
3-mm-square filter pieces from each PC strip. Place filter
squares, carbon side up, on shiny side of a TEM grid (] 3r). Pick
up grid and filter section together and place them on lens tissue
in the Jaffe washer. Place lid on Jaffe washer and leave grids for
at least 4 h. Best results are obtained with longer wicking times.
up to 12 h. Carefully remove grids from the Jaffe washer and let
dry in the grid box before placing them in a clean, marked grid
box.

d. Instrument calibration: Calibrate instrumentation regularly,
and keep a calibration record for each TEM in the laboratory. in
accordance with the laboratory’s quality assurance program.
Record all calibrations in a log book along with dates of cali-
bration and attached backup documentation.

Check TEM for both alignment and systems operation. Refer
to manufacturer’s operational manual for detailed instructions.

Calibrate camera length of TEM in electron diffraction (ED)
operating mode before observing ED patterns of unknown sam-
ples. Measure camera length by using a carbon-coated grid on
which a thin film of gold has been sputtered or evaporated. A
thin film of gold may be evaporated directly on to a specimen
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grid containing asbestos fibers. This yields zone-axis ED patterns
from the asbestos fibers superimposed on a ring pattern from the
polycrystalline gold film. Optimize thickness of gold film so that
only one or two sharp rings are obtained. Thicker gold films may
mask weaker diffraction spots from the fibrous particles. Be-
cause unknown d-spacings of most interest in asbestos analysis
are those lying closest to the transmitted beam, multiple gold
rings from thicker films are unnecessary. Alternatively, use a
gold standard specimen to obtain an average camera constant
calculated for that particular instrument, which can then be used
for ED patterns of unknowns taken during the corresponding
period.

Calibrate magnification at the fluorescent screen at magnifi-
cation used for structure counting. Use a grating replica (e.g..
one containing at least 2160 lines/mm). Define a field of view on
the fluorescent screen; the field must be measurable or previ-
ously inscribed with a scale or concentric circles (use metric
scales). Place grating replica at the same distance from the
objective lens as the specimen. For instruments that incorporate
a eucentric tilting specimen stage, place all specimens and the
grating replica at the eucentric position. Follow the instructions
provided with the grating replica to calculate magnification.
Frequency of calibration depends on service history of the mi-
croscope. Check calibration after any maintenance that involves
adjustment of the power supply to the lens, the high-voltage
system, or the mechanical disassembly of the electron optical
column (apart from filament exchange).

Check smallest spot size of the TEM. At the crossover point,
photograph spot size at a magnification of 25 000X (screen
magnification 20 000X). An exposure time of 1 s usually is
adequate. Measured spot size must be less than or equal to 250
nim.

Verify resolution and calibration of the EDXA as follows:
Collect a standard EDXA Cu and Al peak from a Cu grid coated
with an aluminum film and compare X-ray energy with channel
number for Cu peak to make sure readings are within = 10 eV.
Collect a standard EDXA of crocidolite asbestos; elemental
analysis of the crocidolite must resolve the Na peak. Collect a
standard EDXA spectrum of chrysotile asbestos; elemental anal-
ysis of chrysotile must resolve both Si and Mg on a single
chrysotile fiber.

e. Sample analysis: Carefully load TEM grid with grid bars
oriented parallel/perpendicular to length of specimen holder. Use
a hand lens or eye loupe if necessary. This procedure will line up
the grid with the x and y translation directions of the microscope.
Insert specimen holder into microscope.

Scan entire grid at low magnification (250X to 1000X) to
determine its acceptability for high-magnification analysis. Grids
are acceptable if the following conditions are met:

« The fraction of grid openings covered by the replica section
is at least 50%.

* Relative to that section of the grid covered by the carbon
replica, the fraction of intact grid openings is greater than 50%.
» The fractional area of undisselved filter is less than 10%.

* The fraction of grid squares with overlapping or folded
replica film is less than 50%.

* At least 20 grid squares have no overlapping or folded
replica, are less than 5% covered with holes, and have less than
5% opaque area due to incomplete filter dissolution.
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If the grid meets these criteria, choose grid squares for analysis
from various areas of the grid so that the entire grid is repre-
sented. To be suitable for analysis, an individual grid square
must meet the following criteria:

» It must have less than 5% holes over its area.

* It must be less than 25% covered with particulate matter.

* It must be uniformly loaded.

Observe and record orientation of grid at 80 to 150X ona grid
map record sheet along with the location of the grid squares
examined. If indexed grids are used, a grid map is not needed,
but record identifying coordinates of the grid square.

At a screen magnification of 10 000 to 25 000<, evaluate the
grids for the most concentrated sample loading. Reject sample if
it is estimated to contain more than about 25 asbestos structures
per grid opening. Proceed to the next most concentrated sample
until a set of grids is obtained that have less than 25 asbestos
structures per grid opening.

Analyze a minimum of four grid squares for each sample.

Analyze approximately one-half of the predetermined sample
area on one sample grid preparation and the remainder on a
second sample grid preparation.

Use structure definitions given in Section 2570A.2 to enumer-
ate asbestos structures. Record all data on count sheet. Record
asbestos structures >10.0 pum. For fibers and bundles, record
greatest length of the structure. For matrices and clusters, record
size of visible portion of the longest fiber or bundle involved
with the structure, not the greatest overall dimension of the
structure. No minimum or maximum width restrictions are ap-
plied to the fiber definition, as long as the minimum length and
aspect ratio criteria are met. Record “NSD” (no structures de-
tected) when no structures are found in the grid opening.

Record a typical electron diffraction pattern for each type of
asbestos observed for each group of samples (or a minimum of
every five samples) analyzed. Record micrograph number on
count sheet. For chrysotile, record one X-ray spectrum for each
tenth structure analyzed. For each type of amphibole, record one
X-ray spectrum for each fifth structure analyzed. (More infor-
mation on identification is available.'") Attach the printouts to
the back of the count sheet. If the X-ray spectrum is stored,
record file and disk number on count sheet.

Analytical sensitivity can be improved by increasing amount
of liquid filtered, increasing number of grid openings analyzed,
or decreasing size of filter used. Occasionally, because of high
particle loadings or high asbestos concentration, the desired
analytical sensitivity cannot be achieved in practice.

Unless a specific analytical sensitivity is desired, stop analysis
on the 10th grid opening or the grid opening that contains the
100th asbestos structure, whichever comes first. If the analysis is
stopped at the grid opening that contains the 100th asbestos
structure, count entire grid square containing the 100th structure.

After analysis, remove grids from TEM, replace them in grid
storage holder, and store for a minimum of one year from the
date of the analysis for legal purposes. Sample filters also may be
stored in the plastic petri dishes, if necessary. Prolonged storage
of the remaining water sample is not recommended, because
microbial growth may cause loss of asbestos structures to the
sides of the storage container.

Report the following information for each water sample ana-
lyzed: asbestos concentration in structures per liter, for total
structures and fibrous asbestos structures greater than 10 pum in
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length: types of asbestos present; number of asbestos structures
counted; effective filtration area; average size of TEM grid
openings counted; number of grid openings examined; size cat-
egory for each structure counted. Include a copy of the TEM
count sheet if requested, either hand-written or computer-gener-
ated. Also include: upper and lower 95% confidence limits on the
mean concentration, volume of sample filtered, and analytical
sensitivity.

6. Calculations
Calculate amount of asbestos in a sample as follows:

: NXA; XD
Asbestos concentration, structures /L = ————
GXAgXV,

where:

N = number of asbestos structures counted,

Ay = effective filter area of final sampling filter, mm?>,

D = dilution factor (if applicable),

G = number of grid openings counted,

Ag = area of grid openings, mm?, and

V, = volume of sample, L.

The same formula may be used to calculate asbestos fibers
greater than 10 wm in length per liter based on the total number
of fibers and bundles greater than 10 wm in length whether free
or associated with matrices and clusters. Express final results as
million structures per liter (MSL) and million fibers per liter
(MFL).

7. Quality Control/Quality Assurance

Use the laboratory’s quality-control checks to verify that sys-
tem is performing according to accuracy and consistency spec-
ifications. Because of the difficulties in preparing known quan-
titative asbestos samples, routine quality-control testing focuses
on reanalysis of samples (duplicate recounts). Reanalyze 1 out of
every 100 samples, not including laboratory blanks.
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In addition, set up quality assurance programs according to the
criteria developed by Federal agencies.>® These documents
cover sample custody, sample preparation, blank checks for
contamination, calibration, sample analysis, analyst qualifica-
tions, and technical facilities.

8. Precision and Bias

Precision measurements for intralaboratory comparisons have
been found to have a relative standard deviation (RSD) of 13 to
22% for standard and environmental water samples, with an
RSD of 8.4 to 29% for interlaboratory comparisons.' An earlier
study found an interlaboratory reproducibility of 25 to 50% in
standard samples.’

Accuracy measurements from inter- and intralaboratory stud-
ies have demonstrated an RSD of 17% for standard chrysotile
suspensions, and an RSD of 16% for standard crocidolite sus-
pensions.’
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2580 OXIDATION-REDUCTION POTENTIAL (ORP)*

2580 A.

1. Significance

Oxidation and reduction (redox) reactions mediate the behav-
ior of many chemical constituents in drinking, process, and
wastewaters as well as most aquatic compartments of the envi-
ronment." > The reactivities and mobilities of important elements
in biological systems (e.g., Fe, S, N, and C), as well as those of

* Approved by Standard Methods Committee, 1997.
Joint Task Group: 20th Edition—Michael J. Barcelona (chair), William C. Boyle,
Thomas R. Holm, Zoltan Kerekes.
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a number of other metallic elements, depend strongly on redox
conditions. Reactions involving both electrons and protons are
pH- and Eh-dependent; therefore, chemical reactions in aqueous
media often can be characterized by pH and Eh together with the
activity of dissolved chemical species. Like pH, Eh represents an
intensity factor. It does not characterize the capacity (i.e., poise)
of the system for oxidation or reduction.

The potential difference measured in a solution between an
inert indicator electrode and the standard hydrogen electrode
should not be equated to Eh, a thermodynamic property, of the
solution. The assumption of a reversible chemical equilibrium,
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fast electrode kinetics, and the lack of interfering reactions at the
electrode surface are essential for such an interpretation. These
conditions rarely, if ever, are met in natural water.

Thus, although measurement of Eh in water is relatively
straightforward, many factors limit the interpretation of these
values. These factors include irreversible reactions, electrode
poisoning, the presence of multiple redox couples, very small
exchange currents, and inert redox couples. Eh values measured
in the field correlate poorly with Eh values calculated from the
redox couples present. Nevertheless, measurement of redox po-
tential, when properly performed and interpreted, is useful in
developing a more complete understanding of water chemistry.

2. Sampling and Storage

Do not store samples; analyze on collection. Minimize both
atmospheric contact and delay in analysis.

3. References
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2580 B. Oxidation-Reduction Potential Measurement in Clean Water

1. General Discussion

a. Principle: Electrometric measurements are made by poten-
tiometric determination of electron activity (or intensity) with an
inert indicator electrode and a suitable reference electrode. Ide-
ally, the indicator electrode will serve as either an electron donor
or acceptor with respect to electroactive oxidized or reduced
chemical species in solution. At redox equilibrium, the potential
difference between the ideal indicator electrode and the refer-
ence electrode equals the redox potential of the system. How-
ever, inert indicator electrodes that behave ideally in all aqueous
systems, particularly in natural waters, do not exist. Electrodes
made of platinum are most commonly used for Eh measure-
ments. They have limitations,' as do alternative materials such as
gold and graphite.

The standard hydrogen reference electrode is fragile and imprac-
tical for routine laboratory and field use. Therefore, silver:silver-
chloride or calomel reference electrodes are used commonly. The
redox potential measurement is corrected for the difference between
the potential of the reference electrode and that of the standard
hydrogen electrode. See Section 4500-H ", pH Value.

It is not possible to calibrate Eh electrodes over a range of
redox potentials (as is done with pH electrodes). Instead, stan-
dard solutions that exhibit both chemical stability and known
redox potentials for specific indicator electrodes are used to
check electrode response at the temperature of measurement.

The potential of the platinum (Pt) Eh electrode versus the
Ag/AgCl reference electrode with KCl electrolyte in ZoBell's

solution (3 % 107*M potassium ferrocyanide and 3 X 107°M
potassium ferricyanide in 0.1M KCI)* has been measured as a
function of temperature.” Good agreement was obtained between
Eh values measured with this electrode pair in ZoBell's solution
and those calculated from the stability constants at 8 to 85°C.
The potential of the ZoBell’s solution with this electrode con-
figuration as a function of temperature can be calculated:”

Eh,V =0.428 — 0.0022 (T — 25)

where T = solution temperature, °C. Alternatively, select the
value from Table 2580:1.

To determine the Eh of a sample relative to the standard
hydrogen electrode, measure Eh of both sample and standard
solution at the same temperature (within £0.1°C). Then calcu-
late Eh value of the sample:

Elsosisin = Eonserven T ERgopaisssssnss — Elzspenorssmves
where:
E peervea = sample potential relative to reference electrode,
Eh, = theoretical Eh of reference electrode and ZoBell's

ZoBell/reference

solution, relative to the standard hydrogen
electrode (see Table 2580:1), and

Ehygen observea = 0bserved potential of ZoBell’s solution, relative to
the reference electrode.

The measurements described above can be applied analo-
gously to other indicator electrode/reference electrode pairs and
standard solutions.
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Tasre 2580:1. PotenTiAL oF ZoBELL's SoLuTion As FUNCTION oF

TEMPERATURE
T E T E
b i |4 °C Vv
1 0.481 16 0.448
2 0.479 17 0.446
3 0.476 18 0.443
4 0.474 19 0.441
2 0.472 20 0.439
6 0.470 21 0.437
7 0.468 22 0.435
8 0.465 23 0.432
9 0.463 24 0.430
10 0.461 25 0.428
11 0.459 26 0.426
12 0.457 27 0.424
13 0.454 28 0.421
14 0.452 29 0.419
15 0.450 30 0.417

b. Interferences: Specific interferences may be due to opera-
tion of either indicator or reference electrode, redox capacity or
poise of the sample, sample preservation and handling, and
temperature equilibration.

1) Sorption and poisoning effects on electrodes—Contamina-
tion of the electrode surface, salt bridge, or internal electrolyte in
the case of reference electrodes, can lead to excessive drift, poor
electrode response, and artifact potentials. Organic matter, sul-
fide, and bromide may cause these problems, particularly in
long-term electrode use.'”"" If excessive drift occurs or erratic
performance of paired electrodes is observed in redox standard
solutions after appropriate cleaning, refilling, or regeneration
procedures, discard the faulty electrode and use a new one.

2) pH variations—Redox potential is sensitive to pH if hydro-
gen ion or hydroxide ion is involved in the redox half-cells, Cell
potentials tend to increase as proton concentration increases (i.e.,
pH decreases) and Eh values drop as hydroxide concentrations
increase (i.e., pH increase).
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3) Sample handling and preservation—The sample poise will
govern the resistance of the sample to change in redox potential;
this phenomenon is analogous to the resistance to pH change
afforded by buffer capacity. Except in concentrated process
streams, sludges, leachates, and highly reducing or treated wa-
ters, the concentrations of oxidized or reduced species may be
fairly low (i.e., <10™*M). Under these conditions, handle re-
duced samples very carefully to avoid exposure to atmospheric
oxygen. A closed cell sampling configuration may be used.*®
Samples cannot be stored or preserved; analyze at sampling.

4) Temperature equilibration—Obtain Eh standard solution
reading for the electrode pair at a temperature as close as
possible to that of the sample. Temperature determines the Eh
reference potential for a particular solution and electrode pair. It
also may affect the reversibility of the redox reaction, the mag-
nitude of the exchange current, and the stability of the apparent
redox potential reading, particularly in poorly poised solutions.
Hold temperature constant for all measurements and report it
with Eh results.

2. Apparatus

a. pH or millivolt meter: Use a pH meter or other type of
high-impedance potentiometer capable of reading either pH or
millivolts (mV). For most applications, a meter scale readable to
*1400 mV is sufficient.

b. Reference electrode consisting of a half-cell providing a
constant electrode potential. See Section 4500-H*.B.2b.

c. Oxidation-reduction indicator electrode: The platinum
electrode is used most commonly. A noble metal or graphite
electrode may be useful for specific applications.

1) Noble metal electrode—Noble metal (i.e., gold or plati-
num) foil, wire, or billet types of electrode are inert and resistant
to chemical reaction. Clean and polish electrode surface to insure
reliable performance. Platinum electrodes may be cleaned by
strong acid soaking,”'" hydrogen peroxide and detergent wash-
ing,'" and anodic activation.'” Abrasive polishing with crocus
cloth, jeweler’s rouge, or 400 to 600 grit wet/dry carborundum
paper may be best.”

TasLE 2580:11. PREPARATION OF REDOX STANDARD SOLUTIONS

Potentials of Pt Electrode vs. Selected Reference Electrodes at 25°C in
Standard Solution

Standard Solution

Weight of Chemicals Needed/1000
mL Aqueous Solution at 25°C

Calomel Silver:Silver Chloride Standard
Ag/AgC] Hydrogen
Hg/Hg,Cl, KCl KCl KCl
saturated KCl 1.00M 4.00M saturated
Light’s solution'* +430 +439 +475 +476 +675 39.21 g ferrous ammonium sulfate,
Fe(NH,),(S0,), - 6H,0
48.22 g ferric ammonium sulfate,
Fe(NH,)(S0,), + 12H,0
56.2 mL sulfuric acid, H,SO,, sp
gr 1.84
ZoBell's solution*? +183 +192 +228 +229 +428 1.4080 g potassium ferrocyanide,

K, Fe(CN), - 3H,0

1.0975 g potassium ferricyanide,
K Fe(CN),

7.4555 g potassium chloride, KCl

* Store in dark plastic bottle in a refrigerator.
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2) Graphite electrode—A wax-impregnated graphite (WIG)
electrode may be used, especially in aqueous suspensions or
soils.'*!? The WIG electrode is more resistant to electrode
poisoning than electrodes made of platinum wire.

d. Beakers: Preferably use polyethylene, TFE, or glass beakers.

e. Stirrer: Use a magnetic TFE-coated stirring-bar-type
mixer.

[ Flow cell: Use for continuous flow measurements and for
poorly buffered solutions.

3. Reagents

a. Standard redox solutions: Standardize the electrode system
against redox solutions that provide stable known Eh values over
a range of temperatures. Although standard solutions are avail-
able, they do not cover the anticipated range of Eh values.
Commercially prepared solutions may be used, particularly in
field testing. The composition and Eh values of standard solu-
tions are shown in Table 2580:11. With reasonable care, these
solutions are stable for several months.

b. Eh electrode cleaners: Use either:

1) Aqua regia—Mix | volume conc nitric acid with 3 vol-
umes conc hydrochloric acid. Prepare fresh and dilute by at least
50% with water. Neutralize prior to discarding.

2) Chromic acid—Dissolve 5 g potassium dichromate,
K.Cr,04, in 500 mL conc sulfuric acid. Conduct cleaning pro-
cedure in a fume hood.

4. Procedure
a. Instrument calibration: Follow manufacturer’s instructions
for using pH/millivolt meter and in preparing electrodes for use.

TapLe 2580:101. RecoMMENDED COMBINATIONS FOR
SeLecTED SampLE TYPES

Indicator Reference Type of Sample
Sample Type  Electrode(s) Electrode Cell
Process stream Pt or Au Calomel or silver: Closed continuous
(low Br™) silver chloride flow (dual indi-
(8%7) cator electrode)
(high Br™) Pt or Au Calomel or silver:

silver chloride
with salt bridge
(double junction
reference
electrode)

Natural waters
Surface waters Pt or Au Calomel or silver: Closed continuous
silver chloride flow (dual
indicator
electrode) or
beaker

Groundwater Pt or Au Calomel or silver: Closed continuous

silver chloride flow (dual
indicator
electrode)
Soils, sludges WIG, Pt Calomel or silver: Beaker or soil
wire silver chloride core
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Use a shorting lead to verify the zero point on the meter’s
millivolt scale. Equilibrate the standard solution to the temper-
ature of the sample. Immerse electrodes in the gently stirred.
standard solution in a beaker (or flow cell). Turn on meter,
placing the function switch in the millivolt mode.

After several minutes for electrode equilibration, record read-
ing to nearest millivolt. If the reading is more than =10 mV from
the theoretical redox standard value at that temperature, replace
reference electrode fluid and repeat the measurement. If that
procedure fails to bring the reading to within =10 mV of the
theoretical value, polish the sensing element of the indicator
electrode with carborundum paper. crocus cloth, or jeweler's
rouge. Rinse electrode thoroughly and recheck reading with a
fresh portion of the standard solution. If the reading is within
+10 mV of the theoretical value, record it and the temperature.
If the reading is not within =10 mV, repeat the cleaning proce-
dure or try another electrode. Then rinse the electrode with
distilled water and proceed with the sample measurement. Reca-
librate daily and more frequently if turbid, organic-rich, or
high-dissolved-solids solutions are being measured.

b. Electrode cleaning procedure: Useful treatments for noble
metal electrodes in restoring performance after long periods of use
include immersion in warm (70°C) aqua regia for 1 to 2 min or 5
min in 6N HNO; after bringing to a boil. Alternatively treat with
chromic acid solution followed by 6/ HCI and rinse with water.

c. Sample analysis: Check system for performance with the
standard solution, rinse electrodes thoroughly with sample water,
then immerse them in the gently stirred sample. Let equilibrate,
record Eh value to the nearest millivolt, and temperature to
+0.1°C. Repeat with a second sample portion to confirm suc-
cessive readings within =10 mV. Equilibration times vary and
may take many minutes in poorly poised solutions. Successive
readings that vary less than £10 mV over 10 min are adequate
for most purposes. Make continuous flow or pumped sample
measurements, particularly of poorly poised solutions, in a
closed flow cell after external calibration of the electrode system.

See Table 2580:1I1 for recommended combinations of elec-
trodes, standards, and sample handling.

5. Trouble Shooting

a. Meter: Use a shorting lead to establish meter reading at
zero millivolts whenever possible. If the meter cannot be zeroed,
follow the manufacturer’s instructions for service.

b. Electrodes: If the potentiometer is in good working order, the
fault may be in the electrodes. Frequently, renewal of the filling
solution for the salt bridge for the reference electrode is sufficient to
restore electrode performance. Another useful check is to oppose
the emf of a questionable reference electrode with that of the same
type known to be in good order. Using an adapter, plug the good
reference electrode into the indicator electrode jack of the potenti-
ometer. Then plug the questionable electrode into the reference
electrode jack. With the meter in the millivolt position, immerse
electrodes in an electrolyte (e.g., KCI) solution and then into a redox
standard solution. The two millivolt readings should be 0 = 5 mV
for both solutions. If different electrodes are used (e.g., silver:silver
chloride versus calomel or vice versa), the reading should be 44 *=
5 mV for a good reference electrode.

Unless an indicator electrode has been poisoned, physically
damaged. or shorted out, it usually is possible to restore function



TESTS ON SLUDGES (2710)/Oxygen-Consumption Rate

by proper cleaning.

6. Calculation

Ehsyslem N Eabscrved & Emfen:nce standard — Ercﬁ:rence observed

Report temperature at which readings were made.

7. Precision and Bias

Standard solution measurements made at stable temperatures
with a properly functioning electrode system should be accurate
to within =10 mV. Calibration precision as reflected by the
agreement of dual platinum electrodes versus an Ag:AgClI ref-
erence electrode for over a 2-year period has been estimated at
=15 mV (i.e., one standard deviation) in ZoBell’s solution (N =
78) at approximately 12°C. Precision on groundwater samples
(N = 234) over the same period has been estimated at =22 mV
(i.e., = one standard deviation) in a closed flow cell.'?
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2710 TESTS ON SLUDGES*

2710 A

This section presents a series of tests uniquely applicable to
sludges or slurries. The test data are useful in designing facilities

* Approved by Standard Methods Committee, B-H, 1997; A, L. 2001.
Joint Task Group: Terry E. Baxter (chair), Billie C. Byrom, Daniel D. Chen,
Steven K. Dentel, Stephen R. Gelman, S. Rod Jenkins, Mesut Sezgin.

Introduction

for solids separation and concentration and for assessing opera-
tional behavior, especially of the activated sludge process.

2710 B. Oxygen-Consumption Rate

1. General Discussion

This test is used to determine the oxygen consumption rate
of a sample of a biological suspension such as activated
sludge. It is useful in laboratory and pilot-plant studies as well
as in the operation of full-scale treatment plants. When used

as a routine plant operation test, it often will indicate changes
in operating conditions at an early stage. However, because
test conditions are not necessarily identical to conditions at
the sampling site, the observed measurement may not be
identical with actual oxygen consumption rate.
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2. Apparatus

a. Oxygen-consumption rate device: Either:

1) Probe with an oxygen-sensitive electrode (polarographic or
galvanic), or

2) Manometric or respirometric device with appropriate readout
and sample capacity of at least 300 mL. The device should have an
oxygen supply capacity greater than the oxygen consumption rate of
the biological suspension, or at least 150 mg/L * h.

b. Stopwatch or other suitable timing device.

c. Thermometer to read to * 0.5°C.

3. Procedure

a. Calibration of exygen-consumption rare device: Either:

1) Calibrate the oxygen probe and meter according to the
method given in Section 4500-0.G, or

2) Calibrate the manometric or respirometric device accord-
ing to manufacturer’s instructions.

b. Volatile suspended solids determination: See Section 2540.

¢. Preparation of sample: Adjust temperature of a suitable
sample portion to that of the basin from which it was collected
or to required evaluation temperature, and maintain constant
during analysis. Record temperature. Increase DO concentration
of sample by shaking it in a partially filled bottle or by bubbling
air or oxygen through it.

d. Measurement of oxygen consumption rate:

1) Fill sample container to overflowing with an appropriate
volume of a representative sample of the biological suspension
to be tested.

2) If an oxygen-sensing probe is used, immediately insert it into
a BOD bottle containing a magnetic stirring bar and the biological
suspension. Displace enough suspension with probe to fill flared top
of bottle and isolate its contents from the atmosphere. Activate
probe stirring mechanism and magnetic stirrer. (Note: Adequate
mixing is essential. For suspensions with high concentrations of
suspended solids, i.e., >5000 mg/L, more vigorous mixing than that
provided by the probe stirring mechanism and magnetic stirrer may
be required.) If a manometric or respirometric device is used, follow
manufacturer’s instructions for startup.

3) After meter reading has stabilized, record initial DO and
manometric or respirometric reading, and start timing device.
Record appropriate DO, manometric, or respirometric data at
time intervals of less than | min, depending on rate of consump-
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tion. Record data over a 15-min period or until DO becomes
limiting, whichever occurs first. The oxygen probe may not be
accurate below 1 mg DO/L. If a manometric or respirometric
device is used, refer to manufacturer’s instructions for lower
limiting DO value. Low DO (=2 mg/L at the start of the test)
may limit oxygen uptake by the biological suspension and will
be indicated by a decreasing rate of oxygen consumption as the
test progresses. Reject such data as being unrepresentative of
suspension oxygen consumption rate and repeat test beginning
with higher initial DO levels.

The results of this determination are quite sensitive to tem-
perature variations and poor precision is obtained unless repli-
cate determinations are made at the same temperature. When
oxygen consumption is used as a plant control test, run periodic
(at least monthly) replicate determinations to establish the pre-
cision of the technigue. This determination also is sensitive to the
time lag between sample collection and test initiation.

4. Calculations

If an oxygen probe is used, plot observed readings (DO,
milligrams per liter) versus time (minutes) on arithmetic graph
paper and determine the slope of the line of best fit. The slope is
the oxygen consumption rate in milligrams per liter per minute.

If a manometric or respirometric device is used, refer to manu-
facturer’s instructions for calculating the oxygen consumption rate.

Calculate specific oxygen consumption rate in milligrams per
gram per hour as follows:

Specific oxygen consumption rate, (mg/g)/h

oxygen consumption
By rate, (mg/L)/min " 60 min
~ volatile suspended solids, g/l h

5. Precision and Bias

Bias is not applicable. The precision for this test has not been
determined.

6. Bibliography

Umsrerr, W.W., R-H. Burris & J.F. Stavrrer. 1964, Manometric Tech-
niques. Burgess Publishing Co., Minneapolis, Minn.

2710 C. Settled Sludge Volume

1. General Discussion

The settled sludge volume of a biological suspension is useful
in routine monitoring of biological processes. For activated
sludge plant control, a 30-min settled sludge volume or the ratio
of the 15-min to the 30-min settled sludge volume has been used
to determine the returned-sludge flow rate and when to waste

sludge. The 30-min settled sludge volume also is used to deter-
mine sludge volume index' (Section 2710D).

This method is inappropriate for dilute sludges because of the
small volume of settled material. In such cases, use the volu-
metric test for settleable solids using an Imhoff cone (2540F).
Results from 2540F are not comparable with those obtained with
the procedure herein.
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Figure 2710:1. Schematic diagram of settling vessel for settled sludge
volume test.

2710 D. Sludge

1. General Discussion

The sludge volume index (SVI) is the volume in milliliters
occupied by 1 g of a suspension after 30 min settling. SVI
typically is used to monitor settling characteristics of activated
sludge and other biological suspensions.' Although SVI is not
supported theoretically,” experience has shown it to be useful in
routine process control.

2. Procedure

Determine the suspended solids concentration of a well-mixed
sample of the suspension (See Section 2540D).

Determine the 30 min settled sludge volume (See Section
2710C).

3. Calculations

_ settled sludge volume (mL/L) X 1000

SVI :
suspended solids (mg/L)
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2. Apparatus

a. Settling column: Use 1-L graduated cylinder equipped with
a stirring mechanism consisting of one or more thin rods extend-
ing the length of the column and positioned within two rod
diameters of the cylinder wall. Provide a stirrer able to rotate the
stirring rods at no greater than 4 rpm (peripheral tip speed of
approximately 1.3 cm/s). See Figure 2710:1.

b. Stopwatch.

c. Thermometer.

3. Procedure

Place 1.0 L. sample in settling column and distribute solids by
covering the top and inverting cylinder three times. Insert stirring
rods, activate stirring mechanism, start the stopwatch, and let
suspension settle. Continue stirring throughout test. Maintain
suspension temperature during test at that in the basin from
which the sample was taken.

Determine volume occupied by suspension at measured time
intervals, e.g., 5, 10, 15, 20, 30, 45, and 60 min.

Report settled sludge volume of the suspension in milliliters
for an indicated time interval.

Variations in suspension temperature, sampling and agitation
methods, dimensions of settling column, and time between sam-
pling and start of the determination significantly affect results.

4. Precision and Bias

Bias is not applicable. The precision for this test has not been
determined.

5. Reference

1. Dick, R.I. & P.A, VesiLinp. 1969, The SVI—What is It? J. Water
Pollut. Control Fed. 41:1285.

Volume Index

4. Precision and Bias

Precision is determined by the precision achieved in the sus-
pended solids measurement, the settling characteristics of the
suspension, and variables associated with the measurement of
the settled sludge volume. Bias is not applicable.

5. References

1. Dick, R.I. & P.A. VEsiLinp. 1969, The SVI—What is it? J. Warer
Pollut. Control Fed. 41:1285.

2. Fmven, J. & H. Ives. 1950. Settleability indexes for activated sludge.
Sewage Ind. Wastes 22:833.

6. Bibliography

DonaLpson, W. 1932. Some notes on the operation of sewage treatment
works. Sewage Works J. 4:48.

Mouiman, F.W. 1934, The sludge index. Sewage Works J. 6:119.

Ruporrs, W. & 1.O. Lacy. 1934. Settling and compacting of activated
sludge. Sewage Works J. 6:647.
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2710 E. Zone Settling Rate

1. General Discussion

At high concentrations of suspended solids, suspensions settle
in the zone-settling regime. This type of settling takes place
under quiescent conditions and is characterized by a distinct
interface between the supernatant liquor and the sludge zone.
The height of this distinct sludge interface is measured with time.
Zone settling data for suspensions that undergo zone settling,
e.g.. activated sludge and metal hydroxide suspensions, can be
used in the design, operation, and evaluation of settling ba-
sins.' ™

2. Apparatus

a. Settling vessel: Use a transparent cylinder at least | m high
and 10 cm in diameter. To reduce the discrepancy between
laboratory and full-scale thickener results, use larger diameters
and taller cylinders.'” Attach a calibrated millimeter tape to
outside of cylinder. Equip cylinder with a stirring mechanism,
e.g., one or more thin rods positioned within two rod diameters
of the internal wall of settling vessel. Stir suspension near vessel
wall over the entire depth of suspension at a peripheral speed no
greater than 1 cm/s. Greater speeds may interfere with the
thickening process and yield inaccurate results.* Provide the
seftling vessel with a port in the bottom plate for filling and
draining. See Figure 2710:2.

b. Stopwatch.

¢. Thermometer.

3. Procedure

Maintain suspension in a reservoir in a uniformly mixed
condition. Adjust temperature of suspension to that of the basin
from which it was collected or to required evaluation tempera-
ture. Record temperature. Remove a well-mixed sample from
reservoir and measure suspended solids concentration (Section
2540D).

Activate stirring mechanism. Fill settling vessel to a fixed
height by pumping suspension from reservoir or by gravity flow.
Fill at a rate sufficient to maintain a uniform suspended solids
concentration throughout settling vessel at end of filling. The
suspension should agglomerate, i.e., form a coarse structure with
visible fluid channels, within a few minutes. If suspension does
not agglomerate. test is invalid and should be repeated.

Record height of solids-liquid interface at intervals of about |
min. Collect data for sufficient time to assure that suspension is
exhibiting a constant zone-settling velocity and that any initial
reflocculation period, characterized by an accelerating interfacial
settling velocity, has been passed.

Zone settling rate is a function of suspended solids concen-
tration, suspension characteristics, vessel dimensions, and labo-
ratory artifacts. With the filling method described above and a
sufficiently large cylinder, these artifacts should be minimized.
However, even with careful testing suspensions often may be-
have erratically. Unpredictable behavior increases for sludges
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Figure 2710:2. Schematic diagram of settling vessel for zone settling rate
test.

with high solids concentrations and poor settling characteristics,
and in small cylinders.

4. Calculations

Plot interface height in centimeters vs. time in minutes."
Draw straight line through data points, ignoring initial shoulder
or reflocculation period and compression shoulder. Calculate
interfacial settling rate as slope of line in centimeters per minute.

5. Precision and Bias

Bias is not applicable. The precision for this test has not been
determined.

6. References

I. Dick, R.I. 1972. Sludge treatment. fn W.J. Weber, ed.. Physicochem-
ical Processes for Water Quality Control. Wiley-Interscience, New
York, N.Y.
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2710 F. Specific Gravity

1. General Discussion

The specific gravity of a sludge is the ratio of the masses of
equal volumes of a sludge and distilled water. It is determined by
comparing the mass of a known volume of a homogeneous
sludge sample at a specific temperature to the mass of the same
volume of distilled water at 4°C.

2. Apparatus

Container: A marked flask or bottle to hold a known sludge
volume during weighing.

3. Procedure

Follow either a or b.

a. Record sample temperature, 7. Weigh empty container and
record weight, W. Fill empty container to mark with sample,
weigh, and record weight, S. Fill empty container to mark with
water, weigh, and record weight, R. Measure all masses to the
nearest 10 mg.

b. If sample does not flow readily, add as much of it to
container as possible without exerting pressure, record volume,
weigh, and record mass, P. Fill container to mark with distilled
water, taking care that air bubbles are not trapped in the sludge
or container. Weigh and record mass, . Measure all masses to
nearest 10 mg.

4. Calculation

Use a or b, matching choice of procedure above.
a. Calculate specific gravity, SG, from the formula

weight of sample S — W -
weight of equal volume " R-W
of water at 4°C

2

§Gryec =

The values of the temperature correction factor F are given in
Table 2710:1.

TasLe 2710:1. TemperRATURE CORRECTION FACTOR

Temperature Temperature Correction
*C Factor
15 0.9991
20 0.9982
25 0.9975
30 0.9957
35 0.9941
40 0.9922
45 0.9903

b. Calculate specific gravity, SG, from the formula

SG _ weight of sample v P —-W el
THC ™ weight of equal volume (R — W) — (Q — P)

of water at 4°C

For values of F, see Table 2710:1.

2710 G. Capillary Suction Time

1. General Discussion

The capillary suction time (CST) test determines rate of
water release from sludge. It provides a quantitative measure,
reported in seconds, of how readily a sludge releases its water.
The results can be used to assist in sludge dewatering pro-
cesses; (o evaluate sludge conditioning aids and dosages; or,
when used with a jar test and the settleable solids procedure,

to evaluate coagulation effects on the rate of water release
from sludges.

The test consists of placing a sludge sample in a small cylinder on
a sheet of chromatography paper. The paper extracts liquid from the
sludge by capillary action. The time required for the liquid to travel
a specified distance is recorded automatically by monitoring the
conductivity change occurring at two contact points appropriately
spaced and in contact with the chromatography paper. The elapsed
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Figure 2710:3. Capillary suction time apparatus.

time is indicative of the water drainage rate. The CST test has been
used as a relative indicator to characterize the performance of most
sludge dewatering processes.

2. Apparatus

a. Test materials and apparatus may be fabricated (see Figure
2710:3) or are commercially available.* The unit includes a
paper support block, stainless steel reservoir with 18-mm ID and
25-mm height, and a digital timer.

b. CST paper.

¢. Thermometer to read = 0.5°C.

d. Pipet, 10-mL, plastic with tip trimmed to allow free passage
of sludge flocs.

3. Procedure

Turn on and reset CST meter. Dry CST test block and reser-
voir. Place a new CST paper on lower test block with rough side
up and grain parallel to the 9-cm side. Add upper test block,
insert sludge reservoir into test block, and seat it using light
pressure and a quarter turn to prevent surface leaks. Measure and
record temperature of sludge. Pipet 6.4 mL sludge into test cell
reservoir; if pipetting is difficult because of sludge consistency,
pour a representative sludge sample into the test cell until it is
full. The CST device will begin time measurement as liquid

* Venture Innovations, P.0O. Box 53631, Lafayette, LA 70505; or Triton Elec-
tronics Lid., Bigods Hall, Dunmow, Essex, England, CM63BE: or equivalent.

T Available from CST apparatus supplier or use Whatman No. 17 chromatography
grade paper cut into 7- ¥ 9-cm sections with grain parallel to long side.
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being drawn into the paper reaches the inner pair of electrical
contacts. Timing ends when the outer contact is reached. Record
CST shown on digital display. Empty remaining sludge from
reservoir and remove and discard used CST paper. Rinse and dry
test block and reservoir. Repeat for a minimum of five determi-
nations per sample to account for measurement variation and to
allow identification of any faulty readings due to leaks or spills.

Variations in sludge temperature and sample volume can affect
CST results. Ensure that all analyses are run under similar condi-
tions. Sludge suspended solids concentration has a significant effect
on test results. In evaluating sludge conditioners or monitoring
operation of a dewatering process, avoid this effect by ensuring
homogeneity among sludge samples. Comparison of CST data from
different sludge samples from the same source (especially if taken
on different days) cannot be made with confidence unless sus-
pended solids concentrations are comparable. Make a rough cor-
rection for different solids contents by dividing the sludge’s CST
value by its corresponding solids concentration.

Characteristics of CST paper may vary between lots. If com-
parison of CST values for distilled water indicates such varia-
tions, subtract times for distilled water blanks from sample times
to improve comparisons.

Record CST model used, paper type, sludge type, sludge
temperature, and capillary suction time. Measure solids concen-
tration and CST of distilled water using the same paper to
provide useful information.

4. Precision and Bias

Ten tests conducted on an anaerobically digested pulp mill
sludge resulted in a mean CST of 363.2 s with a standard
deviation of 36.2 s. Twenty tests using an anaerobically digested
municipal wastewater sludge gave a mean of 85.2 s with a
standard deviation of 14.12 s. Triplicate analyses of 30 sample
sets of conditioned and unconditioned alum sludge resulted in an
average standard deviation of 1.0 s with means between 5 and
80 s. Method bias cannot be determined.
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2710 H. Time-to-Filter

1. General Discussion

The time to filter (TTF) correlates with capillary suction time
(CST) and is similar to the specific resistance to filtration if
sludge solids content and filtrate viscosity do not vary among
compared samples. The test requires approximately 200 mL
sludge and can be used to assist in the daily operation of sludge
dewatering processes or to evaluate sludge-conditioning poly-
mers and dosages.

Testing with a smaller volume is possible in applications to
evaluate water drainage rate subsequent to jar tests and settleable
solids determination (see Section 2540F). In this case, drain
collected sludge from one or more Imhoff cones after decanting
as much supernatant as possible; use a small-volume TTF appa-
ratus.

The test consists of placing a sludge sample in a Buchner
funnel with a paper support filter, applying vacuum, and
measuring the time required for 100 mL filtrate (or, for
reduced sample volumes, 50% of original sample) to collect.
While similar to the specific resistance to filtration test, the
time-to-filter test is superior because of its ease of use and
simplicity.

2. Apparatus

a. Time-to-filter large-volume or small-volume (Figure
2710:4) assembly.

Buchner funnel —» Filter paper
Pinch clamp
«—— Pressure gauge
Side-arm adaptor——— *
To vacuum
Flexible tubing

Graduated cylinder ——»

T o e (o T T T ST e

:

Figure 2710:4. TTF equipment. Large-volume equipment requires a 9-cm-
diam Buchner funnel and a 250-mL graduated cylinder.
Small-volume equipment requires a 2.5-cm-diam funnel and
a 10-mL cylinder.

b. Filter paper*
¢. Stopwatch.

3. Procedure

Place paper filter in funnel and make a firm seal by pre-wetting
with a small volume of water with vacuum on. If using large-
volume apparatus, take a 200-mL sample of sludge. With vac-
uum pump providing a constant vacuum of 51 kPa, pour sample
into funnel. Start stopwatch or timer and determine time required
for 100 mL of sample to collect in graduated cylinder. This is the
time to filter. Make a minimum of three replicate determinations.

For the small-volume test, use 7 to 10 mL sludge. Record time
required for 50% of sample to collect in graduated cylinder.
Compare this time to filter only to other results using the same
sample volume.

Sludge suspended solids concentration has a significant
effect on test results. In evaluating sludge-conditioning prod-
ucts, compare results for which initial suspended solids con-
centrations are comparable. Make a rough correction for
different solids contents by dividing the time-to-filter value
by its corresponding solids concentration. However, varia-
tions in solids concentration occur in full-scale applications,
and the time-to-filter results may be interpreted as indicating
the overall rate of water release from sludges, including the
effect of differing solids concentrations.

4. Precision and Bias

Variations in vacuum pressure, support filter type, sludge
temperature, and sample volume can affect test results. Triplicate
analyses of 18 sample sets of conditioned and unconditioned
alum sludge resulted in an average method precision of 19 s
(approximately 4% of the average value) for the large-volume
TTEF test. Triplicate analyses of 9 sample sets of conditioned and
unconditioned alum sludge resulted in a method precision of 9 s
(approximately 6% of the average value) for the small-volume
TTF test. Method bias, which refers to the agreement between
the value determined by the test method and the real value,
cannot be determined.

5. Bibliography
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2710 |.

1. General Discussion

See Section 2710C.

While 2710C determines settled sludge volume using a 1-L
graduated cylinder equipped with a stirring mechanism, the
settling column used with the procedure herein is a wider 2-L
cylindrical vessel to allow suspension volume to be determined
relative to the 1-L graduated test results. Use of a settling column
having a diameter wider than the 1-L graduated cylinder has
been suggested' and the 2-L settling column is frequently used.”
Results from Method 2710C are not currently considered com-
parable with those obtained with the procedure herein.

2. Apparatus

a. Settling column: Use 2-L cylindrical vessel of approxi-
mately 13 em diam, 19 cm height (outer dimensions) equipped
with a stirring mechanism consisting of four thin rods extending
the length of the column, with the outer rods positioned within
two rod-diameters of the cylinder wall. Provide a stirrer able to
rotate the stirring rods at no more than 2 rpm (peripheral tip
speed of approximately 1.2 cm/s). See Figure 2710:5.

b. Stopwatch.

¢. Thermometer.

3. Procedure

Start test as soon as possible after sample collection. Distribute
solids in sample without breaking flocculated particles apart by
gently inverting or swirling sample container three times. Gently
pour 2.0 L sample in settling column and insert stirring rods.
Activate stirring mechanism, start stopwatch, and let suspension
settle. Continue stirring throughout test. Maintain suspension
temperature during test at that in the basin from which the
sample was taken.

Determine volume of the suspension occupied at measured
time intervals, e.g., 5, 10, 15, 20, 30, 45 and 60 min. Take
readings after stirring rod rotates past graduated scale and dis-
turbance at top of settling suspension is minimal.

Report settled sludge volume of the suspension in milliliters
for an indicated time interval.

Test results are applicable to a particular test site and are
significantly affected by variables such as suspension tempera-
ture, sampling and agitation methods, dimensions of settling
column and stirring rods, stirring speed, and time between sam-
pling and start of the determination.
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Modified Settled Sludge Volume

6-mm (0.25-in.) diam bore for
shaft connected to motor drive

Set screw :
13 mm diam X 25 mm
B
= (amma) I
T i = T Wl 2-L settiing
| Socket 1 | / column
| head bolt | Hex nut | /
| Thredded
{ rod i
5 || |l Stirring
= i rods
|
Hex nut |

|
@ /o o (o] O) Is mm
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Figure 2710:5. Schematic diagram of settling column and stirring rods
for modified sludge volume test. All materials are stainless
steel. Use M4-0.7 (SAE 8-32) nuts, bolts, screws and rods
unless noted. All dimensions for stirring mechanism are
approximate.

4. Precision and Bias

Bias is not applicable. The precision for this test has not been
determined.

5. References

1. Wurre, M.J.D. 1976. Design and control of secondary settlement
tanks. Water Pollut. Control. 75:459.

. WanLBERG, E.J. & T.M. Kemnath, [988. Development of settling flux
curves using SVI. J. Water Pollut. Conirol Fed. 60:2095.

]



SLUDGE DIGESTER GAS (2720)/Introduction

2-87

2720 ANAEROBIC SLUDGE DIGESTER GAS ANALYSIS*

2720 A.

Gas produced during the anaerobic decomposition of wastes
contains methane (CH,) and carbon dioxide (CO,) as the major
components with minor quantities of hydrogen (H,), hydrogen
sulfide (H,S). nitrogen (N,), and oxygen (O,). It is saturated with
water vapor. Common practice is to analyze the gases produced
to estimate their fuel value and to check on the treatment process.
The relative proportions of CO,, CH,, and N, are normally of
most concern and the easiest to determine because of the rela-
tively high percentages of these gases.

1. Selection of Method

Two procedures are described for gas analysis, the volumetric
method (B), and the gas chromatographic method (C). The
volumetric analysis is suitable for the determination of CO,, H,,
CH,, and O,. Nitrogen is estimated indirectly by difference.
Although the method is time-consuming, the equipment is rela-
tively simple. Because no calibration is needed before use, the
procedure is particularly appropriate when analyses are con-
ducted infrequently.

The principal advantage of gas chromatography is speed.
Commercial equipment is designed specifically for isothermal or
temperature-programmed gas analysis and permits the routine
separation and measurement of CO,, N,, O,, and CH, in less
than 15 to 20 min. The requirements for a recorder, pressure-
regulated bottles of carrier gas, and certified standard gas mix-
tures for calibration raise costs to the point where infrequent
analyses by this method may be uneconomical. The advantages
of this system are freedom from the cumulative errors found in
sequential volumetric measurements, adaptability to other gas
component analyses, adaptability to intermittent on-line sam-
pling and analysis, and the use of samples of 1 mL or less.'

2. Sample Collection

When the source of gas is some distance from the apparatus
used for analysis, collect samples in sealed containers and bring
to the instrument. Displacement collectors are the most suitable
containers. Glass sampling bulbs (or tubes) with three-way glass
or TFE stopcocks at each end, as indicated in Figure 2720:1, are
particularly useful. These also are available with centrally lo-
cated ports provided with septa for syringe transfer of samples.
Replace septa periodically to prevent contamination by atmo-
spheric gases. Connect one end of collector to gas source and
vent three-way stopcock to the atmosphere. Clear line of air by
passing 10 to 15 volumes of gas through vent and open stopcock
to admit sample. If large quantities of gas are available, sweep
air away by passing 10 to 15 volumes of gas through tube. If the
gas supply is limited, fill the gas sampling bulb (tube) with an
acidic salt solution.> Then completely displace the acidic salt

* Approved by Standard Methods Committee, 1997,

Introduction

Figure 2720:1. Gas collection apparatus.

solution in the gas sampling bulb (tube) with the sample gas.
Because the acidic salt solution absorbs gases to some extent, fill
the gas sampling bulb completely with the gas and seal off from
any contact with displacement fluid during temporary storage.
When transferring gas to the gas-analyzing apparatus, do not
transfer any fluid.

3. References

1. Grune, W.N. & C.F. Cruen. 1962-63. Sludge gas analysis using gas
chromatograph. Water Sewage Works 109:468; 110:43, 77, 102, 127,
171, 220, and 254.

2. Cu, K.K. & K.K. Wong. 1983. Thermophilic anaerobic digestion of
palm oil mill effluent. Water Res. 17:993,
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2720 B. Volumetric Method

1. General Discussion

a. Principle: This method may be used for the analysis either
of digester gas or of methane in water (see Section 6211,
Methane). A measured volume of gas is passed first through a
solution of potassium hydroxide (KOH) to remove CO,, next
through a solution of alkaline pyrogallol to remove O,, and then
over heated cupric oxide, which removes H, by oxidation to
water. After each of the above steps, the volume of gas remain-
ing is measured; the decrease that results is a measure of the
relative percentage of volume of each component in the mixture.
Finally, CH, is determined by conversion to CO, and H,O in a
slow-combustion pipet or a catalytic oxidation assembly. The
volume of CO, formed during combustion is measured to deter-
mine the fraction of methane originally present. Nitrogen is
estimated by assuming that it represents the only gas remaining
and equals the difference between 100% and the sum of the
measured percentages of the other components.

When only CO, is measured, report only CO,. No valid
assumptions may be made about the remaining gases present
without making a complete analysis.

Follow the equipment manufacturers’ recommendations with
respect to oxidation procedures.

CauTioN: Do not attempt any slow-combustion procedure on
digester gas because of the high probability of exceeding the
explosive 5% by volume concentration of CH,.

2. Apparatus

Orsat-type gas-analysis apparatus, consisting of at least: (1) a
water-jacketed gas buret with leveling bulb; (2) a CO,-absorp-
tion pipet; (3) an O,-absorption pipet; (4) a cupric oxide-hydro-
gen oxidation assembly; (5) a shielded catalytic CH,-oxidation
assembly or slow-combustion pipet assembly: and (6) a leveling
bulb. With the slow-combustion pipet use a controlled source of
current to heat the platinum filament electrically. Preferably use
mercury as the displacement fluid; alternatively use aqueous
Na,S0,-H,S0, solution for sample collection. Use any commer-
cially available gas analyzer having these units.

3. Reagents

a. Potassium hydroxide solution: Dissolve 500 g KOH in
distilled water and dilute to 1 L.

b. Alkaline pyrogallol reagent: Dissolve 30 g pyrogallol (also
called pyrogallic acid) in distilled water and make up to 100 mL.
Add 500 mL. KOH solution.

¢. Oxygen gas: Use approximately 100 mL for each gas
sample analyzed.

d. Displacement liguid (acidic salt solution): Dissolve 200 g
Na,S50, in 800 mL distilled water; add 30 mL conc H,SO,. Add
a few drops of methyl orange indicator. When color fades,
replace solution.

4. Procedure

a. Sample introduction: Transfer 5 to 10 mL gas sample into
gas buret through a capillary-tube connection to the collector.

Expel this sample to the atmosphere to purge the system. Trans-
fer up to 100 mL gas sample to buret. Bring sample in buret to
atmospheric or reference pressure by adjusting leveling bulb.
Measure volume accurately and record as V.

b. Carbon dioxide absorption: Remove CO, from sample by
passing it through the CO,-absorption pipet charged with the
KOH solution. Pass gas back and forth until sample volume
remains constant. Before opening stopcocks between buret and
any absorption pipet, make sure that the gas in the buret is under
a slight positive pressure to prevent reagent in the pipet from
contaminating stopcock or manifold. After absorption of CO,,
transfer sample to buret and measure volume. Record as V.

c. Oxygen absorption: Remove O, by passing sample through
O,-absorption pipet charged with alkaline pyrogallol reagent
until sample volume remains constant. Measure volume and
record as V5 . For digester gas samples, continue as directed in
{ 4d. For CH, in water, store gas in CO, pipet and proceed to
q 4e below.

d. Hydrogen oxidation: Remove H, by passing sample
through CuO assembly maintained at a temperature in the range
290 to 300°C. When a constant volume has been obtained,
transfer sample back to buret, cool, and measure volume. Record
as V.

Waste to the atmosphere all but 20 to 25 mL of remaining gas.
Measure volume and record as V. Store temporarily in CO,-
absorption pipet.

e. Methane oxidation: Purge inlet connections to buret with O,
by drawing 5 to 10 mL into buret and expelling to the atmo-
sphere. Oxidize CH, either by the catalytic oxidation process for
digester gas and gas phase of water samples or by the slow-
combustion process for gas phase of water samples.

1) Catalytic oxidation process—For catalytic oxidation of
digester gas and gas phase of water samples, transfer 65 to 70
mL O, to buret and record this volume as Vg . Pass O, into
CO,-absorption pipet so that it will mix with sample stored there.
Return this mixture to buret and measure volume. Record as V5.
This volume should closely approximate V5 plus Vi . Pass
O,-sample mixture through catalytic oxidation assembly, which
should be heated in accordance with the manufacturer’s direc-
tions. Keep rate of gas passage less than 30 mL/min. After first
pass, transfer mixture back and forth through the assembly
between buret and reservoir at a rate not faster than 60 mL/min
until a constant volume is obtained. Record as Vg.

2) Slow-combustion process—For slow combustion of the gas
phase of water samples, transfer 35 o 40 mL O, to buret and
record volume as V. Transfer O, to slow-combustion pipet and
then transfer sample from CO,-absorption pipet to buret. Heat
platinum coil in combustion pipet to yellow heat while control-
ling temperature by adjusting current. Reduce pressure of O, in
pipet to somewhat less than atmospheric pressure by means of
the leveling bulb attached to the pipet. Pass sample into slow-
combustion pipet at rate of approximately 10 mL/min. After the
first pass, transfer sample and O, mixture back and forth between
pipet and buret several times at a faster rate, allowing mercury in
pipet to rise o a point just below heated coil. Collect sample in
combustion pipet, turn off coil, and cool pipet and sample to
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room temperature with a jet of compressed air. Transfer sample
to buret and measure volume. Record as Vj.

[ Measurement of carbon dioxide produced: Determine
amount of CO, formed in the reaction by passing sample through
CO,-absorption pipet until volume remains constant. Record
volume as V, . Check accuracy of determination by absorbing
residual O, from sample. After this absorption, record final
volume as V.

5. Calculation

a. CHy and H, usually are the only combustible gases present
in sludge digester gas. When this is the case, determine percent-
age by volume of each gas as follows:

(V, — V) X 100

% CO, = v,
iz ;‘:T)X 100
%HZZ(VZ = ‘\//4)X 100

1
it Vi X (‘I//? ; ;/9) % 100

% Ny = 100 — (% CO, + % O, + % H, + % CH,)
b. Alternatively, calculate CH, by either of the two following
equations:

VX (Ve + Vig — Vo) X 100
22XV, X Vs

% CH, =

Vi (V, — V) X 100

% CHy == V. % V.
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Results from the calculations for CH, by the three equa-
tions should be in reasonable agreement. If not, repeat anal-
ysis after checking apparatus for sources of error, such as
leaking stopcocks or connections. Other combustible gases,
such as ethane, butane, or pentane, will cause a lack of
agreement among the calculations; however, the possibility
that digester gas contains a significant amount of any of these
is remote.

6. Precision and Bias

A gas buret measures gas volume with a precision of 0.05 mL
and a probable accuracy of 0.1 mL. With the large fractions of
CO, and CH, normally present in digester gas, the overall error
for their determination can be made less than 1%. The error in
the determination of O, and H,, however, can be considerable
because of the small concentrations normally present. For a
concentration as low as 1%, an error as large as 20% can be
expected. When N, is present in a similar low-volume percent-
age, the error in its determination would be even greater, because
errors in each of the other determinations would be reflected in
the calculation for N,.
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2720 C. Gas Chromatographic Method

1. General Discussion

See Section 6010C for discussions of gas chromatography.

2. Apparatus

a. Gas chromatograph: Use any instrument system equipped
with a thermal conductivity detector (TCD), carrier-gas flow con-
trollers, injector and column temperature setting dials, TCD current
controller, attenuator, carrier-gas pressure gauge, injection port,
signal output, and power switch. Some columns require temperature
programming while others are isothermal. Preferably use a unit with
a gas sampling loop and valve that allow automatic injection of a
constant sample volume.

b. Sample introduction apparatus: An instrument equipped
with gas-sampling valves is designed to permit automatic
injection of a specific sample volume into the chromatograph.
If such an instrument is not available, introduce samples with
a 2-mL syringe fitted with a 27-gauge hypodermic needle.
Reduce escape of gas by greasing plunger lightly with mineral
oil or preferably by using a special gas-tight syringe. One-step
separation of oxygen, nitrogen, methane, and carbon dioxide
may be accomplished in concentric columns (column within a
column) under isothermal conditions at room temperature
instead of performing two column analyses. These concentric
columns permit the simultaneous use of two different pack-
ings for the analysis of gas samples.
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¢. Chromatographic column:* Select column on the basis of
manufacturer’s recommendations.t Report column and packing
specifications and conditions of analyses with results.

A two-column system usually is required. A molecular sieve
column separates H,, O,, N,, CO, and CH, isothermally, but
because CO, is adsorbed by the molecular sieve, a second
column is needed to complete the analysis. A commonly used
two-column system utilizes a Chromosorb 102 column and a
Molecular Sieve 5A or 13X column to separate H,, O,, N,, CH,,
and CO, isothermally.'

A single-column procedure can be used; however, it requires
temperature programming. Columns packed with special porous
spherical or granular packing materials effect separation with
sharp, well-resolved peaks.” With temperature programming,
columns packed with Chromosorb 102,” Carbosphere,* and Car-
bosieve” separate the gases listed.t Commercial equipment spe-
cifically designed for such operations is available.**~°

d. Integrator/recorder: Use a 10-mV full-span strip chart
recorder with the gas chromatograph. When minor components
such as H, and H,S are to be detected, a 1-mV full-span recorder
is preferable.

Integrators that can easily detect very minute quantities of gases
are available. Computerized data-processing systems, to record and
manipulate the chromatographic signal, chromatographic base line,
efc., also are available.

3. Reagents

a. Carrier gases: Preferably use helium for separating digester
gases. It is impossible to detect less than 1% hydrogen when helium
is used as the carrier gas.' Obtain linear TCD responses for molar
concentrations of hydrogen between 0 and 60% by using an 8.5%
hydrogen-91.5% helium carrier gas mixture.” To detect trace quan-
tities of hydrogen use argon or nitrogen as carrier gas.'

b. Calibration gases: Use samples of CH,, CO,, and N, of
known purity, or gas mixtures of certified composition, for calibra-
tion. Also use samples of O, H,, and H,S of known purity if these
gases are to be measured. Preferably use custom-made gas mixtures
to closely approximate digester gas composition.

¢. Displacement liguids: See Section 2720B.3d.

4. Procedure

a. Preparation of gas chromatograph: Open main valve of car-
rier-gas cylinder and adjust carrier-gas flow rate to recommended

* Gas chromatographic methods are extremely sensitive to the materials used. Use
of trade names in Standard Methods does not preclude the use of other existing or
as-yet-undeveloped products that give demonstrably equivalent results.
T Commercially available columns and gases they will separate include:
Silica gel and activated alumina:
Silica gel: H,, air (0, + N,). CO, CH,. C,H,,.
Activated alumina: air (O, + N,), CH,, C,H,, C,H,.
Molecular sieves (zeolites):
Molecular sieve SA: H,, O, — Ar, N,, CH,, CO.
Molecular sieve 13X: O,, N,, CH,, CO.
Porous polymers:
Chromosorb 102: air (H,, O,, N,, CO), CH,, CO,.
Porapak Q: air - CO, CO..
HayeSep Q: H., air (O, + N,), CH,, CO,, C,H,, H,S.
Carbon molecular sieves:
Carbosphere: O,, N, CO, CH,, CO,, C,H, (these gases can be eluted isother-
mally at various temperatures or by temperature programming).
Carbosieve S-1I: H,, air (O, + N,), CO, CH,, CO,. C,H, (temperature pro-
gramming required).
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values. To obtain accurate flow measurements, connect a soap-film
flow meter to the TCD vent. Turn power on. Turn on oven heaters,
if used, and detector current and adjust to desired values.

Set injection port and column temperatures as specified for the
column being used. Set TCD current. Turn on recorder or data
processor. Check that the injector/detector temperature has risen
to the appropriate level and confirm that column temperature is
stabilized. Set range and attenuation at appropriate positions.

The instrument is ready for use when the recorder yields a
stable base line. Silica gel and molecular sieve columns gradu-
ally lose activity because of adsorbed moisture or materials
permanently adsorbed at room temperature. If insufficient sepa-
rations occur, reactivate by heating or repacking.

b. Calibration: For accurate results, prepare a calibration curve
for each gas to be measured because different gas components do
not give equivalent detector responses on either a weight or a molar
basis. Calibrate with synthetic mixtures or with pure gases.

1) Synthetic mixtures—Use purchased gas mixtures of certi-
fied composition or prepare in the laboratory. Inject a standard
volume of each mixture into the gas chromatograph and note
response for each gas. Compute detector response, either as area
under a peak or as height of peak, after correcting for attenua-
tion. Read peak heights accurately and correlate with concentra-
tion of component in sample. Reproduce operating parameters
exactly from one analysis to the next. If sufficient reproducibility
cannot be obtained by this procedure, use peak areas for cali-
bration. Preferably use peak areas when peaks are not symmet-
rical. Prepare calibration curve by plotting either peak area or
peak height against volume or mole percent for each component.

Modern integrators and data-processing systems are able to
generate calibration tables for certified gas mixtures.

2) Pure gases—Introduce pure gases into chromatograph in-
dividually with a syringe. Inject sample volumes of 0.25, 0.5, 1.0
mL, etc., and plot detector response, corrected for attenuation,
against gas volume.

When the analysis system yields a linear detector response
with increasing gas component concentration from zero to the
range of interest, run standard mixtures along with samples. If
the same sample size is used, calculate gas concentration by
direct proportions.

c. Sample analysis: 1f samples are to be injected with a
syringe, equip sample collection container with a port closed by
a rubber or silicone septum. To take a sample for analysis, expel
air from barrel of syringe by depressing plunger and force needle
through the septum. Withdraw plunger to take gas volume de-
sired. pull needle from collection container, and inject sample
rapidly into chromatograph.

When samples are to be injected through a gas-sampling
valve, connect sample collection container to inlet tube. Let gas
flow from collection tube through the valve to purge dead air
space and fill sample tube. About 15 mL normally are sufficient
to clear the lines and to provide a sample of 1 to 2 mL. Transfer
sample from loop into carrier gas stream by following manufac-
turer’s instructions. Bring samples to atmospheric pressure be-
fore injection.

When calibration curves have been prepared with a synthetic
gas mixture of certified composition, use the same sample vol-
ume as that used during calibration. When calibration curves are
prepared by the procedure using varying volumes of pure gases,
inject any convenient gas sample volume up to about 2 mL.
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Inject sample and standard gases in sequence to permit calcu-
lation of unknown gas concentration in volume (or mole) percent
by direct comparison of sample and standard gas peak heights or
areas. For more accurate analysis, make duplicate or triplicate
injections of sample and standard gases.

5. Calculation

a. When calibration curves have been prepared with synthetic
mixtures and the volume of the sample analyzed is the same as
that used in calibration, read volume percent of each component
directly from calibration curve after detector response for that
component is computed.

b. When calibration curves are prepared with varying volumes
of pure gases, calculate the percentage of each gas in the mixture
as follows:

A
Volume % = 7 % 100

where:

A = partial volume of component (read from calibration curve) and
B = volume sample injected.

¢. Where standard mixtures are run with samples and instru-
ment response is linear from zero to the concentration range of
interest:

C
Volume % = volume % (std) D

where:

C = recorder value of sample and
D = recorder value of standard.

d. Digester gases usually are saturated with water vapor that is
not a digestion product. Therefore, apply corrections to calculate
the dry volume percent of each digester gas component as
follows:

volume % as above

Dry To =
volume % e
where:

P, = saturated waler vapor pressure at room temperature and
pressure, decimal %.

The saturation water vapor pressure can be found in common

handbooks. The correction factor P is usually small and

V

is often neglected by analysts.
6. Precision and Bias

Precision and bias depend on the instrument, the column,
operating conditions, gas concentrations, and techniques of op-
eration. The upper control limits for replicate analyses of a
high-methane-content standard gas mixture (65.01% methane,
29.95% carbon dioxide, 0.99% oxygen, and 4.05% nitrogen) by
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a single operator were as follows: 65.21% for methane, 30.36%
for carbon dioxide, 1.03% for oxygen, and 4.15% for nitrogen.
The lower control limits for this same standard gas mixture were:
64.67% for methane, 29.88% for carbon dioxide, 0.85% for
oxygen, and 3.85% for nitrogen. The observed relative standard
deviations (RSD) were: 0.14% for methane, 0.26% for carbon
dioxide, 3.2% for oxygen, and 1.25% for nitrogen.

In a similar analysis of another standard gas mixture (55% meth-
ane, 35% carbon dioxide, 10% diatomic gases—2% hydrogen, 6%
nitrogen, 2% oxygen), typical upper control limits for precision of
duplicate determinations were: 55.21% for methane, 35.39% for
carbon dioxide, and 10.26% for the diatomic gases. The lower
control limits for this standard gas mixture were: 54.78% for meth-
ane, 34.62% for carbon dioxide, and 9.73% for the diatomic gases.
The observed RSDs for this analysis were: 0.13% for methane,
0.36% for carbon dioxide, and (.88% for the diatomic gases.

A low-methane-content standard gas mixture (35.70% meth-
ane, 47.70% carbon dioxide, 3.07% oxygen, 8.16% nitrogen, and
5.37% hydrogen) was analyzed as above yielding upper control
limits as follows: 34.4% for methane, 49.46% for carbon diox-
ide, 3.07% for oxygen, and 8.2% for nitrogen. The lower contro]
limits were: 34.18% for methane, 49.11% for carbon dioxide,
2.83% for oxygen. and 7.98% for nitrogen. The observed RSDs
were: 0.11% for methane, 0.16% for carbon dioxide, 1.37% for
oxygen, and 0.46% for nitrogen.

With digester gas the sum of the percent CH,, CO,, and N,
should approximate 100%. If it does not, suspect errors in
collection, handling, storage, and injection of gas, or in instru-
mental operation or calibration.
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2810 DISSOLVED GAS SUPERSATURATION*

2810 A.

Water can become supersaturated with atmospheric gases by
various means, heating and air entrainment in spilled or pumped
water being the most common. The primary sign of gas super-
saturation is the formation of bubbles on submerged surfaces or
within the vascular systems and tissues of aquatic organisms.

Gas supersaturation can limit aquatic life and interfere with
water treatment processes. Levels of supersaturation lethal to
aquatic organisms have been found in springs, rivers, wells,
lakes, estuaries, and seawater. Gas supersaturation can be pro-
duced in pumped or processed water intended for drinking, fish
hatchery supply, and laboratory bioassays. Seasonal and other
temporal variations in supersaturation may occur in surface
waters as a result of solar heating and photosynthesis. Because

* Approved by Standard Methods Committee, 2000,
Joint Task Group: 20th Edition—John E. Colt (chair), Larry E. Fidler, John O.
Jensen, John W. Sweeney, Barnaby J. Watten.

Introduction

the rate of equilibration may be slow, supersaturation may persist
in flowing water for days and excessive dissolved gas levels thus
may persist far from the source of supersaturation.

Gas bubbles form only when the total dissolved gas pressure is
greater than the sum of compensating pressures. Compensating
pressures include water, barometric and, for organisms, tissue or
blood pressure. The total dissolved gas pressure is equal to the sum
of the partial pressures of all the dissolved gases, including water
vapor. Typically, only nitrogen, oxygen, argon, carbon dioxide, and
water vapor pressures need to be considered in most natural waters.
Gas bubble disease, of fish or other aquatic organisms, is a result of
excessive uncompensated gas pressure. A single supersaturated gas
such as oxygen or nitrogen may not necessarily result in gas bubble
disease because bubble formation depends largely on total dissolved
gas pressure. The degree of gas saturation should be described in
terms of pressures rather than concentration or volume units.

2810 B. Direct-Sensing Membrane-Diffusion Method

1. General Discussion

a. Principle: This method requires an instrument with a variable
length of “gas permeable” tubing, connected to a pressure-measur-
ing device. Dimethyl silicone rubber tubing often is used because it
is highly permeable to dissolved gases. including water vapor. At
steady state, the gauge pressure inside the tubing is equal to the
difference in gas pressure (AP) between the total dissolved gas
pressure and the ambient barometric pressure. When the water is in
equilibrium with the atmosphere, AP equals zero. If AP is greater
than zero, the water is supersaturated. Conversely, if AP is negative
the water is undersaturated.

b. Working range: The working range of this method depends
on the pressure-sensing device used, but typically will range
from —150 to +600 mm Hg. Dissolved solids in wastewater will
not interfere with this method. The practical depth range for
these instruments is 1 to 10 m.

2. Apparatus

Several types of membrane-diffusion instruments are available
commercially.* Alternatively, construct a unit from commer-
cially available parts. Several units have been described, includ-
ing a direct-reading instrument using pressure transducers and a
digital readout,' an on-line unit that can activate an alarm sys-
tem,” and an early model of the Weiss saturometer.” Each of
these units has specific advantages and limitations; the instru-

* Common Sensing, Clark Fork, ID; Eco Enterprises, Seattle, WA: Novatech,
Vancouver, BC, Canada; and Sweeney Aquametrics, Stony Creek, CT.

ment of choice will depend on the specific application. All these
instruments are portable so that data collection is completed in
the field.

Test the instrument for leaks according to the manufacturer’s
recommendation. Even a very small leak, difficult to detect and
locate, will result in useless data. Calibrate the pressure-measuring
device with a mercury manometer or certified pressure gauge. If a
manometer is used, include fresh mercury that flows freely in the
tubing. An alternative method for directly testing membrane-diffu-
sion instruments in a small, closed chamber where induced AP
levels can be compared against observed AP levels is available.”

Van Slyke-Neill* or gas chromatography methods' are inap-
propriate for calibration but they may be used to verify results.
These methods measure individual gas concentrations and re-
quire further conversion to AP or partial pressure and suffer from
sampling and sample handling problems.””’

3. Procedure

At the start of each day, test the instrument for leaks and
recalibrate. At a monitoring site, completely submerge the
sensing element in the water, preferably below the hydrostatic
compensation depth. This is the depth where the hydrostatic
and total gas pressures are equal and as a result, bubbles will
not form on the tubing. Bubble formation on the silicone
rubber tubing seriously reduces accuracy. Compute hydro-
static compensation depth® as follows:

AP

ATV
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Bubble-free

AP, mm Hg

Bubble formation

Time, min

Figure 2810:1. Time response for the membrane-diffusion method.

where:

Z = hydrostatic compensation depth, m, and
AP = pressure difference between total dissolved gas pressure
and the ambient barometric pressure, mm Hg.

The factor 73.42 is the hydrostatic pressure of fresh water at
20°C expressed in terms of mm Hg/m water depth. Because the
variation of hydrostatic pressure with temperature and salinity is
small, this equation can be used for all natural waters.

Dislodge formed bubbles on the tubing by gently striking the
instrument or moving the instrument rapidly in the water. Move-
ment of water across the silicone rubber tubing also facilitates
establishing the equilibrium between gas pressure in the water
and in the tubing.

Operate the instrument “bubble free” until a stable AP is
observed. This may take from 5 to 30 min, depending on the AP,
water temperature, water flow, and geometry of the system. The
time response of the membrane-diffusion method is shown in
Figure 2810:1 for “bubble-free” and “bubble™ conditions.

If the instrument is used in heavily contaminated water con-
taining oil or other organic compounds, clean the silicone tubing
with a mild detergent according to the manufacturer’s instruc-
tions. Silicone rubber tubing has been used in uncontaminated
natural water for at least eight years without being adversely
affected by attached algal growth.” The tubing can be damaged
by abrasive grit, diatoms, biting aquatic organisms, certain or-
ganic compounds, and strong acids.”

Obtain the barometric pressure with each measurement by
using a laboratory mercury barometer, a calibrated portable
barometer, or pressure transducer. Barometric pressures reported
by weather agencies (or airports) are corrected to sea level and
are unusable.

4. Calculation

a. Total gas pressure: Preferably report total gas pressure as
AP.>53 Express pressure as millimeters of mercury.

Total gas pressure also has been reported as a percentage of
local barometric pressure:

P, + AP
TGP % = | —2—— x 100

b
where:

P, = true local barometric pressure, mm Hg.

The reporting of total gas pressure as a percentage is not
encouraged.®

b. Component gas pressures: When information on compo-
nent gas supersaturation is needed, express data as partial pres-
sures, differential pressures, or percent saturation.”® This re-
quires additional measurements of dissolved oxygen, tempera-
ture, and salinity{ at the monitoring site. In a mixture of gases in
a given volume, the partial pressure of a gas is the pressure that
this gas would exert if it were the only gas present.

1) Oxygen partial pressure—Calculate partial pressure of oxy-
gen as follows:

where:
P, = partial pressure of dissolved oxygen, mm Hg,
,Bo; = Bunsen coefficient for oxygen (Table 2810:I), L/(L - atm), and
DO = measured concentration of oxygen, mg/L.

Bunsen coefficients for marine waters are available.® The
factor 0.5318 equals 760/(1000 K), where K is the ratio of
molecular weight to molecular volume for oxygen gas.’

2) Nitrogen partial pressure—Estimate the partial pressure of
nitrogen by subtracting the partial pressures of oxygen and water
vapor from the total gas pressure.

Py, =P, +AP — Py — Py,

where:

Py,0 = Vapor pressure of water in mm Hg from Table 28 10:11.

This term includes a small contribution from argon and any
other gases present, including carbon dioxide and methane. The
partial pressure of carbon dioxide is negligible in natural waters
of pH > 7.0

3) Nitrogen:oxygen partial pressure ratio—The ratio of the
partial pressure of nitrogen to the partial pressure of oxygen
(N,:0,) characterizes the relative contribution of the two gases
to the total dissolved gas pressure. In water in equilibrium with
air, this ratio is 3.77.

¢. Differential pressures: The differential pressure of a gas is
the difference between the partial pressures of that gas in water
and air. The oxygen differential pressure may be calculated as

AP(): = P()_, — 0.20946(P,, — PH;())
and the nitrogen differential pressure as
APN_, = AP . A-sz

d. Percent of saturation: In older literature, supersaturation
values have been reported as percent saturation. This method of

T Methods for these variables may be found in Sections 4500-0, 2550, and 2520,
respectively.
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TaBLE 2810:1. Bunsen COEFFICIENT FOR OXYGEN IN FrESH WATER

Bunsen Coefficient at Given Temperature (to nearest 0.1°C)
L real gas at STP/L * atmosphere)

Temperature
e 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0 0.04914 0.04901 0.04887 0.04873 0.04860 0.04847 0.04833 0.04820 0.04807 0.04793
1 0.04780 0.04767 0.04754 0.04741 0.04728 0.04716 0.04703 0.04680 0.04678 0.04665
2 0.04653 0.04640 0.04628 0.04615 0.04603 0.04591 0.04579 0.04567 0.04555 0.04543
3 0.04531 0.04519 0.04507 0.04495 0.04484 0.04472 0.04460 0.04449 0.04437 0.04426
4 0.04414 0.04403 0.04392 0.04381 0.04369 0.04358 0.04347 0.04336 0.04325 0.04314
5 0.04303 0.04292 0.042382 0.04271 0.04260 0.04250 0.04239 0.04229 0.04218 0.04206
6 0.04197 0.04187 0.04177 0.04166 0.04156 0.04146 0.04136 0.04126 0.04116 0.04106
7 0.04096 0.04086 0.04076 0.04066 0.04056 0.04047 0.04037 0.04027 0.04018 0.04008
8 0.03999 0.03989 0.03980 0.03971 0.03961 0.03952 0.03943 0.03933 0.03924 0.03915
9 0.03906 0.03897 0.03888 0.03879 0.03870 0.03861 0.03852 0.03843 0.03835 0.03826
10 0.03817 0.03809 0.03800 0.03791 0.03783 0.03774 0.03766 0.03757 0.03749 0.03741
11 0.03732 0.03724 0.03716 0.03707 0.03699 0.03691 0.03683 0.03675 0.03667 0.03659
12 0.03651 0.03643 0.03635 0.03627 0.03619 0.03611 0.03604 0.03596 0.03588 0.03581
13 0.03573 0.03565 0.03558 0.03550 0.03543 0.03535 0.03528 0.03520 0.03513 0.03505
14 0.03498 0.03491 0.03448 0.03476 0.03469 0.03462 0.03455 0.03448 0.03441 0.03433
15 0.03426 0.03419 0.03412 0.03406 0.03399 0.03392 0.03385 0.03378 0.03371 0.03364
16 0.03358 0.03351 0.03344 0.03338 0.03331 0.03324 0.03318 0.03311 0.03305 0.03298
17 0.03292 0.03285 0,03279 0.03272 0.03266 0.03260 0.03253 0.03247 0.03241 0.03235
18 0.03228 0.03222 0.03216 0.03210 0.03204 0.03198 0.03192 0.03186 0.03180 0.03174
19 0.03168 0.03162 0.03156 0.03150 0.03144 0.03138 0.03132 0.03126 0.03121 0.03115
20 0.03109 0.03103 0.03098 0.03092 0.03086 0.03081 0.03075 0.03070 0.03064 0.03059
21 0.03053 0.03048 0.03042 0.03037 0.03031 0.03026 0.03020 0.03015 0.03010 0.03004
22 0.02999 (0.02994 0.02989 0.02983 0.02978 0.02973 0.02968 0.02963 0.02958 0.02952
23 0.02947 0.02942 0.02937 0.02932 0.02927 0.02922 0.02917 0.02912 0.02907 0.02902
24 0.02897 0.02893 0.02888 0.02883 0.02878 0.02873 0.02868 0.02864 0.02859 0.02854
25 0.02850 0.02845 0.02840 0.02835 0.02831 0.02826 0.02822 0.02817 0.02812 0.02808
26 0.02803 0.02799 0.02794 0.02790 0.02785 0.02781 0.02777 0.02772 0.02768 0.02763
27 0.02759 0.02755 0.02750 0.02746 0.02742 0.02737 0.02733 0.02729 0.02725 0.02720
28 0.02716 0.02712 0.02708 0.02704 0.02700 0.02695 0.02691 0.02687 0.02683 0.02679
29 0.02675 0.02671 0.02667 0.02663 0.02659 0.02655 0.02651 0.02647 0.02643 0.02639
30 0.02635 0.02632 0.02628 0.02624 0.02620 0.02616 0.02612 0.02609 0.02605 0.02601
31 0.02597 0.02594 0.02590 0.02586 0.02582 0.02579 0.02575 0.02571 0.02568 0.02564
32 0.02561 0.02557 0.02553 0.02550 0.02546 0.02543 0.02539 0.02536 0.02532 0.02529
33 0.02525 0.02522 0.02518 0.02515 0.02511 0.02508 0.02504 0.02501 0.02498 0.02494
34 0.02491 0.02488 0.02484 0.02481 0.02478 0.02474 0.02471 0.02468 0.02465 0.02461
35 0.02458 0.02455 0.02452 0.02448 0.02445 0.02442 0.02439 0.02436 0.02433 0.02429
36 0.02426 0.02423 0.02420 0.02417 0.02414 0.02411 0.02408 0.02405 0.02402 0.02399
37 0.02396 0.02393 0.023%0 0.02387 0.02384 0.02381 0.02378 0.02375 0.02372 0.02369
38 0.02366 0.02363 0.02360 0.02358 0.02355 0.02352 0.02349 0.02346 0.02343 0.02341
39 0.02338 0.02335 0.02332 0.02329 0.02327 0.02324 0.02321 0.02318 0.02316 0.02313
40 0.02310 0.02308 0.02305 0.02302 0.02300 0.02297 0.02294 0.02292 0.02289 0.02286

Based on Benson and Krause. >0 B = 9.9902 x 10 *{exp(9.7265 — 5.26895 x 10%T + 1.00417 x 10%/T%)), where T = 273.15 + °C.

reporting component gases is discouraged but can be calculated 04(%)
as follows: AP =0.20946 & ik 1 | [y Pep)
& +0.7902 [Nz(%) 1] [Py, — Pyl
No(%) = | mmem———— | X 100 : 100 b~ Pro
0.7902 (P, — Py 0)
£ ap =22 0.5318)1 + Ny:03) — By — Prio)
2 = 2:Uz) — W — Lo
0.(%) = | ———— | X'1 5
2(%) [0.20946(P,, = pH:o)] 00 Bo,

Use care with these relationships with older data because both

The following i ips ¢ ions: 18 :
e following relationships are useful conversions TGP(%) and N,(%) have been differently define 45

TGP(%) = 020946 O5(%) + 0.7902 Ny(%)
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Vapor Pressure at Given Temperature (to nearest 0.1°C)

mm Hg
Temperature
°®© 0.0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9
0 4.58 4.61 4.64 4.68 4.71 4.75 4.78 4.82 4.85 4.89
1 4.92 4.96 4.99 5.03 5.07 5.10 5.14 5.18 5.21 525
2 529 5.33 5.36 5.40 5.44 5.48 5.52 5.56 5.60 5.64
3 5.68 572 5.76 5.80 5.84 5.88 592 5.97 6.01 6.05
4 6.09 6.14 6.18 6.22 6.27 6.31 6.36 6.40 6.44 6.49
8 6.54 6.58 6.63 6.67 6.72 6.77 6.81 6.86 6.91 6.96
6 7.01 7.05 7.10 715 7.20 7.25 7.30 7.35 7.40 7.45
7 7.51 7.56 7.61 7.66 771 777 7.82 7.87 7.93 7.98
8 8.04 8.09 8.15 8.20 8.26 8.31 8.37 8.43 8.48 8.54
9 8.60 8.66 8.72 8.87 8.84 8.89 8.95 9.02 9.08 9.14
10 9.20 9.26 9.32 9.39 9.45 9.51 9.58 9.64 9.70 DT
11 9.83 9.90 9.97 10.03 10.10 10.17 10.23 10.30 10.37 10.44
12 10.51 10.58 10.65 10.72 10.76 10.86 10.93 11.00 11.07 11.15
13 11.22 11.29 11.37 11.44 11.52 11.59 11.67 11.74 11.82 11.90
14 11.98 12.05 12.13 12.21 12.29 12.37 12.45 12.53 12.61 12.69
15 12.78 12.86 12.94 13.05 13.11 13.19 13.28 13.36 13.45 13.54
16 13.62 13.71 13.80 13.89 13.97 14.06 14.15 14.24 14.33 14.43
17 14.52 14.61 14.70 14.80 14.89 14.98 15.08 15.17 15.27 15.37
18 15.46 15.56 15.66 15.76 15.86 15.96 16.06 16.16 16.26 16.36
19 16.46 16.57 16.67 16.77 16.88 16.98 17.09 17.20 17.30 17.41
20 17.52 17.63 17.74 17.85 17.96 18.07 18.18 18.29 18.41 18.52
21 18.64 18.75 18.87 18.98 19.10 19.22 19.33 19.45 19.57 19.69
22 19.81 19.93 20.05 20.48 20.60 20.42 20.55 20.67 20.80 20.93
23 21.05 21.18 21.31 21.44 21.57 21.70 21.83 21.96 22.09 22.23
24 22.36 22.50 22.63 22,77 22.90 23.04 23.18 2332 23.46 23.60
25 23.74 23.88 24.03 24.17 2431 24.46 24.60 2475 24.90 25.04
26 25.19 25.34 25.49 25.64 25.80 25.95 26.10 26.26 26.41 26.57
27 26.72 26.88 27.04 27.20 27.36 27.52 27.68 27.84 28.00 28.17
28 28.33 28.50 28.60 28.83 29.00 29.17 29.34 2951 29.68 29.85
29 30.03 30.80 30.37 30.55 30.73 30.91 31.08 31.26 31.44 31.62
30 31.81 31.99 32:17 32.36 32.54 32.73 32.92 33.11 33.30 33.49
31 33.68 33.87 34.06 34.26 34.45 34.65 34.85 35.05 35.24 35.44
32 35.65 35.85 36.05 36.25 36.46 36.67 36.87 37.08 37.29 37.50
33 37.71 37.92 38.14 38.35 38.57 38.78 39.00 39.22 39.44 39.66
34 39.88 40.10 40.33 40.55 40.78 41.01 41.23 41.46 41.69 41.92
35 42.16 42.39 42.63 42.86 43.10 4334 43.58 43.82 44.06 44,30
36 44.55 44.79 45.04 45.28 45.53 45.78 46.03 46.29 46.54 46.79
37 47.05 47.31 47.56 47.82 48.08 48.35 48.61 48.87 49.14 49.41
38 49.67 4994 50.21 50.49 50.76 51.03 51.31 51.59 51.87 52.14
39 52.43 52,711 52.99 53.28 53.56 53.85 54.14 54.43 54.72 55.01
40 55.31 55.60 55.90 56.20 56.50 56.80 57.10 57.41 57.71 58.02

Based on an equation presented by Green and Carritt.'' This equation is cumbersome to use. The following equation” is adequate for most applications:

5. Quality Control

The precision of the membrane-diffusion method depends
primarily on the pressure-sensing instrument. For an experienced
operator it is approximately *1 to 2 mm Hg with an accuracy of
*3 to 5 mm Hg.™® Air leaks, bubble formation, biofilm devel-
opment, incomplete equilibration, or condensation produce neg-
ative errors while direct water leaks can result in positive errors

in submersible units.

For accurate work, measure water temperature to the nearest

F0.1°C:

Py = 760{exp(11.8571 — 3840.70/T — 216961/T?)}, where T = 273.15 + °C.°

6. Reporting of Results

In reporting results, include the following data:

Sensor depth, m,
Barometric pressure. mm Hg,

Water temperature, °C,
Dissolved oxygen, mm Hg or mg/L,

Salinity, g/kg, and
AP, mm Hg.

If component gas information is needed add:
Partial pressure of oxygen, mm Hg,
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Partial pressure of nitregen. mm Hg, and
Nitrogen:oxygen partial pressure ratio
or
APy, mm Hg, and
AP, , mm Hg.

7. Interpretation of Results

The biological effects of dissolved gas supersaturation depend
on the species, age, depth in water column, length of exposure,
temperature, and nitrogen:oxygen partial pressure ratio.'” Safe
limits generally are segregated into wild/natural circumstances,
where behavior and hydrostatic pressure can modify the expo-
sure by horizontal and vertical movements away from dangers,
and captive environments such as aquaria, hatcheries, or labora-
tories, where conditions not only preclude escape but also in-
clude other significant stresses. Of these two realms, captive
circumstances are more likely to cause illness or mortality from
gas bubble disease and will do so sooner and at the lower AP
levels.

In wild/natural circumstances, the limit of safe levels of gas
supersaturation depends on the depth available to the species
and/or species behavior. but this limit usually occurs at a AP
between 50 and 150 mm Hg. Under captive conditions, the AP
should be as close to zero as possible. For sensitive species and
life stages, sublethal and lethal effects have been observed at AP
of 10 to 50 mm Hg."?
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