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1.1 SAMPLING

1.1.1 Handling the Sample in the Laboratory

Each sample should be completely identified, tagged, or labeled so that no question as to its origin
or source can arise. Some of the information that may be on the sample is as follows:

1. The number of the sample.
2. The notebook experiment-identification number.
3. The date and time of day the sample was received.
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4. The origin of the sample and cross-reference number.
5. The (approximate) weight or volume of the sample.

6. The identifying code of the container.
7.

What is to be done with the sample, what determinations are to be made, or what analysis is desired?

A computerized laboratory data management system is the solution for these problems. Information
as to samples expected, tests to be performed, people and instruments to be used, calculations to be
performed, and results required are entered and stored directly in such a system. The raw experimen-
tal data from all tests can be collected by the computer automatically or can be entered manually.
Status reports as to the tests completed, work in progress, priority work lists, statistical trends, and
so on are always available automatically on schedule and on demand.

1.1.2 Sampling Methodology

The sampling of the material that is to be analyzed is almost always a matter of importance, and not
infrequently it is a more important operation than the analysis itself. The object is to get a represen-
tative sample for the determination that is to be made. This is not the place to enter into a discussion
on the selection of the bulk sample from its original site, be it quarry, rock face, stockpile, production
line, and so on. This problem has been outlined elsewhere.!> In practice, one of the prime factors that
tends to govern the bulk sampling method used is that of cost. It cannot be too strongly stressed that
a determination is only as good as the sample preparation that precedes it. The gross sample of the lot
being analyzed is supposed to be a miniature replica in composition and in particle-size distribution.
If it does not truly represent the entire lot, all further work to reduce it to a suitable laboratory size
and all laboratory procedures are a waste of time. The methods of sampling must necessarily vary
considerably and are of all degrees of complexity.

No perfectly general treatment of the theory of sampling is possible. The technique of sampling
varies according to the substance being analyzed and its physical characteristics. The methods of
sampling commercially important materials are generally very well prescribed by various societies inter-
ested in the particular material involved, in particular, the factual material in the multivolume publica-
tions of the American Society for Testing Materials, now known simply as ASTM, its former acronym.
These procedures are the result of extensive experience and exhaustive tests and are generally so defi-
nite as to leave little to individual judgment. Lacking a known method, the analyst can do pretty well by
keeping in mind the general principles and the chief sources of trouble, as discussed subsequently.

If moisture in the original material is to be determined, a separate sample must usually be taken.

1.1.2.1 Basic Sampling Rules. No perfectly general treatment of the theory of sampling is possi-
ble. The technique of sampling varies according to the substance being analyzed and its physical char-
acteristics. The methods of sampling commercially important materials are generally very well
prescribed by various societies interested in the particular material involved: water and sewage by the
American Public Health Association, metallurgical products, petroleum, and materials of construction
by the ASTM, road building materials by the American Association of State Highway Officials, agri-
cultural materials by the Association of Official Analytical Chemists (AOAC), and so on.

A large sample is usually obtained, which must then be reduced to a laboratory sample. The size
of the sample must be adequate, depending upon what is being measured, the type of measurement
being made, and the level of contaminants. Even starting with a well-gathered sample, errors can

!''G. M. Brown, in Methods in Geochemistry, A. A. Smales and L. R. Wager, eds., Interscience, New York, 1960, p. 4.

2D. J. Ottley, Min. Miner. Eng. 2:390 (1966).

3 C. L. Wilson and D. W. Wilson, Comprehensive Analytical Chemistry, Elsevier, London, 1960; Vol. 1A, p. 36.

4 C. A. Bicking, “Principles and Methods of Sampling,” Chap. 6, in Treatise on Analytical Chemistry, 1. M. Kolthoff and
P. J. Elving, eds., Part 1, Vol. 1, 2d ed., Wiley-Interscience, New York, 1978; pp. 299-359.

3 G. M. Brown, in Methods in Geochemistry, A. A. Smales and L. R. Wager, eds., Interscience, New York, 1960, p. 4.
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occur in two distinct ways. First, errors in splitting the sample can result in bias with concentration
of one or more of the components in either the laboratory sample or the discard material. Second,
the process of attrition used in reducing particle sizes will almost certainly create contamination of
the sample. By disregarding experimental errors, analytical results obtained from a sample of n items
will be distributed about uwith a standard devitation

(o2
Tn (1.1)

In general, o and pare not known, but s can be used as an estimate of ¢, and the average of analyti-
cal results as an estimate of u. The number of samples is made as small as compatible with the
desired accuracy.

If a standard deviation of 0.5% is assigned as a goal for the sampling process, and data obtained
from previous manufacturing lots indicate a value for s that is 2.0%, then the latter serves as an esti-
mate of o. By substituting in Eq. (1.1),

§=

_20

Tn (1.2)

and n =16, number of samples that should be selected in a random manner from the total sample sub-
mitted.

To include the effect of analytical error on the sampling problem requires the use of variances.
The variance of the analysis is added to the variance of the sampling step. Assuming that the ana-
lytical method has a standard deviation of 1.0%, then

0.5

(0'2+0'2)
2

) a
Vn
where the numerator represents the variance of the sampling step plus the variance of the analysis. Thus

2 2
057 = [(2.0) :(1.0) ] (1.4)

5 (1.3)

and n = 20, the number of samples required. The above discussion is a rather simple treatment of the
problem of sampling.
1.1.2.2  Sampling Gases.® Instruments today are uniquely qualified or disqualified by the
Environmental Protection Agency. For a large number of chemical species there are as yet no
approved methods.

The size of the gross sample required for gases can be relatively small because any inhomogeneity
occurs at the molecular level. Relatively small samples contain tremendous quantities of molecules.
The major problem is that the sample must be representative of the entire lot. This requires the taking
of samples with a “sample thief” at various locations of the lot, and then combining the various
samples into one gross sample.

Gas samples are collected in tubes [250 to 1000 milliliter (mL) capacity] that have stopcocks at both
ends. The tubes are either evacuated or filled with water, or a syringe bulb attachment may be used to
displace the air in the bottle by the sample. For sampling by the static method, the sampling bottle is
evacuated and then filled with the gas from the source being sampled, perhaps a cylinder. These steps
are repeated a number of times to obtain the desired sampling accuracy. For sampling by the dynamic
method, the gas is allowed to flow through the sampling container at a slow, steady rate. The container
is flushed out and the gas reaches equilibrium with the walls of the sampling lines and container with
respect to moisture. When equilibrium has been reached, the stopcocks on the sampling container are

6 J. P. Lodge, Jr., ed., Methods of Air Sampling and Analysis, 3d ed., Lewis, Chelsea, Michigan, 1989. Manual of methods
adopted by an intersociety committee.
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closed—the exit end first followed by the entrance end. The sampling of flowing gases must be made
by a device that will give the correct proportion of the gases in each annular increment.

Glass containers are excellent for inert gases such as oxygen, nitrogen, methane, carbon monox-
ide, and carbon dioxide. Stainless-steel containers and plastic bags are also suitable for the collec-
tion of inert gases. Entry into the bags is by a fitting seated in and connected to the bag to form an
integral part of the bag. Reactive gases, such as hydrogen sulfide, oxides of nitrogen, and sulfur diox-
ide, are not recommended for direct collection and storage. However, Tedlar™ bags are especially
resistant to wall losses for many reactive gases.

In most cases of atmospheric sampling, large volumes of air are passed through the sampling
apparatus. Solids are removed by filters; liquids and gases are either adsorbed or reacted with liquids
or solids in the sampling apparatus. A flowmeter or other device determines the total volume of air
that is represented by the collected sample. A manual pump that delivers a definite volume of air with
each stroke is used in some sampling devices.

1.1.2.3 Sampling Liquids. For bottle sampling a suitable glass bottle of about 1-L capacity,
with a 1.9-centimeter (cm) opening fitted with a stopper, is suspended by clean cotton twine and
weighted with a 560-gram (g) lead or steel weight. The stopper is fitted with another length of twine.
At the appropriate level or position, the stopper is removed with a sharp jerk and the bottle permitted
to fill completely before raising. A cap is applied to the sample bottle after the sample is withdrawn.

In thief sampling a thief of proprietary design is used to obtain samples from within about 1.25 cm
of the tank bottom. When a projecting stem strikes the bottom, the thief opens and the sample enters
at the bottom of the unit and air is expelled from the top. The valves close automatically as the thief
is withdrawn. A core thief is lowered to the bottom with valves open to allow flushing of the interior.
The valves shut as the thief hits the tank bottom.

When liquids are pumped through pipes, a number of samples can be collected at various times
and combined to provide the gross sample. Care should be taken that the samples represent a con-
stant fraction of the total amount pumped and that all portions of the pumped liquid are sampled.

Liquid solutions can be sampled relatively easily provided that the material can be mixed thor-
oughly by means of agitators or mixing paddles. Homogeneity should never be assumed. After ade-
quate mixing, samples can be taken from the top and bottom and combined into one sample that is
thoroughly mixed again; from this the final sample is taken for analysis.

For sampling liquids in drums, carboys, or bottles, an open-ended tube of sufficient length to
reach within 3 mm of the bottom of the container and of sufficient diameter to contain from 0.5 to
1.0 L may be used. For separate samples at selected levels, insert the tube with a thumb over the top
end until the desired level is reached. The top hole is covered with a thumb upon withdrawing the
tube. Alternatively the sample may be pumped into a sample container.

Specially designed sampling syringes are used to sample microquantities of air-sensitive materials.

For suspended solids, zone sampling is very important. A proprietary zone sampler is advanta-
geous. When liquids are pumped through pipes, a number of samples can be collected at various
times and combined to provide the gross sample. Take care that the samples represent a constant
fraction of the total amount pumped and that all portions of the pumped liquid are sampled.

1.1.2.4 Sampling Compact Solids. In sampling solids particle size introduces a variable. The
size/weight ratio b can be used as a criterion of sample size. This ratio is expressed as

_ weight of largest particle X 100

b (1.5)

weight of sample

A value of 0.2 is suggested for b; however, for economy and accuracy in sampling, the value of b
should be determined by experiment.

The task of obtaining a representative sample from nonhomogeneous solids requires that one pro-
ceeds as follows. A gross sample is taken. The gross sample must be at least 1000 pounds (Ib) if the
pieces are greater than 1 inch (in) (2.54 cm), and must be subdivided to 0.75 in (1.90 cm) before
reduction to 500 Ib (227 kg), to 0.5 in (1.27 cm) before reduction to 250 1b (113 kg), and so on, down
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to the 15-1b (6.8-kg) sample, which is sent to the laboratory. Mechanical sampling machines are used
extensively because they are more accurate and faster than hand-sampling methods described below.
One type removes part of a moving steam of material all of the time. A second type diverts all of
stream of material at regular intervals.

For natural deposits or semisoft solids in barrels, cases, bags, or cake form, an auger sampler of
post-hole digger is turned into the material and then pulled straight out. Core drilling is done with
special equipment; the driving head should be of hardened steel and the barrel should be at least
46 cm long. Diamond drilling is the most effective way to take trivial samples of large rock masses.

For bales, boxes, and similar containers, a split-tube thief is used. The thief is a tube with a slot
running the entire length of the tube and sharpened to a cutting edge. The tube is inserted into the
center of the container with sufficient rotation to cut a core of the material.

For sampling from conveyors or chutes, a hand scoop is used to take a cross-sectional sample of
material while in motion. A gravity-flow auger consists of a rotating slotted tube in a flowing mass.
The material is carried out of the tube by a worm screw.

1.1.2.5 Sampling Metals. Metals can be sampled by drilling the piece to be sampled at regular
intervals from all sides, being certain that each drill hole extends beyond the halfway point. Additional
samples can be obtained by sawing through the metal and collecting the “sawdust.” Surface chips
alone will not be representative of the entire mass of a metallic material because of differences in the
melting points of the constituents. This operation should be carried out dry whenever possible. If
lubrication is necessary, wash the sample carefully with benzene and ether to remove oil and grease.

For molten metals the sample is withdrawn into a glass holder by a sample gun. When the sam-
ple cools, the glass is broken to obtain the sample. In another design the sampler is constructed of
two concentric slotted brass tubes that are inserted into a molten or powdered mass. The outer tube
is rotated to secure a representative solid core.

1.2 MIXING AND REDUCTION OF SAMPLE VOLUME

1.2.1

Introduction

The sample is first crushed to a reasonable size and a portion is taken by quartering or similar pro-
cedures. The selected portion is then crushed to a somewhat smaller size and again divided. The
operations are repeated until a sample is obtained that is large enough for the analyses to be made
but not so large as to cause needless work in its final preparation. This final portion must be crushed
to a size that will minimize errors in sampling at the balance yet is fine enough for the dissolution
method that is contemplated.

Every individual sample presents different problems in regard to splitting the sample and grind-
ing or crushing the sample. If the sample is homogeneous and hard, the splitting procedure will pre-
sent no problems but grinding will be difficult. If the sample is heterogeneous and soft, grinding will
be easy but care will be required in splitting. When the sample is heterogeneous both in composition
and hardness, the interactions between the problems of splitting and grinding can be formidable.

Splitting is normally performed before grinding in order to minimize the amount of material that
has to be ground to the final size that is suitable for subsequent analysis.

1.2.2 Coning and Quartering

A good general method for mixing involves pouring the sample through a splitter repeatedly, com-
bining the two halves each time by pouring them into a cone.

When sampling very large lots, a representative sample can be obtained by coning (Fig. 1.1) and
quartering (Fig. 1.2). The first sample is formed into a cone, and the next sample is poured onto the
apex of the cone. The result is then mixed and flattened, and a new cone is formed. As each successive
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Form cone 6. onmswppsen.  Flatten

. Pour on apex 7. Reform cone
3. Flatten

; 8. i ; Pour on opex
4 m Reform cone A

9. Repeat as often as necessary

5. l&y Pour on apex

FIGURE 1.1 Coning samples. (From Shugar and Dean, The Chemist’s Ready Reference
Handbook, McGraw-Hill, 1990.)

sample is added to the re-formed cone, the total is mixed thoroughly and a new cone is formed prior
to the addition of another sample.

After all the samples have been mixed by coning, the mass is flattened and a circular layer of
material is formed. This circular layer is then quartered and the alternate quarters are discarded. This
process can be repeated as often as desired until a sample size suitable for analysis is obtained.

The method is easy to apply when the sample is received as a mixture of small, equal-sized
particles. Samples with a wide range of particle sizes present more difficulties, especially if the
large, intermediate, and small particles have appreciably different compositions. It may be nec-
essary to crush the whole sample before splitting to ensure accurate splitting. When a coarse-
sized material is mixed with a fine powder of greatly different chemical composition, the
situation demands fine grinding of a much greater quantity than is normal, even the whole bulk
sample in many cases.

Errors introduced by poor splitting are statistical in nature and can be very difficult to identify
except by using duplicate samples.

Riffles are also used to mix and divide portions of the sample. A riffle is a series of chutes directed
alternately to opposite sides. The starting material is divided into two approximately equal portions.
One part may be passed repeatedly through until the sample size is obtained.

é Form cone 6. ~nmsagwese..  Flatten

i
FIGURE 1.2 Quartering samples. The cone is flattened, opposite quarters are selected, and
the other two quarters are discarded. (From Shugar and Dean, 1990.)

A
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1.3 CRUSHING AND GRINDING

1.3.1

Introduction

In dealing with solid samples, a certain amount of crushing or grinding is sometimes required to
reduce the particle size. Unfortunately, these operations tend to alter the composition of the sample
and to introduce contaminants. For this reason the particle size should be reduced no more than is
required for homogeneity and ready attack by reagents.

If the sample can be pulverized by impact at room temperature, the choices are the following:

1. Shatterbox for grinding 10 to 100 mL of sample
2. Mixers or mills for moderate amounts to microsamples
3. Wig-L-Bug for quantities of 1 mL or less

For brittle materials that require shearing as well as impact, use a hammer—cutter mill for grind-
ing wool, paper, dried plants, wood, and soft rocks.

For flexible or heat-sensitive samples, such as polymers or tissues, chill in liquid nitrogen and
grind in a freezer mill or use the shatterbox that is placed in a cryogenic container.

For hand grinding, use boron carbide mortars.

Many helpful hints involving sample preparation and handling are in the SPEX Handbook.”

1.3.2 Pulverizing and Blending

Reducing the raw sample to a fine powder is the first series of steps in sample handling. Sample
reduction equipment is shown in Table 1.1, and some items are discussed further in the following
sections along with containment materials, the properties of which are given in Table 1.2.

1.3.2.1 Containment Materials. The containers for pulverizing and blending must be harder than
the material being processed and should not introduce a contaminant into the sample that would
interfere with subsequent analyses. The following materials are available.

Agate is harder than steel and chemically inert to almost anything except hydrofluoric acid.
Although moderately hard, it is rather brittle. Use is not advisable with hard materials, particularly
aluminum-containing samples, or where the silica content is low and critical; otherwise agate mor-
tars are best for silicates. Agate mortars are useful when organic and metallic contaminations are
equally undesirable. Silicon is the major contaminant, accompanied by traces of aluminum, calcium,
iron, magnesium, potassium, and sodium.

Alumina ceramic is ideal for extremely hard samples, especially when impurities from steel and
tungsten carbide are objectionable. Aluminum is the major contaminant, accompanied by traces of
calcium, magnesium, and silicon. However, because alumina ceramic is brittle, care must be taken
not to feed “uncrushable’ materials such as scrap metal, hardwoods, and so on into crushers or mills.

Boron carbide is very low wearing but brittle. It is probably most satisfactory for general use in
mortars, although costly. Major contaminants are boron and carbide along with minor amounts of
aluminum, iron, silicon, and possibly calcium. The normal processes of decomposition used in sub-
sequent stages of the analysis usually convert the boron carbide contaminant into borate plus carbon
dioxide, after which it no longer interferes with the analysis.

Plastic containers (and grinding balls) are usually methacrylate or polystyrene. Only traces of
organic impurities are added to the sample.

Steel (hardened plain-carbon) is used for general-purpose grinding. Iron is the major contami-
nant, accompanied by traces of carbon, chromium, manganese, and silicon. Stainless steel is less
subject to chemical attack, but contributes nickel and possibly sulfur as minor contaminants.

7R. H. Obenauf et al., SPEX Handbook of Sample Preparation and Handling, 3d ed., SPEX Industries, Edison, N. J., 1991.
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TABLE 1.2 Properties of Grinding Surfaces

Hardness, Knoop hardness, Density,

Material mohs kg-mm™! g-cm™
Agate 6 590
Aluminum ceramic 9 2100
Boron carbide 9.5 2750 2.5
Hard porcelain 8
Silicon carbide 9.5 2480
Stainless steel 5.7
Tungsten carbide 8.5 16002050 14-15
Zirconia (97%) 8.5 1160 >5.9

Tungsten carbide containers are the most effective and versatile of all. Containers are long wear-
ing but subject to breakage. Grinding is fast and contamination is minimal. Major contaminants are
tungsten, carbon, and cobalt (a binder); minor contaminants are tantalum, titanium, and niobium.
The level of contamination introduced into a hard rock or ceramic sample may well be an apprecia-
ble fraction of 1% of the total weight.

Zirconia is hard and tough, and wears slowly. Contaminants are zirconium with traces of mag-
nesium and hafnium.

Halide-releasing compounds must be ground in agate, alumina, plastic, or tungsten carbide
containers.

1.3.2.2  Ball or Jar Mill. Ball or jar mills are jars or containers that are fitted with a cover and
gasket that are securely fastened to the jar. The jar is half filled with special balls, and then enough of
the sample is added to cover the balls and the voids between them. The cover is fastened securely and
the jar is revolved on a rotating assembly. The length of time for which the material is ground depends
upon the fineness desired and the hardness of the material. After pulverization the jar is emptied onto
a coarse-mesh screen to separate the balls from the ground material. For small samples, vials from 1-
to 2.5-in (2.54- to 6.37-cm) long and up to 0.75 inch (1.9 cm) in diameter use methacrylate balls 0.12
to 0.38 in (0.30 to 0.97 cm) in diameter, respectively. A 1-in (2.54-cm) motion along the axis of the
vial is complemented by two motions at right angles to the vial axis: a 3/16-in (0.48-cm) hori-
zontal movement and a '/4-in (0.635-cm) vertical oscillation.

1.3.2.3 Hammer—Cutter Mill. Brittle materials requiring shearing as well as impact are handled
with a hammer—cutter mill. This mill can be used for grinding wool, paper, dried plants, wood,
soft rocks, and similar materials. The mill utilizes high-speed revolving hammers and a serrated
grinding-chamber lining to combine the shearing properties of a knife mill with the crushing action
of a hammer mill. A slide at the bottom of the hopper feeds small amounts of the sample (up to 100
mL) into the grinding chamber. When the material has been pulverized sufficiently, it drops through
a perforated-steel screen at the bottom of the grinding chamber and into a tightly fitted collecting
tube. Particle size and rapidity of grinding are determined by interchangeable screens and a vari-
able-speed motor control. The mill’s high speed and rapid throughput allow limited medium-to-
coarse grinding of flexible polymers, soft metals, and temperature-sensitive materials.

1.3.2.4 Freezer Mill. Flexible, fatty, or wet samples, such as soft polymers, fresh bone, hair,
wood, and muscle tissue, are ground at liquid-nitrogen temperature in a freezer mill. The grinding
vial is immersed in liquid nitrogen. An alternating magnetic field shuttles a steel impactor against
the ends of the vial to pulverize the brittle material. Sample size can vary from 0.1 to 3.0 mL, with
the average sample weighing 1 to 2 g.

1.3.2.5 Shatterbox. The shatterbox spins a puck and a ring inside a grinding container at 900
revolutions per minute (r/min) for rapid pulverization of sample quantities up to 100 mL.
Applications include metals and cements, slags and fluxes, and fertilizers and pesticides. An auxil-
iary cryogenic dish extends applications for the shatterbox to liquid-nitrogen temperatures.
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1.3.2.6 Wig-L-Bug. The Wig-L-Bug is an effective laboratory mill for pulverizing and blending
samples in quantities of 0.1 to 1.0 mL. Sample vials are available in plastic, stainless steel, or hard-
ened tool steel. For infrared analysis the vials contain a preweighed quantity of potassium bromide
and a stainless-steel mixing ball.

1.3.2.7 Jaw Crusher. For many minerals, primary crushing with a jaw crusher is often permissi-
ble unless the sample involved has a very low iron content. A laboratory scale jaw crusher is used to
prepare hard, brittle samples for further processing in laboratory mills; it rapidly reduces samples
from 1 in (2.54 cm) down to about /8 in (0.32 cm). The jaw crusher is supplied with alloy steel or
alumina ceramic jaw plates and cheek plates to minimize contamination.

1.3.3 Precautions in Grinding Operations

A potential source of error arises from the difference in hardness between the sample components.
The softer materials are converted to smaller particles more rapidly than the harder ones. Any sample
loss in the form of dust will alter the composition.

1.3.3.1 Effect of Grinding on Moisture Content. Often the moisture content and thus the chem-
ical composition of a solid is altered considerably during grinding and crushing. Moisture content
decreases in some instances and increases in others.

Decreases in water content are sometimes observed while grinding solids containing essential
water in the form of hydrates. For example, the water content of calcium sulfate dihydrate is reduced
from 20% to 5% by this treatment. Undoubtedly the change results from localized heating during the
grinding and crushing of the particles.

Moisture loss also occurs when samples containing occluded water are reduced in particle size.
The grinding process ruptures some of the cavities and exposes the water to evaporation.

More commonly, the grinding process is accompanied by an increase in moisture content, primarily
because the surface area exposed to the atmosphere increases. A corresponding increase in adsorbed
water results. The magnitude of the effect is sufficient to alter appreciably the composition of a solid.

1.3.3.2 Abrasion of Grinding Surfaces. A serious error can arise during grinding and crushing
due to mechanical wear and abrasion of the grinding surfaces. For this reason only the hardest mate-
rials such as hardened steel, agate, or boron carbide are employed for the grinding surface. Even with
these materials, sample contamination will sometimes be encountered.

1.3.3.3 Alteration of Sample Composition. Several factors may cause appreciable alteration in
the composition of the sample through the grinding step. Among these is the heat that is inevitably gen-
erated. This can cause losses of volatile components in the sample. In addition, grinding increases the
surface area of the solid and thus increases its susceptibility to reactions with the atmosphere.

1.3.3.4 Caking. Caking due to moisture, heat, accumulation of static charge, and fusing of parti-
cles under pressure can be a serious problem. The following are some solutions:

1. If caking is due to moisture, as in many soils and cements, dry the sample before grinding.

2. If particles remain in suspension, as during slurry grinding, caking is unlikely. Water, alcohol,
Freon, or other liquids may be added to the sample before grinding and removed afterwards.
Slurry grinding is a reasonably reliable way to grind a sample to micron-sized particles.

3. Add suitable lubricants, such as sodium stearate, dry soaps, and detergents.

4. Add an antistatic agent, such as graphite (also a lubricant).

1.4 SCREENING AND BLENDING

Intermittent screening of the material increases the grinding efficiency. In this operation the ground
sample is placed upon a wire or cloth sieve that passes particles of the desired size. The residual
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TABLE 1.3 U.S. Standard Sieve Series™*

Sieve opening Sieve opening

Sieve No. mm inch Sieve No. mm inch
125 5.00 10 2.00 0.0787
106 4.24 12 1.70 0.0661
90 3.50 14 1.40 0.0555
75 3.00 16 1.18 0.0469
63 2.50 18 1.00 0.0394
53 2.12 20 0.850  0.0331
45 1.75 25 0.710  0.0278
37.5 1.50 30 0.600  0.0234
31.5 1.25 35 0.500  0.0197
26.5 1.06 40 0.425  0.0165
22.4 0.875 45 0.355  0.0139
19.0 0.75 50 0.300 0.0117
16.0 0.625 60 0.250  0.0098
13.2 0.530 70 0.212  0.0083
11.2 0.438 80 0.180  0.0070
9.5 0.375 100 0.150  0.0059
8.0 0.312 120 0.125  0.0049
6.7 0.265 140 0.106  0.0041
3.5 5.60 0.223 170 0.090  0.0035
4 475  0.187 200 0.075  0.0029
5 4.00 0.157 230 0.063  0.0025
6 335  0.132 270 0.053  0.0021
7 2.80 0.111 325 0.045  0.0017
8 236  0.0937 400 0.038  0.0015

*Specifications are from ASTM Specification E.11-81/ISO 565. The
sieve numbers are the approximate number of openings per linear inch.

particles are then reground; these steps are repeated until the entire sample passes through the screen.
Screens are available in different sieve openings (Table 1.3). If there is likelihood of extreme differ-
ences in composition among the various sized particles, the sample must be prepared with special
care. For the most accurate analyses, the gross sample must be sieved such that no dusting takes
place and a sufficient number of fractions are obtained. Each of the fractions is then weighed, and
the sample for analysis is made up of the various fractions in the same proportion that they bear to
the gross sample.

Test sieves of the same diameter are made to nest one above the other. Nests of sieves can be
placed on special shakers with timers and amplitude control to obtain a distribution of particle sizes.
Nylon sieves contribute no metallic impurities. Each sieve consists of telescoping methacrylate
cylinders over which the screen is stretched. Often the screens are 100, 200, 325, and 400 mesh that
meet ASTM Specification E11-58T for size and uniformity of mesh. The sieve frames may be 70,
88, 140, or 150 mm in diameter.

1.5 MOISTURE AND DRYING

It must be determined at the start if the analysis is to be reported on the as-received basis or after
drying to a constant weight by one of several methods described hereafter. Most analytical results
for solid samples should be expressed on a dry basis, which denotes material dried at a specified
temperature or corrected through a “moisture” determination made on a sample taken at the same
time as the sample for analysis.
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In order to cope with the variability in composition caused by the presence of moisture, the analyst
may attempt to remove the water by drying prior to weighing samples for analysis. With many samples
it is customary to dry the sample at 105 to 110°C. If it is difficult to obtain constant weight at such tem-
peratures, then higher temperatures must be used. Some materials oxidize slowly when heated and
require drying in a nonoxidizing atmosphere. Alternatively the water content may be determined at the
time the samples are weighed out for analysis; in this way results can be corrected to a dry basis.

The presence of water in a sample represents a common problem that frequently faces the ana-
lyst. Water may exist as a contaminant from the atmosphere or from the solution in which the sub-
stance was formed, or it may be bonded as a chemical compound, a hydrate. Regardless of its origin,
water plays a part in determining the composition of the sample. Unfortunately, particularly in the
case of solids, water content is a variable quantity that depends upon such things as humidity, tem-
perature, and the state of subdivision. Thus, the constitution of a sample may change significantly
with environment and method of handling.

Forms of Water in Solids

It is convenient to distinguish among the several ways in which water can be held by a solid. The
essential water in a substance is the water that is an integral part of the molecular or crystal structure
of one of the components of the solid. It is present in that component in stoichiometric quantities.
An example is CaC,0,-2H,0.

The second form is called water of constitution. Here the water is not present as such in the solid
but rather is formed as a product when the solid undergoes decomposition, usually as a result of heat-
ing. This is typified by the processes

2KHSO, — K,5,0, + H,0 (1.6)

Ca(OH), — CaO + H,0 17

Nonessential water is not necessary for the characterization of the chemical constitution of the
sample and therefore does not occur in any sort of stoichiometric proportions. It is retained by the
solid as a consequence of physical forces.

Adsorbed water is retained on the surface of solids in contact with a moist environment. The
quantity is dependent upon humidity, temperature, and the specific surface area of the solid.
Adsorption is a general phenomenon that is encountered in some degree with all finely divided
solids. The amount of moisture adsorbed on the surface of a solid also increases with humidity. Quite
generally, the amount of adsorbed water decreases as the temperature increases, and in most cases
approaches zero if the solid is dried at temperatures above 112°C. Equilibrium is achieved rather
rapidly, ordinarily requiring only 5 or 10 minutes (min). This often becomes apparent to a person
who weighs finely divided solids that have been rendered anhydrous by drying; a continuous
increase in weight is observed unless the solid is contained in a tightly stoppered vessel.

A second type of nonessential water is called sorbed water. This is encountered with many col-
loidal substances such as starch, protein, charcoal, zeolite minerals, and silica gel. The amounts of
sorbed water are often large compared with adsorbed moisture, amounting in some instances to as
much as 20% or more of the solid. Solids containing even this much water may appear to be per-
fectly dry powders. Sorbed water is held as a condensed phase in the interstices or capillaries of
the colloidal solids. The quantity is greatly dependent upon temperature and humidity.

A third type of nonessential moisture is occluded water. Here, liquid water is entrapped in micro-
scopic pockets spaced irregularly throughout the solid crystals. Such cavities often occur naturally
in minerals and rocks.

Water may also be dispersed in a solid in the form of a solid solution. Here the water molecules
are distributed homogeneously throughout the solid. Natural glasses may contain several percent
moisture in this form.

The effect of grinding on moisture content is discussed in Sec. 1.3.3.1.
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15.2 Drying Samples

Samples may be dried by heating them to 110°C or higher if the melting point of the material
is higher and the material will not decompose at that temperature. This procedure will remove
the moisture bound to the surface of the particles. The procedure for drying samples is as
follows:

1. Fill the weighing bottle no more than half full with the sample to be dried.

2. Place a label on the beaker or loosely inside the beaker. Do not place a label on the weighing
bottle as it will gradually char.

3. Place the weighing bottle in the beaker. Remove the cover from the weighing bottle and place it
inside the beaker.

4. Cover the beaker with a watch glass supported on glass hooks.

5. Place the beaker with weighing bottle in a drying oven at the desired temperature for
2 hours (h).

6. Remove the beaker from the oven. Cool it somewhat before placing the weighing bottle, now cov-
ered with its cap, in a desiccator.

1.5.2.1 The Desiccator. A desiccator is a container (glass or aluminum) filled with a substance
that absorbs water (a desiccant). Several desiccants and their properties are listed in Table 1.4. The
ground-glass (or metal) rim is lightly greased with petroleum jelly or silicone grease. The desicca-
tor provides a dry atmosphere for objects and substances. The desiccator’s charge of desiccant must
be frequently renewed to keep it effective. Surface caking signals the need to renew. Some desiccants
contain a dye that changes color upon exhaustion.

Vacuum desiccators are equipped with side arms so that they may be connected to a vacuum. This
type of desiccator should be used to dry crystals that are wet with organic solvents. Vacuum desic-
cators should not be used for substances that sublime readily.

TABLE 1.4 Drying Agents

Drying agent

Most useful for

Residual water,
mg H,0 per liter
of dry air (25°C)

Grams of water
removed per gram
of desiccant

AlLO, Hydrocarbons 0.002-0.005 0.2

Ba(ClO,), Inert-gas streams 0.6-0.8 0.17

BaO Basic gases, hydrocarbons, 0.0007-0.003 0.12
aldehydes, alcohols

CaC, Ethers 0.56

CaCl, Inert organics 0.1-0.2 0.15

Cal—{2 Hydrocarbons, ethers, amines, esters, 1x107° 0.83
higher alcohols

CaO Ethers, esters, alcohols, amines 0.01-0.003 0.31

CaSO, Most organic substances 0.005-0.07 0.07

KOH Amines 0.01-0.9

Mg(ClO,), Gas streams 0.0005-0.002 0.24

MgSO, Most organic compounds . 1-12 0.15-0.75

Molecular sieve 4X Molecules with effective diameter >4 A 0.001 0.18

P205 Gas streams; not suitable for alcohols, 2x 107 0.5
amines, or ketones

Silica gel Most organic amines 0.002-0.07 0.2

H,SO, Air and inert-gas streams 0.003-0.008 Indefinite
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TABLE 1.5 Solutions for Maintaining Constant Humidity

% Humidity at specified temperatures, °C

Solid phase 10 20 25 30 40 60 80
K,Cr,0, 98.0
K,SO, 98 97 97 96 96 96
KNO, 95 93 92.5 91 38 82
KC1 88 85.0 84.3 84 81.7 80.7 79.5
KBr 84 80.7 79.6 79.0 79.3
NaCl 76 75.7 75.3 74.9 74.7 74.9 76.4
NaNO, 73.8 72.8 71.5 67.5 65.5
NaNO, 66 65 63.0 61.5 59.3 58.9
NaBr-2H,0 57.9 57.7 524 49.9 50.0
Na,Cr,0,-2H,0 58 55 54 53.6 55.2 56.0
Mg(NO,),-6H,0 57 55 52.9 52 49 43
K,CO,-2H,0 47 44 4238 4
MgCl,-6H,0 34 33 33.0 33 32 30
KF-2H,0 27.4 22.8 21.0 22.8
KC,H,0,-1.5H,0 24 23 22.5 22 20
LiCI-H,0 13 12 10.2 12 11 11
KOH 13 9 8 7 6 5
100% Humidity: aqueous 9.21 17.54 23.76 31.82 55.32 149.4 355.1

tension (mmHg)

Source: J. A. Dean, ed., Lange’s Handbook of Chemistry, 14th ed., McGraw-Hill, New York, 1992.

1.5.2.2 Humidity and Its Control. At times it is desirable to maintain constant humidity in an
enclosed container. A saturated aqueous solution in contact with an excess of a definite solid phase
at a given temperature will maintain constant humidity in an enclosed space. Table 1.5 gives a
number of salts suitable for this purpose. The aqueous tension [vapor pressure, in millimeters of
mercury (mmHg)] of a solution at a given temperature is found by multiplying the decimal fraction
of the humidity by the aqueous tension at 100% humidity for the specific temperature. For exam-
ple, the aqueous tension of a saturated solution of NaCl at 20°C is 0.757 x 17.54=13.28 mmHg.
Table 1.6 gives the concentrations of solutions of H,SO,, NaOH, and CaCl, that give specified
vapor pressures and percent humidities at 25°C. Table 1.7 gives the humidity from wet- and dry-
bulb thermometer readings, and Table 1.8 gives the relative humidity from dew-point readings.

1.5.3 Drying Collected Crystals
Gravity-filtered crystals collected on a filter paper may be dried as follows:

1. Remove the filter paper from the funnel. Open up the filter paper and flatten it on a watch glass
of suitable size or a shallow evaporating dish. Cover the watch glass or dish with a piece of clean,
dry filter paper and allow the crystals to air-dry.

Note: Hygroscopic substances cannot be air-dried in this way.

2. Press out excess moisture from the crystals by laying filter paper on top of the moist crystals and
applying pressure with a suitable object.

3. Use a spatula to work the pasty mass on a porous plate; then allow it to dry.

4. Use a portable infrared lamp to warm the sample and increase the rate of drying. Be sure that the
temperature does not exceed the melting point of the sample.

5. Use a desiccator.
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TABLE 1.6 Concentrations of Solutions of H,SO,, NaOH, and CaCl, Giving Specified Vapor Pressures
and Percent Humidities at 25°C*

Aqueous
Percent te?lsion, H,80, NaOH CaCl,
humidity mmHg Molality Weight % Molality Weight % Molality ~ Weight %
100 23.76 0.00 0.00 0.00 0.00 0.00 0.00
95 22.57 1.263 11.02 1.465 5.54 0.927 9.33
90 21.38 2.224 17.91 2.726 9.83 1.584 14.95
85 20.19 3.025 22.88 3.840 13.32 2.118 19.03
80 19.00 3.730 26.79 4.798 16.10 2.579 22.25
75 17.82 4.398 30.14 5.710 18.60 2.995 24.95
70 16.63 5.042 33.09 6.565 20.80 3.400 27.40
65 15.44 5.686 35.80 7.384 22.80 3.796 29.64
60 14.25 6.341 38.35 8.183 24.66 4.188 31.73
55 13.07 7.013 40.75 8.974 26.42 4.581 33.71
50 11.88 7.722 43.10 9.792 28.15 4.990 35.64
45 10.69 8.482 45.41 10.64 29.86 5.431 37.61
40 9.50 9.304 47.71 11.54 31.58 5912 39.62
35 8.31 10.21 50.04 12.53 33.38 6.478 41.83
30 7.13 11.25 52.45 13.63 35.29 7.183 44.36
25 5.94 12.47 55.01 14.96 37.45
20 4.75 13.94 57.76 16.67 40.00
15 3.56 15.81 60.80 19.10 43.32
10 2.38 18.48 64.45 23.05 47.97
5 1.19 23.17 69.44

* Concentrations are expressed in percentage of anhydrous solute by weight.
Source: Stokes and Robinson, Ind. Eng. Chem. 41:2013 (1949).

When very small quantities of crystals are collected by centrifugation, they can be dried by sub-
jecting them to vacuum in the centrifuge tube while gently warming the tube.

1.5.4 Drying Organic Solvents

Water can be removed from organic liquids and solutions by treating the liquids with a suitable
drying agent to remove the water. The selection of drying agents must be carefully made. The
drying agent selected should not react with the compound or cause the compound to undergo any
reaction but should remove only the water. Table 1.4 lists drying agents.

1.5.4.1 Use of Solid Drying Agents. Solid drying agents are added to wet organic solvents in a con-
tainer that can be stoppered. Add small portions of the drying agent, shaking the container thoroughly
after each addition. Allow it to stand for a predetermined time. Then separate the solid hydrate from the
organic solvent by decantation and filtration. Several operations may be required. Repeat if necessary.

1.5.4.2 Efficiency of Drying Operations. The efficiency of a drying operation is improved if the
organic solvent is exposed repeatedly to fresh portions of the drying agent. Some dehydrating agents
are very powerful and dangerous, especially if the water content of the organic solvent is high. These
should be used only after the wet organic solvent has been grossly predried with a weaker agent.
Drying agents will clump together, sticking to the bottom of the flask when a solution is “wet.” Wet
solvent solutions appear to be cloudy; dry solutions are clear. If the solution is “dry,” the solid dry-
ing agent will move about and shift easily on the bottom of the flask.
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TABLE 1.7 Relative Humidity from Wet- and Dry-Bulb Thermometer Readings
Wet-bulb depression, °C
Dry-bulb
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 55 6.0
temperature,
°C Relative humidity, %
-10 83 67 51 35 19
-5 88 76 64 52 41 29 18 7
0 91 81 72 64 55 46 38 29 21 13 5
2 91 84 76 68 60 52 44 37 29 22 14 7
4 92 85 78 71 63 57 49 43 36 29 22 16
6 93 86 79 73 66 60 54 48 41 35 29 24
8 93 87 81 75 69 63 57 51 46 40 35 29
10 94 88 82 77 71 66 60 55 50 44 39 34
12 94 89 83 78 73 68 63 58 53 48 43 39
14 95 90 85 79 75 70 65 60 56 51 47 42
16 95 90 85 81 76 71 67 63 58 54 50 46
18 95 91 86 82 77 73 69 65 61 57 53 49
20 96 91 87 83 78 74 70 66 63 59 55 51
22 96 92 87 83 80 76 72 68 64 61 57 54
24 96 92 88 84 80 77 73 69 66 62 59 56
26 96 92 88 85 81 78 74 71 67 64 61 58
28 96 93 89 85 82 78 75 72 69 65 62 59
30 96 93 89 86 83 79 76 73 70 67 64 61
35 97 94 90 87 84 81 78 75 72 69 67 64
40 97 94 91 88 85 82 80 77 74 72 69 67
Wet-bulb depression, °C
Dry-bulb
6.5 7.0 7.5 8.0 8.5 9.0 10.0 11.0 120 13.0 14.0 15.0
temperature,
°C Relative humidity, %
4 9
6 17 11 5
8 24 19 14 8
10 29 24 20 15 10 6
12 34 29 25 21 16 12 5
14 38 34 30 26 22 18 10
16 42 38 34 30 26 23 15 8
18 45 41 38 34 30 27 20 14 7
20 48 44 41 37 34 31 24 18 12 6
22 50 47 44 40 37 34 28 22 17 11 6
24 53 49 46 43 40 37 31 26 20 15 10 5
26 54 51 49 46 43 40 34 29 24 19 14 10
28 56 53 51 48 45 42 37 32 27 22 18 13
30 58 55 52 50 47 44 39 35 30 25 21 17
32 60 57 54 51 49 46 41 37 32 28 24 20
34 61 58 56 53 51 48 43 39 35 30 26 23
36 62 59 57 54 52 50 45 41 37 33 29 25
38 63 61 58 56 54 51 47 43 39 35 31 27
40 64 62 59 57 54 53 48 44 40 36 33 29
Source: J. A. Dean, ed., Lange’s Handbook of Chemistry, 14th ed., McGraw-Hill, New York, 1992.
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TABLE 1.8 Relative Humidity from Dew-Point Readings

Dew-point reading, °C

Depression of

. -10 0 10 20 30
dew point,
°C Relative humidity, %
0.5 96 96 96 96 97
1.0 92 93 94 94 94
1.5 89 89 90 91 92
2.0 86 87 88 88 89
3.0 79 81 82 83 84
4.0 73 75 77 78 80
5.0 68 70 72 74 75
6.0 63 66 68 70 71
7.0 59 61 63 66 68
8.0 54 57 60 62 64
9.0 51 53 56 58 61
10.0 47 50 53 55 57
11.0 44 47 49 52
12.0 41 44 47 49
13.0 38 41 44 46
14.0 35 38 41 44
15.0 33 36 39 42
16.0 31 34 37 39
18.0 27 30 33 35
20.0 24 26 29 32
22.0 21 23 26
24.0 18 21 23
26.0 16 18 21
28.0 14 16 19
30.0 12 14 17

Source: J.A.Dean, ed., Lange’s Handbook of Chemistry, 14th ed.,
McGraw-Hill, New York, 1992.

Molecular sieves are an excellent drying agent for gases and liquids. In addition to absorbing
water, they also absorb other small molecules. Several types have been described in Sec. 4.2.7.1.
Regeneration of molecular sieves can be accomplished by heating to 250°C or applying a vacuum.
In contrast to chemically acting drying agents, molecular sieves are unsuitable when the substance
is to be dried in vacuo.

Calcium carbide, metallic sodium, and phosphorus(V) oxide remove moisture by chemical reac-
tion with water. Do not use these drying agents where either the drying agent itself or the product
that it forms will react with the compound or cause the compound itself to undergo reaction or
rearrangement. These drying agents are useful in drying saturated hydrocarbons, aromatic hydrocar-
bons, and ethers. However, the compounds to be dried must not have functional groups, such as
hydroxyl or carboxyl, that will react with the agents.

Some general precautions are as follows:

. Do not dry alcohols with metallic sodium.
. Do not dry acids with basic drying agents.

. Do not dry amines or basic compounds with acidic drying agents.

B W N =

. Do not use calcium chloride to dry alcohols, phenols, amines, amino acids, amides, ketones, or
certain aldehydes and esters.
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1.5.5 Freeze-Drying

Some substances cannot be dried at atmospheric conditions because they are extremely heat-sensitive
material, but they can be freeze-dried. Freeze-drying is a process whereby substances are subjected to
high vacuum after they have been frozen. Under these conditions ice (water) will sublime and other
volatile liquids will be removed. This leaves the nonsublimable material behind in a dried state. Use
dilute solutions and spread the material on the inner surface of the container to increase the surface
area.

Commercial freeze-driers are self-contained units. They may consist merely of a vacuum pump,
adequate vapor traps, and a receptacle for the material in solution, or they may include refrigeration
units to chill the solution plus more sophisticated instruments to designate temperature and pressure,
plus heat and cold controls and vacuum-release valves. Protect the vacuum pump from water with a
dry-ice trap, and insert chemical gas-washing towers to protect the pump from corrosive gases.

Freeze-drying differs from ordinary vacuum distillation in that the solution or substance to be dried
is first frozen to a solid mass. It is under these conditions that the water is selectively removed by sub-
limation, the ice going directly to the water-vapor state. Proceed as described in the following.

1. Freeze the solution, spreading it out on the inner surface of the container to increase the surface area.
2. Apply high vacuum; the ice will sublime and leave the dried material behind.

3. Use dilute solutions in preference to concentrated solutions.
4

. Protect the vacuum pump from water with a dry-ice trap, and insert chemical gas-washing towers
to protect the pump from corrosive gases.

1.5.6 Hygroscopic lon-Exchange Membrane

The Perma Pure (Perma Pure Products, Inc.) driers utilize a hygroscopic, ion-exchange mem-
brane in a continuous drying process to remove water vapor selectively from mixed gas streams.
The membrane is a proprietary extrudible desiccant in tubular form. A single desiccant tube is
fabricated in a shell-and-tube configuration and sealed into an impermeable shell that has openings
adjacent to the sample inlet and product outlet. If a wet gas stream flows through the tubes and a
countercurrent dry gas stream purges the shell, water-vapor molecules are transferred through the
walls of the tubing. The wet gas is dried, and the dry purge gas becomes wet as it carries away the
water vapor.

The efficiency and capacity of a dryer at constant temperature and humidity are based on the
dryer’s geometry (that is, internal volume, outside surface area, and shell volume), as well as the gas
flows and pressures of the wet sample and the dry purge. The reduction of water vapor in the prod-
uct of a dryer may be increased by reducing the sample flow or by increasing the dryer volume
(a longer tube length). Increasing the sample flow results in a higher dew point in the product. A
bundle of tubes with a common header increases the volume of wet gas that can be handled.

The membrane is stable up to 160°C, as is the stainless-steel shell. Fluorocarbon and polypropy-
lene shells are also available; their maximum use temperatures are 160 and 150°C, respectively.
Table 1.9 gives the chemical resistance of a hygroscopic ion-exchange membrane. The plastic shells
handle corrosive gases such as 100% chlorine, 10% HCI, and 1% sulfur dioxide.

1.5.7 Microwave Drying

Conventional microwave ovens have generally proved unsatisfactory for laboratory use because of
the uneven distribution of microwave energy and the problem of excess reflected microwave energy.
However, microwave dryers utilizing programmable computers are extremely versatile and easy to
operate. The programmable aspect allows the microwave intensity to be varied during the drying or
heating cycle.
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TABLE 1.9 Chemical Resistance of a Hygroscopic Ion-Exchange Membrane

Polypropylene and

Sample Concentration, % Stainless steel fluorocarbons
Chlorine 100 Xk Y
HC1 10 X Y
NO, 0.02 Y Y
NO, 0.20 Y Y
SO, 0.50 Y Y
SO, 1 X Y
EDC (liquid) 100 Y Y
Methylene chloride 100 Y Y

*X, Not usable; Y, usable.
Source: Data courtesy of Perma Pure Products, Inc.

Samples can be analytically dried to less than 1 mg of water in several minutes. Water selectively
absorbs the microwave energy and is removed through evaporation. In some systems, moisture deter-
mination is entirely automatic. The sample is placed on the balance pan, the door closed, and the start
button depressed. The initial sample weight is stored in the computer, and the microwave system is
actuated for the predetermined time. The final weight of the sample is ascertained when the oven is
turned off. Weight loss and percentage moisture or solid residue are displayed.

1.5.8 Critical-Point Drying

Critical-point drying offers a number of advantages over both air- and freeze-drying in the prepara-
tion of samples for examination under a transmission or a scanning electron microscope. Specimens
treated by this method can be studied in the true original form without the physical deterioration and
structural damage usually produced when water or other volatile materials are removed from a sam-
ple by conventional drying techniques. Preparation time is measured in minutes.

The method takes advantage of the fact that at its critical point a fluid passes imperceptibly from
a liquid to a gas with no evident boundary and no associated distortional forces. Heating a liquid to
its critical point in a closed system causes the density of the liquid to decrease and the density of the
vapor to increase until the two phases become identical at the critical point where the liquid surface
vanishes completely.

To proceed, all the water in the sample is replaced by a carefully selected transitional fluid. Then,
while the sample is completely immersed in the fluid, it is heated in a sealed bomb to slightly above the
critical point. The vapor is then released while holding the bomb above the critical temperature. This
procedure leaves a completely dry specimen that has not been subjected either to the surface tension
forces of air-drying or to the freezing and sublimation boundaries associated with freeze-drying.

A suitable fluid must have these properties:

1. Be nonreactive with the specimen

2. Have a critical temperature low enough to prevent damage to specimens that are temperature sen-
sitive

3. Have a critical pressure low enough that conventional equipment can be used, without requiring
cumbersome and bulky pressure designs

4. Be nontoxic and readily available
Carbon dioxide and nitrous oxide were used in early studies. Freons are well suited; their critical and

boiling temperatures are such that the preliminary steps can be conducted in open vessels for maxi-
mum control and visibility.
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TABLE 1.10 Transitional and Intermediate Fluids for Critical-Point Drying

Critical Critical Boiling
pressure, temperature, point, Intermediate
Transitional fluid atm °C °C liquid
CF,CF, (Freon 116) 29.4 19.7 -78.2 Acetone
CCIF, (Freon 13) 38.2 28.9 -81.4 Ethanol
CHF; (Freon 23) 47.7 259 -82.0 Ethanol
Carbon dioxide 72.85 31.04 Sublimes Ethanol and
pentyl acetate

Nitrous oxide 71.60 36.43 —88.47 Not required

In most critical-point drying procedures an intermediate liquid is first used to displace the
moisture present in the original specimen. Ethanol and acetone are two of the more popular
reagents used for this purpose. Other liquids can be used if they are fully miscible with water and
with the transitional fluid. The moisture in the sample is removed by passing the specimen step-
wise through a graded series of solutions starting with a 10% concentration and moving up to a
moisture-free, 100% liquid. The specimen is then removed from the intermediate liquid and trans-
ferred to the transitional fluid for treatment in the bomb. Several materials that have been suc-
cessfully used as intermediate liquids, together with the principal transitional fluids, are listed in
Table 1.10.

1.5.9 Karl Fischer Method for Moisture Measurement

The determination of water is one of the most important and most widely practiced analyses in indus-
try. The field of application is so large that it is the subject of a three-volume series of monographs.?
The Karl Fischer method relies on the specificity for water of the reagent, devised by Fischer. The orig-
inal reagent contained pyridine, sulfur dioxide, and iodine in an organic solvent (methanol). It reacts
quantitatively with water.

C,H,N—I,+ CH.N—SO, + C;H,N + H,0 — 2C,H,N—HI + C.;H,N—SO, (1.8)
There is a secondary reaction with the solvent (methanol):
C,H,N—SO, + CH,0H — C,H,NH—O—S0O,—OCH, (1.9)

Various improvements have been suggested. The end point is usually ascertained by means of an
amperometric titration using two polarizable (indicator) electrodes (see Sec. 14.5.6.1).

Iodine in the Karl Fischer reaction can be generated coulometrically with 100% efficiency. Now
an absolute instrument is available, and the analysis requires no calibration or standardization
(see Sec. 14.8).

An entirely automated titrimeter will determine moisture in the range from 1 ug-mL™! to 100%
water content. The instrument combines a burette, a sealed titration vessel, a magnetic stirrer, and a
pump system for changing solvent. Liquid samples are injected through a septum; solid samples are
inserted through a delivery opening in the titration head. The titration is kinetically controlled; the
speed of titrant delivery is adjusted to the expected content of water. Typically 50 mg of water are
titrated in less than 1 min with a precision of better than 0.3%. An optional pyrolysis system allows
the extraction of moisture from solid samples.

8 J. Mitchell and D. M. Smith, Aquammetry, Wiley, New York, Vol. 1, 1977; Vol. 2, 1983; Vol. 3, 1980.
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1.6 THE ANALYTICAL BALANCE AND WEIGHTS

1.6.1

Introduction

If the sample is to be weighed in the air-dry condition, no special precautions are necessary, nor are
any required with nonhygroscopic substances that have been dried. Slightly hygroscopic substances
can be dried and weighed in weighing bottles with well-fitting covers. For those moderately hygro-
scopic substances that take up in a few moments most of the moisture that can be absorbed from the
atmosphere, only enough for a single determination should be dried. The weighing bottle should be
stoppered, cooled in a desiccator, and opened for an instant to fill it with air. Reweigh it against a
similar bottle (the tare) carried through all of the operations. Pour out as much as possible of the sam-
ple without loss by dusting and without brushing the interior of the bottle. Weigh the stoppered bot-
tle again against the tare.

Weighing is the most common and most fundamental procedure in chemical work. Today’s labora-
tory balances incorporate the latest advancements in electronics, precision mechanics, and materials sci-
ence. Gains to the chemist are unprecedented ease of use, versatility, and accuracy. A balance user should
pay particular attention to the following aspects which form some of the main topics of this section.

1. Select the proper balance for a given application. Understand the technical specification of balances.

2. Understand the functions and features of the instrument and use them correctly to obtain the per-
formance that the particular balance was designed to provide.

3. Know how to ascertain the accuracy and functionality of a balance through correct installation,
care, and maintenance.

4. Use proper and efficient techniques in weighing operations.

5. Apply proper judgment in interpreting the weighing results. High accuracy may require correc-
tions for air buoyancy.

6. Be aware that most electronic balances can be interfaced to printers, computers, and specialized
application devices. It usually is more reliable and efficient to process weighing records and asso-
ciated calculations electronically.

1.6.1.1 Mass and Weight. The terms mass and weight are both legitimately used to designate a
quantity of matter as determined by weighing. However, the following scientific terminology should
be adhered to in any technical context.

Mass:  An invariant measure of the quantity of matter in an object. The basic unit of mass is the
kilogram, which is embodied in a standard kept in Paris. Masses are more practically expressed
in grams or milligrams.

Apparent mass: Apparent mass is the mass of an object minus the mass of the air that the object
displaces. Air buoyancy corrections will be discussed in a later section. The distinction between
apparent mass and absolute mass is insignificant in chemical work in all but a few special appli-
cations.

Weight: The force exerted on a body by the gravitational field of the earth, measured in units
of force (the newton, abbreviation N). The weight of a body varies with geographic latitude,
altitude above sea level, density of the earth at the location, and, to a very minute degree, with
the lunar and solar cycles. Electronic balances must be calibrated on location against a mass
standard.

Balance: A laboratory instrument used for the precise measurement of small masses.

1.6.1.2 Classification of Balances. To guide the user in selecting the correct equipment for a
given application, balances are classified according to the graduation step or division of the reading
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TABLE 1.11 Classification of Balances by Weighing Range

Smallest Capacity
Nomenclature division (typical)
Ultramicroanalytical 0.1 ug 3g
Microanalytical 0.001 mg 3g
Semimicroanalytical 0.01 mg 30¢g
Macroanalytical 0.1 mg 160 g
Precision 1 mg 160 g-60 kg

device (scale dial or digital display) and according to their weighing capacity. Balances are classi-
fied in Table 1.11. Various types of balances are discussed in the following sections.

1.6.2 General-Purpose Laboratory Balances

1.6.2.1 Top-Loading Balances. Top-loading balances are economical and easy to use for routine
weighing and for educational and quality assurance applications. Because of their design, top-load-
ing balances generally sacrifice at least one order of magnitude of readability. Models are available
for many tasks; readabilities range from 0.001 to 0.1 g and capacities from 120 to 12 000 g. The latter
also represent tare ranges. Balances with ranges above 5000 g are for special applications. The oper-
ating temperature is usually from 15 to 40°C. Typical specifications of single-range models are given
in Table 1.12.

Many top-loading balances are dual- or polyrange balances that offer variable readability
throughout their capacities for high resolution at each weight. Dual-range balances offer two levels
of readability within their capacity range; polyrange balances offer a series of incremental adjust-
ments in readability. This type of balance gives unobstructed access for tall or wide weighing loads.
Electronic top-loading balances may have additional features described in Sec. 1.6.5.

1.6.2.2 Triple-Beam Balance. The triple-beam balance provides a modest capacity of 111 g
(201 g with an auxiliary weight placed in the 100-g notch). The three tiered scales are 0 to 1 g by
0.01 g,0to 10 gby 1 g, and 0 to 100 g by 10 g. The 1-g scale is notchless and carries a rider; the
others are notched and carry suspended weights.

Triple-beam platform balances have a sensitivity of 0.1 g and a total weighing capacity of 2610 g
when used with the auxiliary weight set, or 610 g without it. Three tiered scales (front to back) are
0to 10 gby 0.1 g, 0to 500 g by 100 g, and 0 to 100 g by 10 g. One 500-g and two 1000-g auxiliary

TABLE 1.12 Specifications of Balances

Readability, Stabilization
Capacity, g mg time, s Tara range, g
40 0.01 5 0-40
60 0.1 3 0-60
160 0.1 3 0-160
400 1.0 2 0-400
800 10 3 0-800
2200 10 3 0-2200
5000 100 3 0-5000
12000 100 5 0-12000
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weights fit in a holder on the base. The aluminum beam is magnetically damped and has a spring-
loaded zero adjust.

1.6.2.3 Dial-O-Gram Balances. A dial mechanism is used to obtain the weights from 0 to 10 g
in 0.1-g intervals. In use the dial is rotated to 10.0 g. After moving the 200-g poise on the rear beam
to the first notch, which causes the pointer to drop, and then moving it back a notch, the same pro-
cedure is repeated with the 100-g poise. Finally, the dial knob is rotated until the pointer is centered.
A vernier scale provides readings to the nearest 0.1 g.

1.6.3 Mechanical Analytical Balances

1.6.3.1 Egqual-Arm Balance. The classical equal-arm balance consists of a symmetrical level
balance beam, two pans suspended from its ends, and a pivotal axis (fulcrum) at its center. Ideally,
the two pan suspension pivots are located in a straight line with the fulcrum and the two lever arms
are of exactly equal length. A rigid, truss-shaped construction of the beam minimizes the amount of
bending when the pans are loaded. The center of gravity of the beam is located just slightly below
the center fulcrum, which gives the balance the properties of a physical pendulum. With a slight dif-
ference in pan loads, the balance will come to rest at an inclined position, the angle of inclination
being proportional to the load differential. By reading the pointer position on a graduated angular
scale, it is possible to determine fractional amounts of mass between the even step values of a stan-
dard mass set of weights.

Variations and refinements of the equal-arm balance include (1) agate or synthetic sapphire knife-
edge pivots, (2) air damping or magnetic damping of beam oscillations, (3) sliding poises or riders,
(4) built-in mass sets operated by dial knobs, (5) a microprojector reading of the angle of beam incli-
nation (5) arrestment devices to disengage and protect pivots, and (6) pan brakes to stop the swing
of the balance pans.

1.6.3.2 Single-Pan Substitution Balance. Substitution balances have only one hanger assembly
that incorporates both the load pan and a built-in set of weights on a holding rack. The hanger assem-
bly is balanced by a counterpoise that is rigidly connected to the other side of the beam, the weight
of which equals the maximum capacity of the particular balance. The weight of an object is deter-
mined by lifting weights off the holding rack until sufficient weights have been removed to equal
almost the weight of the object. In this condition the balance returns to an equilibrium position with-
in its angular, differential weighing range. Small increments of weight between the discrete dial
weight steps (usually in gram increments) are read from the projected screen image of a graduated
optical reticle that is rigidly connected to the balance beam.

While single-pan substitution balances are no longer manufactured, there are a number of these
products still in use. Electronic balances possess superior accuracy and operating convenience.

1.6.4 Electronic Balances®"

Today two dominant types of electronic balances are in use: the hybrid and the electromagnetic force
balance. The hybrid balance uses a mix of mechanical and electronically generated forces, whereas
the electromagnetic force balance uses electronically generated forces entirely.

Every eletromechanical weighing system involves three basic functions:

1. The load-transfer mechanism, composed of the weighing platform or pan, levers, and guides,
receives the weighing load on the pan as a randomly distributed pressure force and translates it

9 G. W. Ewing, “Electronic Laboratory Balances,” J. Chem. Educ. 53:A252 (1976); 53:A292 (1976).
0R. O. Leonard, “Electronic Laboratory Balances,” Anal. Chem. 48:879A (1976).
IT'R. M. Schoonover, “A Look at the Electronic Balance,” Anal Chem. 54:973A (1982).
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into a measurable single force. The platform is stabilized by flexure-pivoted guides; pivots are
formed by elastically flexible sections in the horizontal guide members.

2. The electromechanical force transducer, often called the load cell, converts the mechanical input
force into an electrical output. A direct current generates a static force on the coil which, in turn,
counterbalances the weight force from the object on the balance pan (usually aided by one or
more force-reduction levers). The amount of coil current is controlled by a closed-loop servo cir-
cuit that monitors the vertical deflections of the pan support through a photoelectric sensor and
adjusts the coil current as required to maintain equilibrium between weighing load and compen-
sation force.

3. The servo system is the electronic-signal processing part of the balance. It receives the output sig-
nal of the load cell, converts it to numbers, performs computations, and displays the final weight
data on the readout. In one method a continuous current is driven through the servomotor coil and
in the other method the current is pulsed.

1.6.4.1 Hybrid Balance. The hybrid balance is identical to the substitution balance except that the
balance beam is never allowed to swing through large angular displacements when the applied load-
ing changes. Instead the motion is very limited and when in equilibrium the beam is always restored
to a predetermined reference position by a servo-controlled electromagnetic force applied to the beam.
The most salient features that distinguish the electronic hybrid are the balance beam and the built-in
weights utilized in conjunction with the servo restoring force to hold the beam at the null position.

1.6.4.2 Electromagnetic Force Balance. A magnetic force balances the entire load either by
direct levitation or through a fixed-ratio lever system. The loading on the electromechanical mech-
anism that constitutes the balance is not constant but varies directly with applied load. With this
design the sensitivity and response are largely controlled by the servo-system characteristics. The
force associated with the sample being weighed is mechanically coupled to servomotor that gener-
ates the opposing magnetic force. When the two forces are in equilibrium the error detector is at the
reference position and the average electric current in the servomotor coil is proportional to the resul-
tant force that is holding the mechanism at the reference position. When the applied load changes, a
slight motion occurs between the fixed and moving portions of the error-detector components, result-
ing in a very rapid change in current through the coil.

1.6.4.3 Special Routines for Electronic Balances. Signal processing in electronic balances usu-
ally involves special computation routines:

1. Programmable stability control: Variable integration permits compensation for unstable weight
readings due to environmental vibration or air currents. Preprogrammed filters minimize noise
due to air currents and vibration. Four settings vary integration time, update rate of display, vibra-
tion filtering, and damping.

2. Adjustabel stability range: Nine different settings (from 0.25 to 64 counts in the last significant
digit) control the tolerance range within which the stability indicator appears (a symbol that
appears when the actual sample weight is displayed within preset stability-range tolerances).

3. Autotracking: This routine eliminates distracting display flicker and automatically rezeros the
balance during slight weight changes. Once the balance stabilizes and displays the weight, the
autotracking feature takes over. Autotracking can be turned off to weigh hygroscopic samples or
highly volatile substances.

4. Serial interface: This allows two-way communication with printers, computers, and other
devices at baud rates up to 9600.

5. Autocalibration: ~When pushed, a calibration button activates a built-in test weight (up to four
on some models). The balance calibrates itself to full accuracy and returns to weighing mode
within seconds.
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. Full-range taring: Just set a container on the pan and touch the rezero button and the display

automatically resets to zero.

. Overload protection: Full-range taring and overload protection prevent damage to the balance

if excess weight is placed on the pan.

1.6.4.4 Precautions and Procedures. With analytical balances the following guidelines should be
observed:

1.

Level the balance using the air-bubble float.

2. Observe the required warmup period or leave the balance constantly under power. Follow the

manufacturer’s recommendations.

. Use any built-in calibration mass and microprocessor-controlled calibration cycle at the begin-

ning of every workday.

. Handle weighing objects with forceps. Fingerprints on glassware or the body heat from an oper-

ator’s hand can influence results.

5. Always close the sliding doors on the balance when weighing, zeroing, or calibrating.

. Accept and record the displayed result as soon as the balance indicates stability; observ

the motion detector light in the display. Never attempt to average the displayed numbers
mentally.

. Check the reliability of each balance every day against certified weights (Sec. 1.6.7), as it is crit-

ical to the performance of the laboratory. Balances should be cleaned and calibrated at least twice
a year, more often if the work load is unusually heavy.

1.6.5 The Weighing Station

The finer the readability of a balance, the more critical is the choice of its proper location and envi-
ronment. Observe these precautions:

1.
. Avoid having radiant heat sources, such as direct sunlight, ovens, and baseboard heaters, nearby.

Avoid air currents. Locate the station away from doors, windows, heat and air-conditioning outlets.

. Avoid areas with vibrations. Locate the station away from elevators and rotating machinery. Special

vibration-free work tables may be needed. To test, the displayed weight should not change if the
operator shifts his or her weight, leans on the table, or places a heavy object next to the balance.

. Choose an area free from abnormal radio-frequency and electromagnetic interference. The bal-

ance should not be on the same line circuit with equipment that generates such interference, such
as electric arcs or sparks.

. Maintain the humidity in the range from 15% to 85%. Dry air can cause weighing errors through

electrostatic charges on the weighing object and the balance windows. A room humidifier might
help. Humid air causes problems because of moisture absorption by samples and container sur-
faces. A room dehumidifier would help.

. Maintain an even temperature of the room and object weighed. If an object is warm relative to the

balance, convection currents cause the pan to be buoyed up, and the apparent mass is less than the
true mass.

. Remember that materials to be weighed take up water or carbon dioxide from the air during the

weighing process in a closed system.

. Weigh volatile materials in a closed system.

. Sit down when doing precise weighing. The operator should be able to plant elbows on the work

table, thus allowing a steady hand in handling delicate samples.
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TABLE 1.13 Tolerances for Analytical Weights

Class M Class S
Class S-1,
Individual Group Individual Group individual
tolerance, tolerance, tolerance, tolerance, tolerance,
Denomination mg mg mg mg mg
100 g 0.50 0.25 None 1.0
50 g 0.25 None 0.12 Specified 0.60
30¢g 0.15 specified 0.074 0.45
20¢ 0.10 Sp 0.074 0.154 0.35
10g 0.050 0.074 0.25
5¢g 0.034 0.054 0.18
3¢g 0.034 0.054 0.15
2 0.034 0.065 0.054 0.105 0.13
lg 0.034 0.054 0.10
500 mg 0.0054 0.025 0.080
300 mg 0.0054 0.025 0.070
200 mg 0.0054 0.0105 0.025 0.055 0.060
100 mg 0.0054 0.025 0.050
50 mg 0.0054 0.014 0.042
30 mg 0.0054 0.014 0.038
20 mg 0.0054 0.014 0.035
10 mg 0.0054 0.014 0.030
5mg 0.0054 0.0105 0.014 0.034 0.028
3 mg 0.0054 0.014 0.026
2 mg 0.0054 0.014 0.025
1 mg 0.0054 0.014 0.025

1.6.6 Air Buoyancy'?

In the fields of practical chemistry and technology, there is an unspoken agreement that no correc-
tion for air buoyancy is made in the weighing results. Therefore, the apparent mass of a body of unit
density determined by weighing is about 0.1% smaller than its true mass. The exact mass on a bal-
ance is indicated only when the object to be weighed has the same density as the calibration stan-
dards used and air density is the same as that at the time of calibration. For interested persons,
conversions of weighings in air to those in vacuo are discussed in Lange’s Handbook of Chemistry."3

Changes in apparent weight occur with changes in air density due to fluctuations in barometric
pressure and humidity. In practice, this means that a 25-mL crucible is about the largest object, in
point of physical size, that may be safely weighed to the nearest 0.1 mg without in some way com-
pensating for the air-buoyancy effect. When physically large pieces of equipment are used—for
example, a pycnometer or a weight burette—air-buoyancy effects can introduce a major error if
atmospheric conditions change between successive weighings, particularly if the same article is
weighed over an extended period of time.

1.6.7 Analytical Weights

Table 1.13 gives the individual and group tolerances established by the National Institute for
Science and Technology (NIST, U.S.) for classes M, S, and S-1 weights. Individual tolerances are

12R. M. Schoonover and F. E. Jones, “Air Buoyancy Correction in High Accuracy Weighing on an Analytical Balance,” Anal.
Chem. 53:900 (1981).
3. A. Dean, ed., Lange’s Handbook of Chemistry, 14th ed., McGraw-Hill, New York, 1992; pp. 2.77-2.78.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



1.28

PRELIMINARY OPERATIONS OF ANALYSIS

SECTION ONE

“acceptance tolerances” for new weights. Group tolerances are defined as follows: “The correc-
tions of individual weights shall be such that no combination of weights that is intended to be used
in a weighing shall differ from the sum of the nominal values by more than the amount listed under
the group tolerances.” For class S-1 weights, two-thirds of the weights in a set must be within one-
half of the individual tolerances given.

The laboratory should check its analytical balances every day with standard certified weights,
using a series of weights that bracket the expected range of weighing for which the balance will be
used. If a balance is found to be out of calibration, only weighings made in the past 24 h are suspect.
The balance should be taken out of service and recalibrated by a professional service engineer. Two
sets of certified weights should be purchased six months apart because certified weights themselves
must be recertified once a year.

1.7 METHODS FOR DISSOLVING THE SAMPLE %"

171

Introduction

Relatively few natural materials or organic materials are water soluble; they generally require treat-
ment with acids or mixtures of acids, some combustion treatment, or even a fusion with some basic
or acidic flux. The procedure adopted for the solution of a material will depend on the speed and con-
venience of the method and reagents employed and the desirability of avoiding the introduction of
substances that interfere with the subsequent determinations or are tedious to remove. Consideration
must also be given to the possible loss during the solution process of the constituents to be deter-
mined. For trace analysis it is desirable to minimize the amounts of reagents that restrict the choices
available for sample decomposition.

To determine the elemental composition of an organic substance requires drastic treatment of the
material in order to convert the elements of interest into a form susceptible to the common analytical
techniques. These treatments are usually oxidative in nature and involve conversion of the carbon and
hydrogen of the organic material to carbon dioxide and water. In some instances, however heating
the sample with a potent reducing agent is sufficient to rupture the covalent bonds in the compound
and free the element to be determined from the carbonaceous residue.

Oxidation procedures are divided into two categories. Wet-ashing (or oxidation) uses liquid oxi-
dizing agents. Dry-ashing involves ignition of the organic compound in air or a stream of oxygen.
Oxidations can also be carried out in fused-salt media; sodium peroxide is the most common flux for
this purpose.

1.7.1.1 Volatilization Losses. Continual care must be exercised that a constituent to be determined
is not lost by volatilization. Volatile weak acids are lost when materials are dissolved in stronger acids.
Where these weak acids are to be determined, a closed apparatus must be used. Of course, volatile
materials may be collected and determined (Sec. 2.4). Volatile acids, such as boric acid, hydrofluoric
acid, and the other halide acids, may be lost during the evaporation of aqueous solutions, and phos-
phoric acid may be lost when a sulfuric acid solution is heated to a high temperature.

Phosphorus may be lost as phosphine when a phosphide or a material containing phosphorus is
dissolved in a nonoxidizing acid. A very definite loss of silicon as silicon hydride may occur by
volatilization when aluminum and its alloys are dissolved in nonoxidizing acids. Mercury may be
lost as the volatile element in a reducing environment.

Certain elements are lost partially or completely in wet digestion methods involving halogen
compounds. These include arsenic (as AsCl; or AsBr;), boron (as BCl,), chromium (as CrOCl,),

147. Sulcek and P. Povondra, Methods of Decomposition in Inorganic Analysis, CRC, Boca Raton, Florida (1989).

15 R. Boch, A Handbook of Decomposition Methods in Analytical Chemistry, International Textbook, London, 1979.

16D, C. Bogen, “Decomposition and Dissolution of Samples: Inorganic,” Chap. 1 in I. M. Kolthoff and P. J. Elving, eds.,
Treatise on Analytical Chemistry, Part I, Vol. 5, 2d ed., Wiley-Interscience, New York, 1978.

I7E. C. Dunlop and C. R. Grinnard, “Decomposition and Dissolution of Samples: Organic,” Chap. 2 in I. M. Kolthoff and
P. J. Elving, eds., Treatise on Analytical Chemistry, Part I, Vol. 5, 2d ed., Wiley-Interscience, New York, 1978.
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germanium (as GeCl,), lead (as PbCl,), mercury (as HgCl,), antimony (as SbCl,), silicon (as SiF,),
tin (as SnCl, or SnBr,), tellurium (as TeCl, or TeBr,), titanium, zinc, and zirconium.

Osmium(VIII), ruthenium(VIII), and rhenium(VII) may be lost by volatilization as the oxides
from hot sulfuric acid or nitric acid solution.

Relatively few things are lost by volatilization from alkaline fusions. Mercury may be reduced to
the metal and lost, arsenic may be lost if organic matter is present, and of course any gases associ-
ated with the material are expelled. Fluoride may be lost from acid fusions, carrying away with it
some silicon or boron.

Not so obvious is the loss of volatile chlorides from the reduction of perchloric acid to hydrochlo-
ric acid and from the production of hydrochloric acid from poly(vinyl chloride) laboratory ware.

1.7.2 Decomposition of Inorganic Samples

The electromotive force series (Table 14.14) furnishes a guide to the solution of metals in nonoxidizing
acids such as hydrochloric acid, dilute sulfuric acid, or dilute perchloric acid, since this process is sim-
ply a displacement of hydrogen by the metal. Thus all metals below hydrogen in Table 14.14 displace
hydrogen and dissolve in nonoxidizing acids with the evolution of hydrogen. Some exceptions to this
may be found. The action of hydrochloric acid on lead, cobalt, nickel, cadmium, and chromium is slow,
and lead is insoluble in sulfuric acid owing to the formation of a surface film of lead sulfate.

Oxidizing acids must be used to dissolve the metals above hydrogen. The most common of the
oxidizing acids are nitric acid, hot concentrated sulfuric acid, hot concentrated perchloric acid, or
some mixture that yields free chlorine or bromine. Addition of bromine or hydrogen peroxide to min-
eral acids is often useful. Considerable difficulties are encountered in the dissolution of inorganic
matrices such as oxides, silicates, nitrides, carbides, and borides, problems often encountered in the
analysis of geological samples and ceramics.

1.7.2.1 Use of Liquid Reagents

1.7.2.1.1  Use of Hydrochloric Acid. Concentrated hydrochloric acid (about 12M1) is an excellent
solvent for many metal oxides as well as those metals that lie below hydrogen in the electro motive
series. It is often a better solvent for the oxides than the oxidizing acids. Hydrochloric acid dissolves
the phosphates of most of the common metals although the phosphates of niobium, tantalum, thorium,
and zirconium dissolve with difficulty. Hydrochloric acid decomposes silicates containing a high pro-
portion of strong or moderately strong bases but acidic silicates are not readily attacked. The concen-
trated acid dissolves the sulfides of antimony, bismuth, cadmium, indium, iron, lead, manganese, tin,
and zinc; cobalt and nickel sulfides are partially dissolved. Addition of 30% hydrogen peroxide to
hydrochloric acid often aids the digestion of metals due to the release of nascent chlorine.

After a period of heating in an open container, a constant-boiling 6M solution remains (boiling
point about 112°C). The low boiling point of hydrochloric acid limits it efficiency to dissolve oxides.
However, microwave technology may overcome this difficulty (Sec. 1.7.4).

1.7.2.1.2  Use of Hydrofluoric Acid. The primary use for hydrofluoric acid is the decomposi-
tion of silicate rocks and minerals in which silica is not to be determined; the silicon escapes as sil-
icon tetrafluoride. After decomposition is complete, the excess hydrofluoric acid is driven off by
evaporation with sulfuric acid to fumes or with perchloric acid to virtual dryness. Sometimes resid-
ual traces of fluoride can be complexed with boric acid.

Hydrofluoric acid dissolves niobium, tantalum, and zirconium, forming stable complexes,
although the action is sometimes rather slow. Hydrofluoric acid is an excellent solvent for the oxides
of these metals although the temperature to which the oxide has been heated has a notable effect.
Indium and gallium dissolve very slowly.

Caution Hydrofluoric acid can cause serious damage and painful injury when brought in contact with the
skin. Momentarily it acts like a “painkiller” while it penetrates the skin or works under fingernails.
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1.7.2.1.3  Use of Nitric Acid. Concentrated nitric acid is an oxidizing solvent that finds wide use in
attacking metals. It will dissolve most common metallic elements except aluminum, chromium, gallium,
indium, and thorium, which dissolve very slowly because a protective oxide film forms. Nitric acid does
not attack gold, hafnium, tantalum, zirconium, and the metals of the platinum group (other than palladium).

Many of the common alloys can be decomposed by nitric acid. However, tin, antimony, and tung-
sten form insoluble oxides when treated with concentrated nitric acid. This treatment is sometimes
employed to separate these elements from other sample components. Nitric acid attacks the carbides
and nitrides of vanadium and uranium. Nitric acid is an excellent solvent for sulfides although the
sulfides of tin and antimony form insoluble acids. Mercury(II) sulfide is soluble in a mixture of nitric
acid and hydrochloric acid.

Although nitric acid is a good oxidizing agent, it usually boils away before the sample is com-
pletely oxidized.

A mixture of nitric and hydrofluoric acids dissolves hafnium, niobium, tantalum, and zirconium
readily. This mixture is also effective with antimony, tin, and tungsten; the carbides and nitrides of
niobium, tantalum, titanium, and zirconium; and the borides of zirconium.

1.7.2.1.4  Use of Sulfuric Acid. Hot concentrated sulfuric acid is often employed as a solvent.
Part of its effectiveness arises from its high boiling point (about 340°C), at which temperature decom-
position and solution of substances often proceed quite rapidly. Most organic compounds are dehy-
drated and oxidized under these conditions. Most metals and many alloys are attached by the hot acid.

Digestions are completed often in 10 min using sulfuric acid and 50% hydrogen peroxide (4 mL +
10 mL) with the Digesdahl™ digestion apparatus (Hach Chemical Co.). Fumes are removed by con-
necting the fractionating column to either a water aspirator or a fume scrubber.

1.7.2.1.5 Use of Perchloric Acid. Hot concentrated perchloric acid (72%) is a potent oxidiz-
ing agent and solvent. It attacks a number of ferrous alloys and stainless steels that are intractable to
the other mineral acids. In fact, it is the best solvent for stainless steel, oxidizing the chromium and
vanadium to the hexavalent and pentavalent acids, respectively. In ordinary iron and steel, the phos-
phorus is completely oxidized with no danger of loss. Sulfur and sulfides are oxidized to sulfate.
Silica is rendered insoluble, and antimony and tin are converted to insoluble oxides. Perchloric acid
fails to dissolve niobium, tantalum, zirconium, and the platinum group metals.

Powdered tungsten and chromite ore are soluble in a boiling mixture of perchloric and phosphoric
acids.

Cold perchloric acid and hot dilute solutions are quite safe. However, all treatment of samples
with perchloric acid should be done in specially designed hoods and behind explosion shields.

1.7.2.1.6  Use of Oxidizing Mixtures. More rapid solvent action can sometimes be obtained by
the use of mixtures of acids or by the addition of oxidizing agents to the mineral acids. Aqua regia, a
mixture consisting of three volumes of concentrated hydrochloric acid and one of nitric acid, releas-
es free chlorine to serve as an oxidant. Addition of bromine to mineral acids serves the same purpose.

Great care must be exercised in using a mixture of perchloric acid and nitric acid. Explosion can be
avoided by starting with a solution in which the perchloric acid is well diluted with nitric acid and not
allowing the mixture to become concentrated in perchloric acid until the oxidation is nearly complete.
Properly carried out, oxidations with this mixture are rapid and losses of metallic ions negligible.

A suitable sample (usually 1 to 5 g) is transferred to a modified fume eradicator digestion assem-
bly and treated with 30 mL of a 1:1 mixture of nitric and perchloric acids. Place the equipment
behind a protective shield and raise the temperature gradually until fumes of perchloric acid appear.
Continue heating until fumes of perchloric acid are no longer noted. Cool, wash down the sides of
the beaker with distilled water, and heat again until fumes of perchloric acid are no longer noted.
Continue the digestion until the sample volume is reduced to about 2 mL. Transfer to a suitable vol-
umetric flask. The presence of chromium (or vanadium) catalyzes the decomposition and serves as
an indicator since perchloric acid will oxidize chromium(III) to dichromate(VI) after the oxidation
of organic matter is complete. When volatile elements are present, dissolution must be effected under
reflux conditions and started with a cold hot plate. Good recovery of all elements except mercury is
obtained.'®

18 T. T. Gorsuch, Analyst (London) 84:135 (1959).
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TABLE 1.14 Acid Digestion Bomb-Loading Limits

Minimum and maximum
volume of nitric acid to be

Bomb capacity, Maximum inorganic Maximum organic used with an organic
mL sample, g sample, g sample, mL
125 5.0 0.5 12-15
45 2.0 0.2 5.0-6.0
23 1.0 0.1 2.5-3.0

Another recommended procedure'® is to weigh about 5 g of sample into an Erlenmeyer flask of
suitable size so that some frothing can be tolerated. The sample is treated with 10 to 20 mL water, 5
to 10 mL nitric acid, and 0.5 mL sulfuric acid. The mixture is carefully evaporated on a hot plate to
incipient fumes of sulfuric acid. If the solution is still dark or yellow, small portions of nitric acid
should be added to clear the solution. Then the solution is evaporated to dryness (SO5) fumes. If the
residue is not white, the treatment with nitric acid is repeated. Finally, two or three additions of 2 to
3 mL of distilled water are evaporated to eliminate nitrosylsulfuric acid. A number of elements may
be volatilized at least partially by this procedure, particularly if the sample contains chlorine; these
were enumerated in Sec. 1.7.1.1.

1.7.2.2  Acid-Vapor Digestion. In a closed reaction chamber, the sample in a sample cup is held
above the acid(s) in the chamber. Only the acid vapors reach the sample in its container. Trace impu-
rities in the liquid reagent will not contaminate the sample, thus leading to considerably lower
blanks. Some materials may not be fully dissolved by acid digestion at atmospheric pressure.

1.7.2.2.1 Acid Digestion Bomb. A sealed pressure vessel lined with Teflon offers an alter-
native method of preparing samples for analysis. The pressure vessel holds strong mineral acids or
alkalies at temperatures well above normal boiling points. Often one can obtain complete digestion
or dissolution of samples that would react slowly or incompletely when conducted in an open con-
tainer at atmospheric pressure. Samples are dissolved without losing volatile trace elements and
without adding unwanted contaminants from the container. Ores, rock samples, glass, and other
inorganic samples can be dissolved rapidly by using strong mineral acids such as HF, HCI, H,SO,,
HNO;, and aqua regia. In all reactions the bomb must never be completely filled as there must
always be adequate vapor space above the surface of the charge (sample plus digestion medium).
The total volume of the charge must never exceed two-thirds of the capacity of the bomb when
working with inorganic materials.

Many organic materials can be treated satisfactorily in these digestion bombs but careful atten-
tion must be given to the nature of the sample and to possible explosive reactions with the digestion
media. For nitric acid digestions or organic compounds, the dry weight of organic material must not
exceed the limits in Table 1.14. Note that both minimum and maximum amounts of acid are speci-
fied. If the sample contains less than the specified maximum amount of dry organic matter, the
amount of nitric acid must be reduced proportionately. Fats, fatty acids, glycerol, and similar materi-
als that form explosive compounds in an intermediate stage must not be treated with nitric acid in
these bombs. When feasible, users should always try nitric acid alone and resist the temptation to
add sulfuric acid as often done in wet digestions.

Caution Do not use perchloric acid in these bombs because of its unpredictable behavior when heated in a
closed vessel. Also avoid any reaction that is highly exothermic or that might be expected to release large vol-
umes of gases. Do not overheat the bomb; generally the temperature is held below 150°C. Operating temper-
atures and pressures up to a maximum of 250°C and 1800 pounds per square inch (psi) are permitted in bombs
with a thick-walled Teflon liner with a broad, flanged seal. Safety rupture disks protect the bomb and the oper-
ator from the hazards of unexpected or dangerously high internal pressures.

19 G. Middleton and R. E. Stuckey, Analyst (London) 53:138 (1954).
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1.7.2.3 Decomposition of Samples by Fluxes. A salt fusion is performed by mixing a sample
with salts (the flux), melting the mixture with heat, cooling it, and finally, dissolving the solidified
melt. Flux fusion is most often used for samples that are difficult to dissolve in acid. Quite a num-
ber of common substances—such as silicates, some of the mineral oxides, and a few of the iron
alloys—are attacked slowly, if at all, by the usual liquid reagents. Recourse to more potent fused-salt
media, or fluxes, is then called for. Fluxes will decompose most substances by virtue of the high tem-
perature required for their use and the high concentration of reagent brought in contact with the sam-
ple. The basic requirement in a sample to be fused is chemically bound oxygen, as present in oxides,
carbonates, and silicates. Sulfides, metals, and organics cannot be successfully fused unless they are
first oxidized.

Where possible, the employment of a flux is usually avoided, for several dangers and disadvan-
tages attend its use. In the first place, a relatively large quantity of the flux is required to decompose
most substances—often 10 times the sample weight. The possibility of significant contamination of
the sample by impurities in the reagent thus becomes very real.

Furthermore, the aqueous solution resulting from the fusion will have a high salt content, and this
may lead to difficulties in the subsequent steps of the analysis. The high temperatures required for
fusion increase the danger of loss of pertinent constituents by volatilization. Finally, the container in
which the fusion is performed is almost inevitably attacked to some extent by the flux; this again can
result in contamination of the sample.

In those cases where the bulk of the substance to be analyzed is soluble in a liquid reagent and only
a small fraction requires decomposition with a flux, it is common practice to employ the liquid reagent
first. The undecomposed residue is then isolated by filtration and fused with a relatively small quan-
tity of a suitable flux. After cooling, the melt is dissolved and combined with the rest of the sample.

1.7.2.3.1 Sample Fusion. In order to achieve a successful and complete decomposition of a
sample with a flux, the solid must ordinarily be ground to a very fine powder; this will produce a
high specific surface area. The sample must then be thoroughly mixed with the flux in an appro-
priate ratio (usually between 1:2 and 1:20), perhaps with the addition of a nonwetting agent to pre-
vent the flux from sticking to the crucible. This operation is often carried out in the crucible in which
the fusion is to be done by careful stirring with a glass rod.

In general, the crucible used in a fusion should never be more than half-filled at the outset. The
temperature is ordinarily raised slowly with a gas flame because the evolution of water and gases is
a common occurrence at this point; unless care is taken there is the danger of loss by spattering. The
crucible should be covered with its lid as an added precaution. The maximum temperature employed
varies considerably and depends on the flux and the sample. It should be no greater than necessary
in order to minimize attack on the crucible and decomposition of the flux. It is frequently difficult to
decide when the heating should be discontinued. In some cases, the production of clear melt serves
to indicate the completion of the decomposition. In others the condition is not obvious and the ana-
lyst must base the heating time on previous experience with the type of material being analyzed. In
any event, the aqueous solution from the fusion should be examined carefully for particles of the
unattacked sample.

When the fusion is judged complete, the mass is allowed to cool slowly; then just before solidi-
fication the crucible is rotated to distribute the solid around the walls of the crucible so that the thin
layer can be readily detached.

The Spex-Claisse Fusion Fluxers® are automated borate fusion devices that are capable of simul-
taneously preparing in 5 to 10 min up to six samples either as homogeneous glass disks for x-ray flu-
orescence or as solutions for induction coupled plasma—atomic absorption. Each sample is heated
with a borate flux in a Pt—Au crucible over a propane or butane flame (1100°C). As the flux melts,
the crucible rocks back and forth or rotates. Preset fluxing programs are completely adaptable to par-
ticular applications with programmable heat level, agitation speed, and time for each step of every
program. A nonwetting agent injector prevents flux sticking to crucibles. An optional oxygen injec-
tor maintains an oxidizing atmosphere in crucibles. The crucible is then emptied into a preheated
mold or to a beaker of stirred dilute mineral acid. If a mold is being used, cooling fans anneal the
glass disk. In solution preparation, the bead of molten flux shatters when it hits the dilute acid and
is dissolved after several minutes of stirring.

®
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Graphite crucibles are a cost-effective alternative to metal crucibles. Graphite crucibles are dis-
posable, which eliminates the need for cleaning and the possibility of cross-sample contamination.
These crucibles are chemically inert and heat-resistant, although they do oxidize slowly above
430°C; over a period of hours some erosion of the crucible can occur. Graphite is not recommended
for extremely lengthy fusions or for fusion where the sample might be reduced.

Platinum crucibles may be cleaned by (a) boiling HCI, (b) sea sand with hand cleaning, and (c)
blank fusion with sodium hydrogen sulfate. Chemicals to avoid are aqua regia, sodium peroxide, free
elements (C, P, S, Ag, Bi, Cu, Pb, Zn, Se, and Te), ammonia, chlorine and volatile chlorides, sulfur
dioxide, and gases with carbon content.

Zirconium crucibles are cleaned with boiling HCI or compatible blank fusions. HF must be
absent and ceramic fusions should be avoided.

1.7.2.4 Types of Fluxes.

The common fluxes used in analysis are listed in Table 1.15. Basic fluxes,

employed for attack on acidic materials, include the carbonates, hydroxides, peroxides, and borates.

TABLE 1.15 The Common Fluxes

Fusion Types of
temperature, crucible used
Flux °C for fusion Types of substances decomposed
Na,CO; (mp* 851°C) 1000-1200 Pt For silicates and silica-containing samples
(clays, glasses, minerals, rocks, and
slags); alumina-, beryllia-, and
zirconia-containing samples; quartz;
insoluble phosphates and sulfates
K,CO, (mp 901°C) 1000 Pt For niobium oxide
Na,CO, plus Na,O, Pt (not with Na,0,),  For samples needing an oxidizing agent
Ni, Zr, AIZO3 (sulfides, ferroalloys, Mo- and W-based
ceramic materials, some silicate minerals and
oxides, waxes, sludge, Cr3C2)
NaOH or KOH Au (best), Ag, Ni For silicates, silicon carbide, certain
(mp 320-380°C) (<500°C) minerals
Na,O, 600 Ni; Ag, Au, Zr For sulfides, acid-insoluble alloys of Fe,

K,S,0, (mp 300°C)

KHF, (mp 239°C)

B,O,(mp 577°C)

CaCO, + NH,Cl

LiBO, (mp 845°C)

Li,B,0, (mp 920°C)

Up to red heat

900

1000-1100

1000-1100

1000-1100

Pt, porcelain

Pt

Pt

Graphite, Pt

Graphite, Pt

Ni, Cr, Mo, W, and Li; Pt alloys; Cr,
Sn, and Zn minerals

Acid flux for insoluble oxides and
oxide-containing samples, particularly
those of aluminum, beryllium, tantalum,
titanium, and zirconium

For silicates and minerals containing
niobium, tantalum, and zirconium, and
for oxides that form fluoride complexes
(beryllium, niobium, tantalum, and
zirconium)

For silicates, oxides and refractory
minerals, particularly when alkalies are
to be determined

For decomposing all classes of silicate
minerals, principally for determination
of alkali metals

For almost anything except sulfides and
metals

Same as for LiBo,

*mp denotes melting point.
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TABLE 1.16 Fusion Decompositions with Borates in Platinum or Graphite Crucibles

Sample Elements Fusion
Sample type amount, g Fusion mixture determined conditions
Blends of Al,O,, 1.25 3.15 g B,0, + Li,CO, Na 1200°C
Si0,, TiO,, MnO, (1.75-1.4 g)
SrO, Ca0O, MgO
2 9 g H;BO; + Li,CO, Ca, Fe, Mn, 1 h; 1000°C
(6.2-2.8 ) SiTi, V, Zn
Organic polymers 1 NaF:Na,B,0,-10H,0 Si Heat at 750°C
(0.05:0.2) before fusing
Yttrium oxalate 1 Same as above (9:1) Y 1050°C
Zr/Y oxides 1 Same as above (9:1) Al, Fe, Si, Ti, Y Use high heat
Zinc sulfide 1 Same as above (1:10) Ag, Co Treat sample with
HNO; and fire at
750°C for 30 min
to remove S
before fusing
Mixtures of Ba, Ce, 1 NaF:N212CO3 :Na,B 4O7~ 1050°C
Mg, and Sr 10H,0 (1:5:10)
aluminates
Silicates 0.1 05¢g LiBO2 Ba, Sr 10 min; 950°C
0.65 1.95 ¢ H,BO, + Major components  1050°C
Li,CO, (1.3-0.65 )
Cement manufacture, Li,B,0, F 15 min; 1000°C
raw materials
Slags 0.1-0.2 1 g LiBO, Al, Cu, Fe, Si, Zn 10 min; 900°C
Silica (1 part) 6-9 parts Li,B,0, Fe 15 min; 1200°C
CaF,, Na,AlF,, 0.1-1 2 g Li,B,0, F 10 min; 1000°C
apatite, dust
Si0,/Al,Oy—raw 0.5 4 ¢ H;BO; + Li,CO, Na, K Fusion for few min,

and manufactured
materials

then 5 min with
high heat

The acidic fluxes are the pyrosulfates, the acid fluorides, and boric oxide. Fluxes rich in lithium
tetraborate are well suited for dissolving basic oxides, such as alumina. Lithium metaborate or a mix-
ture of metaborate and tetraborate (Table 1.16), on the other hand, is more basic and better suited for
dissolving acidic oxides such as silica or titanium dioxide, although it is capable of dissolving nearly
all minerals.

The lowest melting flux capable of reacting completely with a sample is usually the optimum flux.
Accordingly, mixtures of lithium tetraborate, with the metaborate or carbonate, are often selected.

If an oxidizing flux is required, sodium peroxide can be used. As an alternative, small quantities
of the alkali nitrates or chlorates are mixed with sodium carbonate.

Boric oxide has one great advantage over all other fluxes in that it can be completely removed by
volatilization as methyl borate by using methanol saturated with dry hydrogen chloride. It is non-
volatile and therefore can displace volatile acids in insoluble salts such as sulfates.

High-purity lithium metaborate or tetraborate is obtainable, which minimizes contamination from
the flux. The entire fusion process seldom takes longer than 25 min, and is usually only 15 min. An
exception is aluminum oxide minerals, which require 1 h.

1.7.3 Decomposition of Organic Compounds

Analysis of the elemental composition of an organic substance generally requires drastic treatment
of the material in order to convert the elements of interest into a form susceptible to the common
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analytical techniques. These treatments are usually oxidative in nature, involving conversion of the
carbon and hydrogen of the organic material to carbon dioxide and water. In some instances, how-
ever, heating the sample with a potent reducing agent is sufficient to rupture the covalent bonds in
the compound and free the element to be determined from the carbonaceous residue.

Oxidizing procedures are sometimes divided into two categories. Wet-ashing (or oxidation) makes
use of liquid oxidizing agents. Dry-ashing usually implies ignition of the organic compound in air or
a stream of oxygen. In addition, oxidations can be carried out in certain fused-salt media, sodium
peroxide being the most common flux for this purpose.

1.7.3.1 Oxygen Flask (Schininger) Combustion.*>*' A relatively straightforward method for
the decomposition of many organic substances involves oxidation with gaseous oxygen in a sealed
container. The reaction products are absorbed in a suitable solvent before the reaction vessel is
opened. Analysis of the solution by ordinary methods follows.

A simple apparatus for carrying out such oxidation has been suggested by Schoninger. It consists
of a heavy-walled flask of 300- to 1000-mL capacity fitted with a ground-gass stopper. Attached to
the stopper is a platinum-gauze basket that holds from 2 to 200 mg of sample. If the substance to be
analyzed is a solid, it is wrapped in a piece of low-ash filter paper cut with a tail extending above the
basket. Liquid samples can be weighed in gelatin capsules that are then wrapped in a similar fash-
ion. A tail is left on the paper and serves as an ignition point (wick).

A small volume of an absorbing solution is placed in the flask, and the air in the container is
then displaced by allowing tank oxygen to flow into it for a short period. The tail of the paper is
ignited, and the stopper is quickly fitted into the flask. The container is then inverted to prevent
the escape of the volatile oxidation products. Ordinarily the reaction proceeds rapidly, being cat-
alyzed by the platinum gauze surrounding the sample. During the combustion, the flask is kept
behind a safety shield to avoid damage in case of an explosion. Complete combustion takes place
within 20 s.

After cooling, the flask is shaken thoroughly and disassembled; then the inner surfaces are rinsed
down. The analysis is then performed on the resulting solution. This procedure has been applied to
the determination of halogens, sulfur, phosphorus, arsenic, boron, lanthanides, rhenium, germanium,
and various metals in organic compounds. When sulfur is to be determined, any sulfur dioxide
formed in the Schoninger combustion is subsequently oxidized to sulfur trioxide (actually sulfate)
by treatment with hydrogen peroxide.

1.7.3.2  Peroxide Fusion. Sodium peroxide is a powerful oxidizing reagent that, in the fused
state, reacts rapidly and often violently with organic matter, converting carbon to the carbonate, sul-
fur to sulfate, phosphorus to phosphate, chlorine to chloride, and iodine and bromine to iodate and
bromate. Under suitable conditions the oxidation is complete, and analysis for the various elements
may be performed upon an aqueous solution of the fused mass.

Once started (Parr method??), the reaction between organic matter and sodium peroxide is so
vigorous that a peroxide fusion must be carried out in a sealed, heavy walled, steel bomb. Sufficient
heat is evolved in the oxidation to keep the salt in the liquid state until the reaction is completed.
Ordinarily the reaction is initiated by passage of current through a wire immersed in the flux or by
momentarily heating the bomb with a flame.

The maximum size for a sample that is to be fused is perhaps 100 mg. The method is more suit-
able to semimicro quantities of about 5 mg. The recommended sample size for various bombs is
shown in Table 1.17. Combustion aids and accelerators are listed in Table 1.18.

One of the main disadvantages of the peroxide-bomb method is the rather large ratio of flux to
sample needed for a clean and complete oxidation. Ordinarily an approximate 200-fold excess is
used. The excess peroxide is subsequently decomposed to hydroxide by heating in water. After neu-
tralization, the solution necessarily has a high salt content.

20 M. E. McNally and R. L. Grob, “Oxygen Flask Combustion Technique,” Am. Lab.:31 (January 1981).
21 A. M. G. MacDonald, Analyst (London) 86:3 (1961).
22 Parr Instrument Company, Peroxide Bomb—Apparatus and Methods, Moline, Illinois.
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TABLE 1.17 Maximum Amounts of Combustible Material Recommended
for Various Bombs

Bomb size, Maximum total combustible Accelerator, Sodium peroxide,
mL matter, g g g
22 0.5 1.0 15.0
8 0.2 0.2 4.0
2.5 0.085 0.1 1.5

Sodium peroxide is a good flux for silicates when sodium carbonate is ineffective and contami-
nation from the crucible is permissible. It is very effective with ferrochrome, ferrosilicon, and fer-
roalloys that may not be attacked by acids. Chromium in chromite ore is oxidized to chromate(VI).

1.7.3.3 Oxygen-Hydrogen Burning.*»** An oxygen-hydrogen flame (2000°C) decomposes
organic material that has been previously vaporized and swept into the flame chamber. The gaseous
decomposition products are absorbed in dilute alkali (with hydrogen peroxide added to convert any
sulfur to sulfate).

1.7.3.4 Low-Temperature Oxygen Plasma.”> Reactive oxygen generated with a microwave or radio-
frequency excitation source decomposes oxidizable organic compounds at a low temperature (25 to
300°C) but at a slow rate of milligrams per hour, which is a major disadvantage. It is useful for trace-
metal analysis in polymers, biological specimens, and petrochemical residues.

1.7.3.5 Wet-Ashing Procedures. Wet-ashing methods are usually preferred when decomposing
organic matrices for subsequent determination of trace metals. Solution in a variety of strong oxi-
dizing agents will decompose samples. The main consideration associated with the use of these
reagents is preventing volatility losses for the elements of interest. For the volatile elements, disso-
lution must be effected under reflux conditions. Use a 125-mL quartz flask fitted with a quartz con-
denser filled with quartz beads.

1.7.3.5.1 Van Slyke Method. The Van Slyke wet-ashing method?*-2® oxidizes organic samples
with iodic(V) acid and chromic(VI) acid in a mixture of sulfuric and phosphoric acids. The method
has had wide application in determining carbon. The evolved CO, is absorbed in alkali and subse-
quently determined.

1.7.3.5.2  Use of Sulfuric Acid. ~One wet-ashing procedure is the Kjeldahl method for the deter-
mination of nitrogen in organic compounds. Here concentrated sulfuric acid is the oxidizing agent.

23 R. Wickbold, Angew. Chem. 66:173 (1954).

24 P, E. Sweetser, Anal. Chem. 28:1768 (1956).

25 J. R. Hollahan and A. T. Bell, eds., Techniques and Applications of Plasma Chemistry, Wiley, New York, 1974.
26 A. Steyermark, Quantitative Organic Microanalysis, 2d ed., Academic, New York, 1961.

27 D. D. Van Slyke, Anal. Chem. 26:1706 (1954).

28 E. C. Horning and M. G. Horning, Ind. Eng. Chem. Anal. Ed. 19:688 (1947).

TABLE 1.18 Combustion Aids for Accelerators*

Element Accelerator, g Sample, g Aid (sucrose), g
S 1.0 KCIO, 0.1-0.5 0.4-0.00
ClL, Br, 1 1.0 KNO,¥ 0.2-0.4 0.3-0.1

B 1.0 KCIO, 0.1-0.3 0.4-0.2

Si 1.0 KCI10, 0.1-0.3 0.4-0.2

Se 1.0 KNO, 0.1-0.3 0.4-0.2

P 1.0 KNO, 0.1-0.3 0.4-0.2

*Flame ignition, 22-mL bomb; 15 g sodium peroxide.
TKNO, must be used with care as it may form an explosive mixture.
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This reagent is also frequently employed for decomposition of organic materials through which
metallic constituents are to be determined. Commonly, nitric acid is added to the solution periodi-
cally to hasten the rate at which oxidation occurs. A number of elements may be volatilized, at least
partially, by this procedure, particularly if the sample contains chlorine; these include arsenic, boron,
germanium, mercury, antimony, selenium, tin, and the halogens. Organic material is decomposed with
a mixture of sulfuric acid and 30% hydrogen peroxide without loss of arsenic, antimony, bismuth,
germanium, gold, mercury, or silver in the absence of halogen.” In the presence of halogen the reaction
must be carried out with a reflux condenser or liquid trap to avoid loss. Up to 100 mg of sample is placed
in the flask, 5 to 10 mL of 15% fuming sulfuric acid is added, and the mixture is warmed gently. While
the flask is swirled, 1 to 10 mL of 30% hydrogen peroxide is added dropwise down the sides of the
flask as oxidation takes place and until the liquid becomes light yellow or clear. The heat is then
increased until heavy fumes of SO, appear.

Transfer a suitable sample to a quartz beaker, and treat it with 5 mL of water and 10 mL nitric
acid. Digest tissues overnight with the beaker covered; other material may take less digestion. Cool;
add 5 mL of sulfuric acid and evaporate to fumes of sulfuric acid. Cover the beaker and add nitric
acid dropwise to the hot solution to destroy any residual organic matter. Transfer the solution to a
Teflon fluorinated ethylene-propylene (FEP) beaker along with any remaining siliceous material.
Add 1 mL of hydrofluoric acid and evaporate the solution to fumes of sulfuric acid.

1.7.3.5.3  Use of Perchloric Acid—Nitric Acid Mixtures. The use of perchloric acid with nitric acid
or nitric acid—sulfuric acid for the decompositions of organic materials has been described.’*32 A good
deal of care must be exercised in using a mixture of perchloric acid and nitric acid. Explosion can be
avoided by starting with a solution in which the perchloric acid is well diluted with nitric acid and not
allowing the mixture to become concentrated in perchloric acid until the oxidation is nearly complete.
Properly carried out, oxidations with this mixture are rapid and losses of metallic ions negligible.

Caution This mixture should never be used to decompose pyridine and related compounds.

An alternative method involves nitric acid, perchloric acid, and sulfuric acid. The sample is heated
with nitric acid in order to oxidize the more reactive matrix constituents without incurring an overly
vigorous reaction. A mixture of sulfuric acid and perchloric acid is added and the digestion completed
at about 200°C. Most of the nitric acid is boiled off in the second step. Sulfuric acid raises the reaction
temperature so that the less reactive constituents are digested by the perchloric acid and dilutes the per-
chloric acid in the final solution so as to prevent the possible formation of explosive conditions.

1.7.3.6 Dry-Ashing Procedure. The simplest method for decomposing an organic sample is to
heat it with a flame in an open dish or crucible until all the carbonaceous material has been oxidized
by the air. A red heat is often required to complete the oxidation. Analysis of the nonvolatile com-
ponents is then made after solution of the residual solid. A great deal of uncertainty always exists
with respect to the recovery of supposedly nonvolatile elements when a sample is treated in this man-
ner. Some losses probably arise from the mechanical entrainment of finely divided particular matter
in the hot convection currents around the crucible. Volatile metallic compounds may be formed dur-
ing the ignition. Elements that may be lost in dry-ashing at 600°C include Ag, Au, As, B, Be, Cd, Cr,
Co, Cs, Cu, Fe, Ge, Hg, Ir, K, Li, Na, Ni, P, Pb, Pd, Pt, Rb, Rh, Sb, Se, Sn, Tl, V, and Zn.33-3*

The dry-ashing procedure is the simplest of all methods for decomposing organic compounds. It
is often unreliable and should not be employed unless tests have been performed that demonstrate its
applicability to a given type of sample.

2 D. L. Talbern and E. F. Shelberg, Ind. Eng. Chem. Anal. Ed. 4:401 (1932).

30 G. F. Smith, The Wet Oxidation of Organic Compounds Employing Perchloric Acid, G. Frederick Smith Chemical Co.,
Columbus, Ohio, 1965.

31 A. A. Schilt, Perchloric Acid and Perchlorates, G. Frederick Smith Chemical Co., Columbus, Ohio, 1979.

32 H. Diehl and G. F. Smith, Talanta 2:209 (1959).

3 R. E. Thiers, in D. Glick, Ed., Methods of Biochemical Analysis, Interscience, New York, 1957, Chap. 6.

3 T. T. Gorsuch, Analyst (London) 84:135 (1959).
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1.7.3.6.1 Low-Temperature Dry-Ashing. This method is a departure from traditional tech-
niques of sample decomposition. The oxidizing agent is a stream of excited high-purity oxygen that
is produced in a high-frequency electromagnetic field. This method permits controlled ashing of
samples in which quantitative retention of inorganic elements and retention of mineral structure is
critical. Reagent contamination is eliminated.

1.7.4 Microwave Technology3°

Microwave digestion of samples in closed containers has proven to be at least four times faster than
the hot-plate method from which it was derived; in some cases it is hundreds of times faster. One of
the most revolutionary aspects of microwave dissolution is the ease with which it can be automated
relative to traditional flame, hot-plate, and furnace dissolution techniques.

Microwave digestion is cleaner, more reproducible, more accurate, and freer from external con-
tamination. Extraction of impurities from the containment vessel is minimized because digestions
are done in Teflon perfluoroalkoxy. Little or no acid is lost during digestion in a closed vessel so
that additional portions of acid may not be required, again lowering the blank correction. Airborne
particles cannot enter a sealed vessel, and cross-sample contamination caused by splattering is
eliminated. Many samples can be digested directly without first being fused or ashed. This speeds
analysis and reduces background contamination from the flux and potential loss of volatile elements.

1.7.4.1 Heating Mechanism. Liquids heat by two mechanisms—dipole rotation and ionic con-
duction. Polar molecules will tend to align their dipole moments with the microwave electric field.
Because the field is changing constantly, the molecules are rotated back and forth, which causes
them to collide with other nearby molecules. lons in solution will tend to migrate in the presence of
a microwave electric field. This migration causes the ions to collide with other molecules. Heat is
generated when molecules or ions collide with nearby molecules or ions.

The amount of energy absorbed by the vessel contents and the power delivered are critical factors.
Normally, the microwave magnetron is initially calibrated to determine these parameters and to optimize
their roles during dissolution. Calibration of the microwave magnetron requires the use of 1 L of water in
a Teflon or similar plastic beaker for 2 min at full power (at least 600 W); the initial and final tempera-
tures of the water are measured.*® For deionized water, the microwave power P in cal-s™! is given by

P =34.87 (AT) (1.10)

The water must be stirred vigorously after removal from the microwave cavity to disperse localized
superheating. The temperature must be measured to an accuracy of 0.1°C and the final temperature
must be measured within 30 s after heating. To ensure linearity between absorbed power versus
applied power, the microwave method requires that a calibration of the microwave magnetron be
conducted at two levels, 40% and 100% power, and also requires the use of a laboratory-grade
microwave oven with programmable power settings up to at least 600 W.

1.7.4.2 Low-Pressure Microwave Digestion. A pressure-control module is used in the low-pres-
sure microwave digestion.3” Time and power can be independently programmed in up to three stages.
Power settings from 0% to 100% in 1% increments allow precise control. The turntable within the
microwave oven accepts 12 digestion vessels and rotates at 6 revolutions per minute (r/min) to ensure
uniform heating. The Teflon PFA vessels are much more sophisticated than the Carius tubes. The caps,
which are screwed onto the canister with a torquing device, are designed to vent the container safely
in case of excessive internal pressure. The vials stay sealed up to a pressure of 120 psi (830 kPa).

35 H. M. Kingston and L. B. Jassie, Introduction to Microwave Sample Preparation: Theory and Practice, American
Chemical Society, Washington, D. C., 1988.

36 H. M. Kingston and L. B. Jassie, eds., Introduction to Microwave Sample Preparation: Theory and Practice, American
Chemical Society, Washington, D. C., 1988, Chap. 6; M. E. Tatro; “EPA Approves Closed-Vessel Microwave Digestion for CLP
Laboratories,” Spectroscopy 5[6]:17 (1990).

37 A. C. Grillo, “Microwave Digestion Using a Closed-Vessel System,” Spectroscopy, 5[1]:14, 55 (1989).

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)

Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



PRELIMINARY OPERATIONS OF ANALYSIS

PRELIMINARY OPERATIONS OF ANALY SIS 1.39

TABLE 1.19A Typical Operating Parameters for Microwave Ovens

Reagent
volume, Pressure, Time,
Sample Amount Reagent mL psi min
Ash, paper 0.1g HCI1 : HF (7 : 3) 10 160 5
HNO, 3
Cellulose filter e HNO,: H,0(1: 1) 10 160 12
Cement 0.1g HNO,: HBF,(1: 1) 5 160 7
2.5mL + 2.5 mL 2
(100% power)
Sediment lg HNO,: H,0(1:1) 20 50 10
160 30
Sludge lg HNO,: H,O(1 : 1) 20 30 20
60 10
180 15
Waste water 50 mL HNO, 5 160 20
TABLE 1.19B Typical Operating Parameters for Microwave Ovens (Continued)
Sample Amount Reagent Time Power, W
Diabase and basalt 0.1g HNO, 5 min 300 W
+ 1 mL HF 1h *
Oil shale 0.lg 3 mL HNO, + 1 mL H,0, 4 x 7 min 300 W
4 mL HF + 1 mL HCIO, 3 X 7 min 300 W
2 min 600 W
0.5 min 900 W
Hay 05¢g 4 mL HNO, 3-5x 1 min 300 W
7 min 300 W
2 min 600 W

* Increase power gradually up to 600 W.

Above this the vessels will relieve pressure and vent fumes into a common collection vessel.
Representative sample sizes, digestion acids, and times are listed in Table 1.19.

1.7.4.3 Methodology. When developing a digestion method, start with a small quantity of sam-
ple and acid apply microwave energy at varying levels for enough time to digest the sample. The con-
tainer must be fabricated from microwave-transparent polymer material. The sample is considered
digested when no visible solid remains and when the solution remains clear upon dilution.® The
pressure generated in the digestion vessel is observed by a pressure monitor and compared to a value
chosen by the user. If pressure in the digestion vessel exceeds the user-selected value, the pressure
controller will regulate the magnetron, switching it on and off at a rate that will maintain pressure at
or below the set value. This enables the use of full microwave power for a given time and leaves the
system unattended to complete the digestion.

Inorganic materials including metals, water and waste water, minerals, and most soils and sedi-
ments are easily digested in acids without generating large amounts of gaseous by-products. On the
other hand, samples containing a high percentage of organic material produce copious amounts of

L. B. Gilman and W. G. Engelhart, “Recent Advances in Microwave Sample Preparation,” Spectroscopy 4[8]:14
(1989).
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gaseous reaction by-products. Many organic materials require high temperatures to digest thoroughly
in acid (without being dry-ashed first).

Pressure developed in a sealed vessel when microwaved can rise with dramatic suddenness. The
reaction becomes exothermic above a temperature ranging from 140 to 160°C for nitric acid, the usual
solvent for organic materials. When digestion is incomplete after microwaving for 15 min, the vessel
is cooled, vented of gaseous by-products, and resealed. This heating, cooling, and venting cycle is
repeated until a clear solution is produced that does not cloud upon dilution with water.>

As many as 12 samples can be digested simultaneously when using 120-mL vessels. When this
size vessel is too large, particularly with biological samples when the volume of acid needed is less
2 mL, smaller size vessels (3 and 7 mL) are used. Up to three of the 3-mL or two of the 7-mL ves-
sels are placed inside a 120-mL vessel that acts as a safety containment chamber for the sealed
containers. For the smaller containers the maximum sample size and acid volume that can be used are
30 mg and 1.5 mL for the 3-mL vessels, and 70 mg and 3.5 mL for the 7-mL vessels, respectively. A
double-walled vessel design permits greater heat retention and venting at 200 psi [10 343 mmHg
(at 0°C); 13.61 atm; 1 378 951 Pa (N-m?)].

At temperatures above 250°C, virtually all polymeric materials begin to melt, flow, lose strength,
or decompose. However, higher temperatures are required for digestion of some organic materials
(such as polyimides) and many ceramics. For these types of samples, a ceramic turntable is inserted
into the microwave oven to support open borosilicate, quartz, and vitreous carbon containers.

1.7.4.4 Dry-Ashing. The ashing block (a ceramic insert) is an accessory that absorbs microwave
energy and quickly heats to a high temperature. This, in combination with the microwave energy
absorbed directly by the sample, allows rapid dry-ashing of most materials in 8 to 10 min at tem-
peratures up to 800°C.

1.7.4.5 Microwave Bomb.** The microwave bomb uses a microwave-transparent polymer shell
with an internal Teflon (polytetrafluoroethylene, PTFE) reaction vessel. It is designed to withstand
internal pressures of more than 1200 psi (81.66 atm) [actually up to 1700 psi (115.7 atm) with the
lower value recommended to provide a margin between planned maximum pressure and venting
pressure], and internal temperatures of more than 200°C. The internal pressure can be monitored by
measuring the distance in which the pressure screw protrudes from screw cap. The internal capacity
is 23 mL. Complete reaction times to less than 1 min are claimed for many samples.

Do a trial digestion with about a 0.1-g sample, assuming detection limits are adequate with this
size sample. A larger sample size may be more representative of the overall sample and may yield
better precision and lower detection limits. However, it will also lead to the formation of higher gas
pressure during digestions. Therefore, it may cause a maximum pressure buildup before the sample
is digested. The larger sample also decreases the acid-to-sample ratio. Sample rotation during
microwaving will avoid potential hot-spot heating.

An obvious disadvantage is the fact that the vessel is not transparent and complete digestion is
difficult to ascertain. Also the vessel is potentially more dangerous due to high pressures.

1.7.4.6 Focused Open-Vessel System.*! A microwave digestion system without an oven consists
of a magnetron to generate microwaves; a waveguide to direct and focus the microwave; and a cav-
ity to contain the sample. The open-vessel design means that there will be no pressure buildup in
the vessel during the digestion process and reagents may be added during the digestion program.
Relatively large amounts, up to 10 g for solids and 50 to 100 mL for liquids (Spex 7400 and up to
20 g in the Questron Maxidigest unit), can be digested, while excess acid vapors and decomposi-
tion gases are removed with an aspirator. The action of focused microwaves causes solutions to
reach high temperatures faster than with a conventional hot-plate or block-type digester. The
microwaves also generate a mechanical agitation that aids in the dissolution of a sample. Times for

39'W. Lautenschlaeger, “Microwave Digestion in a Closed-Vessel, High-Pressure System,” Spectroscopy 4[9]:16 (1989).

40 B. D. Zehr and M. A. Fedorchak, “Microwave Acid Digestion of Inorganics Using a Bomb Vessel,” Am. Lab. 1991:40
(February).

41 A. C. Grillo, “Microwave Digestion by Means of a Focused Open-Vessel System,” Spectroscopy 4 [7]:16 (1989).
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complete digestion average 10 to 30 min. Samples are run in 250-mL borosilicate glass digestion
tubes. The system can be totally automated. The microwave energy is directed only at that portion
of the vessel that is in the path of the focused microwaves. The neck of the vessel and the reflux
unit are not within the energy flow. They remain cool and thereby ensure a refluxing action that
allows the system to operate just like an ordinary everyday hot plate but with much greater energy
input and superior reproducibility. Samples may be removed at any time during a digestion to
inspect the progress visually.

The system retains all elements, even mercury and selenium. The reflux action allows hands-off
addition of reagents between (and in some cases during) heating cycles. When there are requirements
for digesting many different types of samples, when it is important to reduce the cost of labor along
with its safety and insurance consequences, and when one wishes to have the digestion procedure
match the precision and reproducibility of the analysis, then the focused, open-vessel concept should
be considered.

1.7.4.7 Microwave Muffle Furnace. The microwave muffle furnace heats a wide variety of
materials at temperatures up to 1200°C. Many materials are ashed in 5 to 10 min. Other uses include
drying, fusions, loss on ignition, wax burnouts, and heat-treating processes. Results are equivalent to
those obtained using conventional muffle furnaces. A temperature controller monitors temperature
and switches microwave power on and off to maintain selected temperatures to within £3°C. An
exhaust system removes smoke, vapors, and gases produced inside the furnace.

A quartz fiber crucible accelerates the ashing process. The porous material rapidly cools and
allows many sample types to be reweighed in 60 s or less after removal from the furnace. Crucibles
fabricated of ceramic, graphite, and platinum also can be used.

1.75 Other Dissolution Methods

Before leaving the discussion of dissolution methods, two additional means for dissolving particular
types of samples should be mentioned. Dissolution with complexing agents is treated in Table 1.20,

TABLE 1.20 Dissolution with Complexing Agents

Substance; amount Complexing agent
AgCl; 2 g 20 mL concentrated NH,
Agl; 0.07 g 15 mL 9M NH,SCN + 3 mL of 3% NH,OH-HCI
AgCl, AgBr, Agl; 1 g 10 mL 4.5M K1
Ag halides; 10-300 mg K;[Ni(CN),] (spatula tip) + 7M NH,
Ag,PO,; 40-600 mg 0.1M K,[Ni(CN),] (excess)
BaSO4; 10-120 mg 0.02M EDTA* in excess
BaSO,; 2-6 mg 10 mL 0.01M EDTA + 150 mL 0.4M NH,
CaCOy; in 1 g fluorspar 10 mL 0.05M EDTA + 10 mL water
concentrate
GeO, (hexagonal); 2 g 50 mL NaK tartrate (20% w/v)
HgS; 0.37-1.12 g 5 mL HI (§7%) per g HgS
HgS (cinnabar); 0.25—1 mg Na,S solution (360 g Na,S, 9 H,0 + 10 g NaOH/liter; excess)
PbSO,; 30-100 mg sulfates 5 portions 5 mL 3M ammonium acetate (extraction from alkaline earth)
Basic lead sulfate; 1 g 30 mL ammonium acetate solution (30% w/v)
PbCO; (cerussite); 1 g Ammoniacal ascorbic acid
PbMoO,; 1 g 25 mL NaK tartrate solution (50%)
RaSO, 3-5% ammoniacal EDTA solution with boiling
Se; 0.5-1 ¢ 100 mL KCN solution (2%)
UF; hydrate (?) 0.2 M tridecylammonium fluoride in CCl,

* EDTA denotes ethylenediaminetetraacetic acid.
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TABLE 1.21 Dissolution with Cation Exchangers (H Form)

Amount of

Compound; amount exchanger Conditions
BaSO,; 025 ¢ 10g 100 mL H,0; 80-90°C; 12 h
CaS0O,-2H,0; 0.3-0.4 g 10¢g 50 mL H,0; 25°C; 15 min
CaHPO4-2H20; 02-03¢g 5S¢ 25 mL HZO; 25°C; 15 min
Ca3(PO4)2; 02¢g 5¢g 25 mL H,0; 25°C; 15 min
Apatite; 0.05 g 5-10¢g 35 mL HZO; 80°C; 1-16 h
Phosphorite; 100 g 1200 mL* 400 mL H,0; 50°C; 20 min
CaCoO, dolomite; 0.2-0.3 g 50 mL 50 mL HZO; 25°C; 10 min
CaCO; + CaSO,; 0.2-0.3 g 50¢g 300 mL H,0; 90°C; 30 min
MgHPO,; 0.2-0.3 g S5¢g 25 mL H,0; 25°C; 10~15 min
Mg borate (ascharite); 50 g 400 mL 350 mL H,0; 70-80°C; 50—-60 min
PbSO,; 0.10-0.25 ¢ 10g 50 mL H,0; 90-100°C; 30 min
PbCl,; 0.2-0.4 g 5-10 g 50 mL H,0; 25°C; 15 min
RaSO4, BaSOA; 10 mg 10 mL+ 60°C; 30 min
SrSO,; 0.25 ¢ 10g 100 mL H,0; 80-90°C; 20 min
UO,HPO,; 1-2 mg 0.3 mL 0.1 mL 0.04 M HNO;; 40°C; 1 mim

* Addition of NaCl.
T Cation plus anion exchanger (1:1) in H" and OH~ form, respectively.

TABLE 1.22 Solvents for Polymers

Substance Solvent
Polystyrene 4-Methyl-2-hexone
Cellulose acetate 4-Methyl-2-hexone
Cellulose acetate-butyrate 4-Methyl-2-hexone
Polyacrylonitrile Dimethylformamide
Polycarbonate Dimethylacetamide
Poly(vinyl chloride) Dimethylacetamide
Poly(vinyl chloride)/poly(vinyl acetate) copolymer Cyclohexanone
Polyamides 60% formic acid
Polyethers Methanol

and dissolution with cation exchangers in the hydrogen form are outlined in Table 1.21. In addition,
solvents for polymers are summarized in Table 1.22.

1.8 FILTRATION

1.8.1 Introduction

Filtration is the process of removing material, often but not always a solid, from a substrate in which
it is suspended. This process is a physical one; any chemical reaction is inadvertent and normally
unwanted. Filtration is accomplished by passing the mixture to be processed through one of the
many available sieves called filter media. These are of two kinds: surface filters and depth filters.
With the surface filter, filtration is essentially an exclusion process. Particles larger than the fil-
ter’s pore or mesh dimensions are retained on the surface of the filter; all other matter passes through.
Examples are filter papers, membranes, mesh sieves, and the like. These are frequently used when
the solid is to be collected and the filtrate is to be discarded. Depth filters, however, retain particles
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both on their surface and throughout their thickness; they are more likely to be used in industrial
processes to clarify liquids for purification.

In the laboratory, filtration is generally used to separate solid impurities from a liquid or a solu-
tion or to collect a solid substance from the liquid or solution from which it was precipitated or
recrystallized. This process can be accomplished with the help of gravity alone or it can be acceler-
ated by using vacuum techniques, to be discussed later.

Filtration efficiency depends on the correct selection of the method to be used, the various pieces
of apparatus available, the utilization of the filter medium most appropriate for the particular process,
and the use of the correct laboratory technique in performing the manipulations involved. Although
the carrier liquid is usually relatively nonreactive, it is sometimes necessary to filter materials from
high alkaline or acidic carrier liquids or to perform filtration under other highly corrosive conditions.
A variety of filter media exists from which it is possible to select whichever medium best fits the par-
ticular objectives and conditions of a given process.

1.8.2 Filter Media

1.8.2.1 Paper. The general properties of filter papers from Whatman and from Schleicher and
Schuell are listed in Table 1.23. There are qualitative grades, low-ash or ashless quantitative grades,
hardened grades, and glass-fiber papers. The proper filter paper must be selected with regard to
porosity and residue (or ash). All grades of filter paper are manufactured in a variety of sizes and in
several degrees of porosity. Select the proper porosity for a given precipitate. If too coarse a paper is
used, very small crystals may pass through, while use of too fine a paper will make filtration unduly
slow. The main objective is to carry out the filtration as rapidly as possible while retaining the pre-
cipitate on the paper with a minimum loss.

1.8.2.1.1 Qualitative-Grade Paper. Papers of this type will leave an appreciable amount of
ash upon ignition (about 0.7 to 1 mg from a 9-cm circle). Consequently, these papers are unsuit-
able for quantitative analysis when precipitates are ignited on the paper and weighed. Qualitative-
grade papers are widely used for clarification of solutions, for filtration of precipitates that will be
dissolved, and for general nonquantitative separations of precipitates from solution. Whatman
grade 1 is a general purpose filter for routine laboratory applications. Grade 2 is slightly more reten-
tive than grade 1 but with a corresponding increase in filtration time. Grade 3 is double the thickness
of grade 1 with finer particle retention and possesses excellent loading capacity without clogging.
The extra thickness provides increased wet strength and makes this grade suitable for using flat in
Biichner funnels. Grade 4 has an extremely fast rate of filtration and has excellent retention of coarse
particles and gelatinous precipitates. Grade 4 finds use as a rapid filter for routine cleanup of bio-
logical fluids or organic extracts. It is also used when high flow rates in air pollution monitoring are
required, and the collection of fine particles is not critical. Grade 5 offers the maximum retention of
fine particles in the qualitative range. Grade 6 offers a filtration rate that is twice as fast as grade 5,
yet with almost as fine particle retention and is often specified for boiler water analysis applications.
Grades 113 and 114 have extremely high loading capacity with a particle retention that is ideal for
use with coarse or gelatinous precipitates. These grades are extremely strong and are the thickest
fiber paper offered with a crepe surface. Grade 114 is half the thickness of grade 113 and has a
smooth surface.

1.8.2.1.2  Low-Ash or Ashless Quantitative-Grade Papers. Upon ignition these papers leave
little or no ash. The residue left by an 11-cm circle of low-ash paper may be as low as 0.06 mg,
whereas the residue from a ashless-grade paper is 0.05 mg or less. For most quantitative work this
small residue is negligible. Grade 40 is a general purpose ashless filter paper that possesses medium
speed and medium retention. Grade 41 is the fastest ashless paper and is recommended for coarse
particles or gelatinous precipitates. It is used in quantitative air pollution analysis as a paper tape for
impregnation when gaseous compounds are determined at high flow rates. Grade 42 is used for crit-
ical gravimetric analysis that requires retention of fine particles. The retention properties of grade 43
are intermediate between grades 40 and 42, but twice as fast as grade 40. Grade 44 is the thin ver-
sion of grade 42 with lower ash per circle yet is almost twice as fast in filtration rate.
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TABLE 1.23 General Properties of Filter Papers and Glass Microfibers

. .. Burst
Particle Initial
Whatman retention, filtration, Ash, Thickness, Weight, Wet, Dry,
grade um s/100 mL % mm g -m? psi psi
Qualitative filter papers
1 11 40 0.06 0.18 87 0.25 14
2 8 55 0.06 0.19 97 0.29 16
3 6 90 0.06 0.39 185 0.40 28
4 20-25 12 0.06 0.21 92 0.22 10
5 2.5 250 0.06 0.20 100 0.40 25
6 3 175 0.2 0.18 100 0.25 18
General purpose and wet strengthened
113 30 8 NA* 0.42 125 9 29
114 25 12 NA 0.19 75 8 20
Quantitative—ashless
40 8 75 0.010 0.21 95 0.29 16
41 20-25 12 0.010 0.22 85 0.22 10
42 2.5 240 0.010 0.20 100 0.40 25
43 16 40 0.010 0.22 95 0.29 13
44 3 175 0.010 0.18 80 0.29 17
Quantitative—hardened low ash
50 2.7 250 0.025 0.12 97 6 32
52 7 55 0.025 0.18 96 7 29
54 20-25 10 0.025 0.19 90 7 19
Quantitative—hardened ashless
540 8 55 0.008 0.16 85 7 27
541 20-25 12 0.008 0.16 78 7 17
542 2.7 250 0.008 0.15 96 6 32
Borosilicate glass microfiber
934-AH 1.5 NA 0.33 64 0.54
GF/A 1.6 13.0 0.26 53 0.29
GF/B 1.0 5.5 0.68 143 0.47
GF/C 1.2 10.5 0.26 53 0.29
GF/D 2.7 16.5 0.68 120 0.47
GF/ F 0.7 6.0 0.42 75 0.33

1.8.2.1.3 Hardened-Grade Papers. Hardened papers are designed for use in vacuum filtra-
tions on Biichner or three-piece filter funnels. These papers possess great wet strength and hard lint-
less surfaces, and will withstand wet handling and removal of precipitates by scraping. They are
available in low-ash, ashless, and regular grades. Grade 54 offers fast filtration with both coarse and
gelatinous precipitates. Grades 540, 541, and 542 are extremely pure and strong filter papers with a
hard surface. They offer high chemical resistance to strong acids and alkalies. In other respects they
parallel the properties of grades 40, 41, and 42.

1.8.2.2 Borosilicate Glass-Fiber and Quartz Filters. Glass-fiber filters are produced from
borosilicate glass. Their soft texture and high water absorption provide excellent sealing in most
types of filter holders. These filters give a combination of fine retention, rapid filtration, high
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TABLE 1.23 General Properties of Filter Papers and Glass Microfibers (Continued)

Schleicher Initial
and Schuell Precipitates filtration, Ash, Thickness, Weight, Wet
grade retained s/10 mL % mm g-m™ strength

Qualitative filter papers

591-A Med. Fine 48 0.024 0.175 83 Low
593-A Fine 63 0.026 0.340 179 Low
597 Med. Fine 34 0.023 0.193 83 Low
598 Coarse 21 0.110 0.350 148 Low
602 Fine 125 0.039 0.165 83 Low
604 Coarse 14 0.035 0.198 T4 Low

General purpose

405 Fine 49 0.457 220 Very high
413 Very fine 80 0.289 137 Very high
428 Fine 53 0.337 122 High
470 Gelatinous 8 0.886 303 Low
477 Coarse 8 0.228 70 High
478 Coarse 16 0.492 155 Very high
520-B Gelatinous 8 0.401 152 High
595 Med. fine 20 0.137 63 Very high
596 Fine 52 0.147 54 High
610 Coarse 10 0.149 62 High
Quantitative—ashless
589-Black Coarse 15 0.005 0.193 69 Low
589-Green Coarse 25 0.010 0.342 146 Low
589-White Med. fine 48 0.005 0.200 81 Low
589-Blue Fine 147 0.005 0.180 81 Low
589-Red Fine 151 0.007 0.139 81 Low

Quantitative—hardened low ash

507 Very fine 205 0.007 0.101 80 High
589-1H Gelatinous 7 0.007 0.180 60 High
589-BH Coarse 9 0.006 0.218 72 High
589-WH Med. fine 44 0.005 0.195 81 High
Glass fiber
24 Finest 15 0.810 80 Low
25 Finest 17 0.294 73 Low
29 Finest 13 0.246 60 Low
30 Finest 16 0.241 60 Low

* NA denotes not available.

particle-loading capacity, and inertness that is not found in any cellulose-paper filter. They must
always be used flat because folding can rupture the glass fiber matrix, which leads to cracks and thus
poor retention.

1.8.2.2.1 Grade 934-AH. This type of filter paper is used in monitoring water pollution for
suspended solids, in cell harvesting, in liquid scintillation counting, and in air-pollution monitoring.

1.8.2.2.2 Grade GF/A. This filter paper is used for high-efficiency, general-purpose laboratory
filtration, for water-pollution monitoring of effluents, for filtration of water, algae, and bacteria cul-
tures, analysis of foodstuffs, for protein filtration, and for radioimmunoassay of weak beta emitters.
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It is recommended for gravimetric determination of airborne particulates, for stack sampling, and for
absorption methods in air-pollution monitoring.

1.8.2.2.3 Grade GF/B. This filter paper is three times thicker than grade GF/A and has a higher
wet strength and increased loading capacity. It can be used as a finely retentive membrane prefilter.
It is useful where liquid clarification or solids quantification is required for heavily loaded fine-
particulate suspensions.

1.8.2.2.4 Grade GF/C. This filter paper is slightly more retentive than grades GF/A and 934-
AH. It is the standard filter in many parts of the world for the collection of suspended solids in
potable water and natural waters and in industrial wastes. It is used in cell harvesting and in liquid
scintillation counting when more retentive, but medium loading capacity, filters are required.

1.8.2.2.5 Grade GF/D. This paper is considerably faster in flow rate and overall filtration
speed than are cellulose filter papers of similar particle retention. It is designed as a membrane pre-
filter and provides good protection for finely retentive membranes. It can be used in combination
with grade GF/B to provide very efficient graded, prefilter protection for membranes.

1.8.2.2.6 Grade GF/F. Unlike membrane filters with a comparable retention value, grade
GF/F has a very rapid flow rate and an extremely high loading capacity. It is very effective for fil-
tering finely precipitated proteins, and can be used in conjunction with grade GF/D as a prefilter for
the successful clarification of biochemical solutions and fluids and nucleic acids.

In addition to the filters listed in Table 1.23, Whatman EPM 2000, manufactured from pure borosil-
icate glass, is used in high-volume air-sampling equipment for the collection of atmospheric particulates
and aerosols. Chemical analysis of trace pollutants can be done with a minimum of interference or back-
ground. Whatman quartz filters (QM-A) are available for air sampling of acidic gases, stacks, flues, and
aerosols, particularly at temperatures up to 550°C. Because only low levels of alkaline earth metals are
present in the filters, artifact products of sulfates and nitrates (from SO, and NO,) are virtually elimi-
nated. Grade QM-B is twice as thick as grade QM-A, which increases particle retention to 99.9985%.

1.8.2.3 Membrane Filters. There are two types of membrane filters—surface and depth. Surface
membrane filters are used for final filtration or prefiltration, whereas a depth membrane filter is gen-
erally used in clarifying applications where quantitative retention is not required or as a prefilter to
prolong the life of a downstream surface membrane filter.

Membrane filters are thin polymeric (plastic) structures with extraordinarily fine pores. Certain
kinds of polymers can be prepared, by solvent-casting methods, into a film having a very unusual
structure. One side of such a film, whose overall thickness is several thousandths of a centimeter,
has an exceedingly thin layer of defect-free polymer about 0.1 to 1.0 um thick, while the balance
of the film consists of a fine-textured open-celled sponge. A thick “anisotropic”” membrane, whose
selective barrier properties reside solely in the this surface skin, displays nearly 1000 times higher
permeability than a uniform film of the same thickness, and without loss in permselectivity.
Adjustment of surface pore size from 0.3 to 10 um is possible. Such filters are distinctive in that
they remove all particulate matter or microorganisms larger than the filter pores from a gas or liquid
stream that passes through them. The filtrate is ultraclean and /or sterile. Membrane filters are avail-
able in a wide variety of pore sizes in a number of different polymeric materials: hydrophilic nylon
for aqueous samples, polyvinylidene fluoride (PVDF) and polysulfone for low-protein binding
samples, polypropylene for low extractables with aggressive solutions, and glass microfiber for
high-debris (dirty) samples (Table 1.24). For sterilization, membrane pore sizes are usually 0.2 um.
For clarification of solutions a pore size of 0.45 um is usually used. Separation of foreign particles
in sampling waters and gases utilizes a pore size of 3 to 5 um. A membrane selection guide is given
in Table 1.25.

1.8.2.4 Hollow-Fiber Membrane Cartridges. Ultrafiltration, sometimes called reverse osmosis,
involves forcing a solution under pressure through a membrane. The usual membrane for ultrafiltra-
tion is an asymmetric cellulose diacetate or polysulfone type. It is constructed with a thin skin of
polymer on a porous, spongy base. The driving force is the energy due to pressure difference. It is
the solvent rather than the solute that moves through a membrane and this is against rather than with
a concentration gradient. Any unwanted solutes and colloidal material unable to permeate the pores
of the membrane are rejected.
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TABLE 1.24 Membrane Filters
Maximum rigid Maximum rigid
Filter pore particle to Filter pore particle to
size, um penetrate, um size, um penetrate, um
14 17 0.65 0.68
10 12 0.60 0.65
8 9.4 0.45 0.47
7 9.0 0.30 0.32
5 6.2 0.22 0.24
3 3.9 0.20 0.25
2 2.5 0.10 0.108
1.2 1.5 0.05 0.053
1.0 1.1 0.025 0.028
0.8 0.95

TABLE 1.25 Membrane Selection Guide

Membrane type

Applications

Cellulose acetate

Borosilicate glass

Nylon

Polysulfone and polyvinylidene

fluoride (PVDF)

Polytetrafluoroethylene (PTFE)

Ultrafilter membranes

Nitrocellulose

Very low protein retention. With a glass prefilter this membrane is ideal
for filtration of tissue culture media, general biological sample filtration,
clarification, and sterilization of most aqueous-based samples. Not resistant
to most solvents. A glass prefilter increases filtrate yield up to 300%.

Ideal as a prefilter when used in conjunction with a membrane such as
cellulose acetate or nylon.

For general filtration and sterilization. Has inherent hydrophilic
characteristics and works well with all aqueous and most
solvent-based samples. Nylon is excellent for high-performance
liquid chromatography (HPLC) sample preparation. Nylon
should not be autoclaved.

Both membranes exhibit very low protein binding. Both can be used
for general biological sample filtration and sterilization. PVDF is
especially useful in HPLC sample preparation and is highly resistant
to most solvents. Polysulfone has very limited resistance to
solvents; it is generally used for aqueous-based biological samples.
Both membranes exhibit good flow-rate characteristics.

An inherently hydrophobic membrane that is ideal for filtration of gas,
air, or solvents. Highly resistant to solvents, acids, and alkalies.
Useful for fluid sterilization, for chromatography, and for clarification
of nonaqueous solutions. Although this membrane is hydrophobic, it
can be made hydrophilic by prewetting the membrane with alcohol
and then flushing with deionized water.

Ultrafilters (molecule weight cutoff filters) utilize cellulose triacetate or
polysulfone membranes. These membranes are rated as 5 000,

10 000, 20 000, 30 000, 100 000, or 300 000 molecular weight
cutoff. Ultrafilters are ideal in protein research for desalting, in
sample concentration for protein electrophoresis, in deproteinization,
and for buffer exchange. Ultrafilters are used for the recovery from
biological samples of peptides, bacteria, yeast, virus, and certain
enzymes, and for the recovery of low-molecular-weight materials
from culture media, fermentation broths, or cell lysates.

Exhibits high protein retention. Excellent for binding DNA and RNA
when using this membrane alone for blotting. Ideal membrane when
used as a syringe filter device for microbiological work.

Source: Alltech Bulletin No. 190A, 1991.
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Hollow-fiber ultrafiltration membranes eliminate liquid and micromolecular species while retain-
ing suspended particles or macromolecules. The anisotropic membrane design of the hollow-fiber
membrane provides an uninterrupted polymer phase. The very thin (0.1 to 1 um) surface skin con-
tains the pore structure, while the integral substrate has a continuous macroporous structure of larger
pores and acts only as a support for the skin. The limitations of conventional filtration are overcome
through the tangential cross-flow capability. Feed material sweeps tangentially across the upstream
surface of the membrane as filtration occurs. All retained particles remain on the membrane surface,
and smaller particles are swept from the larger pores of the support structure, thereby eliminating
depth fouling. Rejected species on the active surface of the membrane are continuously removed and
returned to the feed stream. Species smaller than the membrane pore size flow through the skin and
are removed from the larger pore cavities in the support structure. The membranes are configured in
a “shell and tube” cartridge design. The cartridge can be backflushed easily.

Hollow-tube geometry allows pressure and flow to be easily varied to control membrane surface
effects and to process shear-sensitive samples. Because the actual discrimination barrier is extremely
thin, high filtration rates are easily achieved. To process dilute-to-moderately viscous solutions, 0.5-
and 1.1-mm internal-diameter cartridges are used. For more viscous solutions 1.5- and 1.9-mm internal-
diameter cartridges are recommended. A 20-cm-long cartridge handles most laboratory processing.

Filtrations can be modified through the use of seven different membrane pore sizes, 1 to 20 um.
Nominal molecular weight cutoffs range from 2000 to 500000 daltons, as shown in Table 1.26.

TABLE 1.26 Hollow-Fiber Ultrafiltration Cartridge Selection Guide

Molecular- Recommended
Fiber internal weight Surface Length, recirculation Water flux,
diameter, mm cutoff area, m? cm rate, L/min L-min ™!
0.5 2 000 0.07 20.3 0.3-15 0.09-0.12
5 000 0.21-0.27
10 000 0.32-0.42
50 000 0.53-0.69
100 000 0.85-1.11
2 000 0.17 45.7 2.8-8 0.20-0.26
5 000 0.53-0.68
10 000 0.19 0.79-1.03
50 000 1.18-1.53
100 000 1.92-2.50
1.1 5 000 0.03 20.3 0.6-18 0.08-0.10
10 000 0.12-0.16
30 000 0.12-0.16
50 000 0.20-0.47
100 000 0.32-0.42
500 000 0.32-0.42
5 000 0.09 45.7 2-16 0.26-0.34
10 000 0.39-0.51
30 000 0.27-0.35
50 000 0.45-1.06
100 000 0.71-0.92
1.5 10 000 0.03 20.3 6-29 0.12-0.16
50 000 0.42-0.55
10 000 0.09 47.5 5-26 0.39-0.51
50 000 0.95-1.24
1.9 500 000 0.02 20.3 9-40 0.26-0.34
500 000 0.07 45.7 6-30 0.84-1.09

Source:  Fine Tune™ Your Filtration, Harp™ Hollow Fiber Ultrafiltration Membranes, Supelco,
Bellefonte, PA, 1989.
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TABLE 1.27 Porosities of Fritted Glassware

Nominal maximum
Porosity pore size, um Principal uses

Extra coarse 170-220 Filtration of very coarse materials. Gas dispersion,
gas washing, and extractor beds. Support of
other filter materials.

Coarse 40-60 Filtration of coarse materials. Gas dispersion,
gas washing, gas absorption. Mercury filtration. For
extraction apparatus.

Medium 10-15 Filtration of crystalline precipitates. Removal of
“floaters” from distilled water.

Fine 4-5.5 Filtration of fine precipitates. As a mercury valve.
In extraction apparatus.

Very fine 2-2.5 General bacteria filtrations.

Ultrafine 0.9-1.4 General bacteria filtrations.

1.8.2.5 Fritted Ware. Fritted ware includes funnels and crucibles with fritted-glass disks sealed
permanently into the lower portion of the unit. These units are useful in instances where a paper fil-
ter might be attacked. Porosity is controlled in manufacture, and disks are graded into several clas-
sifications (Table 1.27). The extra coarse and coarse porosities are held toward the maximum pore
diameter listed, whereas the medium, fine, very fine, and ultrafine porosities are held toward the min-
imum pore diameter listed. With care, fritted-glass crucibles can be used for quantitative analyses
requiring ignition to a temperature as high as 500°C.

1.8.2.5.1 Care and Cleaning of Fritted Ware. A new fritted filter should be washed by suction
with hot HCI and then rinsed with water before it is used. This treatment removes loose particles of
foreign matter. The filter should be cleaned again immediately after use. Many precipitates can be
removed from the filter surface simply by rinsing from the reverse side with water under pressure
not exceeding 15 lb-in~2. Alternatively, draw water through the filter from the reverse side with a
vacuum pump. When the pores remain clogged, chemical treatment will be needed. Cleaning solu-
tions for fritted ware are given in Table 1.28.

1.8.3 Filtering Accessories

1.8.3.1 Filter Supports. Some solutions tend to weaken the filter paper, and at times, the pressure
on the cone of the filter will break the filter paper, ruining the results of the filtration. Thin woven textile

TABLE 1.28 Cleaning Solutions for Fritted Glassware

Material Cleaning solution
Fatty materials Carbon tetrachloride.
Organic matter Hot concentrated sulfuric acid plus a few drops of
sodium or potassium nitrate.
Albumen Hot aqueous ammonia or hot hydrochloric acid.
Glucose Hot mixed acid (sulfuric plus nitric acids).
Copper or iron oxides Hot hydrochloric acid plus potassium chlorate.
Mercury residue Hot nitric acid.
Silver chloride Aqueous ammonia or sodium thiosulfate.
Aluminous and siliceous residues 2% hydrofluoric acid followed by concentrated sulfuric

acid; rinse immediately with distilled water followed
by a few milliliters of acetone. Repeat rinsing until
all trace of acid removed.
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disks can be used to support the tip of the filter-paper cone. They are approximately the same thickness
as the filter paper and therefore ensure close contact of the reinforced paper with the funnel walls. They
are folded along with the filter paper when it is formed into the normal conical shape and, if ashing is
desired, they can easily be removed from the wet filter paper after the filtration has been completed.

Cones constructed of platinum mesh are available. They are completely inert and are inserted into
a funnel, and the folded filter paper is placed within the cone.

1.8.3.2 Filter Aids. During filtration certain gummy, gelatinous, flocculent, semicolloidal, or
extremely fine particulates often quickly clog the pores of a filter paper. Filter aids consist of
diatomaceous earth and are sold under the trade names of Celite or FilterAid. They are pure and inert
powderlike materials that form a porous film or cake on the filter medium. In use, they are slurried
or mixed with the solvent to form a thin paste and then filtered through the paper. An alternative pro-
cedure involves the addition of the filter aid directly to the problem slurry with thorough mixing.

Filter aids cannot be used when the object of the filtration is to collect a solid product because
the precipitate collected also contains the filter aid.

For quantitative purposes, filtration of gelatinous materials can be assisted by adding shredded
ashless paper tables to the solution before filtration. The dispersed fibers form passages through the
precipitate for flow of liquid.

1.8.4 Manipulations Associated with the Filtration Process

Whether one uses gravity or vacuum filtration, three operations must be performed: decantation,
washing, and transfer.

1.8.4.1 Decantation. When a solid readily settles to the bottom of a liquid and shows little or no
tendency to remain suspended, it can be separated easily from the liquid by carefully pouring off the
liquid so that no solid is carried along. A glass rod enables you to pour the liquid from the original
container slowly enough that the solid is not carried along and also prevents the liquid from running
back along the outside of the original container.

1.8.4.2 Washing. The objective of washing is to remove the excess liquid phase and any soluble
impurities that may be present in the precipitate. Use a solvent that is miscible with the liquid phase
but does not dissolve the precipitate.

Solids can be washed in the beaker after decantation of the supernatant liquid phase. Add a small
amount of the wash liquid, and thoroughly mix it with the precipitate. Allow the solid to settle. Decant
the wash liquid through the filter. Allow the precipitate to settle, with the beaker tilted slightly so that
the solid accumulates in the corner of the beaker under the spout. Repeat this procedure several
times. Several washings with small volumes of liquid are more effective in removing soluble conta-
minants than a single washing using the total volume.

1.8.4.3 Transfer of the Precipitate. Remove the bulk of the precipitate from the beaker to the fil-
ter by using a stream of wash liquid from a wash bottle. Use the stirring rod to direct the flow of lig-
uid into the filtering medium. The last traces of precipitate are removed from the walls of the beaker
by scrubbing the surfaces with a rubber (tip) policeman attached to the stirring rod. All solids col-
lected are added to the main portion of the filter paper. If the precipitate is to be ignited, use small
fragments of ashless paper to scrub the sides of the beaker, then add these fragments to the bulk of
the precipitate in the filter with the collected solid.

1.8.4.4 Gravity Filtration. During gravity filtration the filtrate passes through the filter medium
under the forces of gravity and capillary attraction between the liquid and the funnel stem. The most
common procedure involves the use of filter paper and a conical funnel. The procedure is slow, but it
is highly favored for gravimetric analysis over the more rapid vacuum filtration because there is bet-
ter retention of fine particles of precipitate and less rupturing or tearing of the paper. Moreover, grav-
ity filtration is generally the fastest and preferred method for filtering gelatinous precipitates.
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Avoid accumulating precipitate on the filter paper during the early stages of the filtration process.
This is necessary for rapid filtering. Remove as much liquid as possible by decantation through the
filter. Washing the precipitate while it is still in the beaker and decanting the liquid speeds filtration.
The bulk of the precipitate is not added to the filter until the last stages of the filtration as part of the
washing process.

Optimum filtering speed is achieved in gravity filtration by proper folding and positioning of the
paper in the funnel. Use a long-stemmed funnel and maintain a continuous column of water from the
tip of the funnel stem to the undersurface of the paper. The tip of the funnel should touch the side of
the vessel that receives the filtrate. Fluting the paper permits free circulation of air and is advanta-
geous when filtering hot solutions. Many precipitates will spread over a wetted surface against the
force of gravity; this behavior is known as creeping, and it can cause loss of precipitate. For this rea-
son, be sure to pour the solution into the filter until the paper cone is no more than three-quarters
filled. This provides an area near the top of the paper that is free of precipitate. By grasping this
“clean” portion, you can remove the cone from the funnel and fold it for ignition.

1.8.5 Vacuum Filtration

Vacuum filtration is a very convenient way to speed up the filtration process, but the filter medium
must retain the very fine particles without clogging. The vacuum is normally provided by a water
aspirator, although a vacuum pump, protected by suitable traps, can be used. Because of the inher-
ent dangers of flask collapse from the reduced pressure, thick-walled filter flasks should be used.

Vacuum filtration is advantageous when the precipitate is crystalline. It should not be employed
for gelatinous precipitates, as clogging will occur. When performing vacuum filtration with filter
paper, the folded paper is inserted into a small porous metal liner in the apex of the funnel.

Solutions of very volatile liquids and hot solutions are not filtered conveniently with suction. The
suction may cause excessive evaporation of the solvent, which cools the solution enough to cause
precipitation of the solute.

1.8.5.1 Equipment and Filter Media

1.8.5.1.1 Biichner Funnels. Biichner funnels are often used for vacuum filtration. They have
a flat, perforated bottom. A filter-paper circle of a diameter sufficient to cover the perforations is
placed on the flat bottom, moistened, and tightly sealed against the bottom by applying a slight vac-
uum. In use, the precipitate is allowed to settle and the liquid phase is first decanted by pouring it
down a stirring rod aimed at the center of the filter paper, applying only a light vacuum until suffi-
cient solid has built up over the paper to protect it from breaking. The vacuum is then increased, and
the remainder of the precipitate is added.

The precipitate is washed by adding small amounts of wash liquid over the surface of the precipi-
tate, allowing the liquid to be drawn through the solid slowly with the vacuum. Precipitates cannot be
ignited and weighed in Biichner funnels. Precipitates can be air-dried by allowing them to stand in the
funnel and drawing a current of air from the room through the precipitate with the source of vacuum.

1.8.5.1.2  Porous Porcelain and Monroe Crucibles. Porcelain crucibles with porous ceramic
disks permanently sealed in the bottom are used in the same way as sintered-glass crucibles except that
they may be ignited at high temperatures. The Monroe crucible is made of platinum with a burnished
platinum mat serving as the filter medium. The latter possesses a high degree of chemical inertness.

1.8.5.1.3 Gooch Crucible. The Gooch crucible is a porcelain thimble with a perforated base.
The filter medium is either a mat of asbestos or a fiber-glass paper disk. The mat is prepared by pour-
ing a slurry of asbestos fiber suspended in water into the crucible and applying light suction. The mat
is sufficiently thick when no light can be seen upon looking through the perforated base.

Asbestos mats permit precipitates to be quantitatively ignited to extremely high temperatures
without danger of reduction by carbon from paper. With fiber-glass mats, ignition temperatures must
not exceed 500°C. Both filter media are resistant to attack by most chemicals.

1.8.5.1.4 Hirsch Funnel. Hirsch funnels, used for collecting small amounts of solids, are usu-
ally made of porcelain. The inside bottom of the funnel is a flat plate with holes in it, which supports
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the filter paper. Funnels are also made of glass with sintered-glass disks. When using these funnels,
a rubber ring forms the seal between the funnel and the filter disk.

1.9 SPECIFICATIONS FOR VOLUMETRIC WARE

Pipettes, burettes, and volumetric flasks are standard volumetric equipment. Volumetric apparatus
calibrated fo contain a specified volume is designated TC, and apparatus calibrated ro deliver a spec-
ified amount TD. Calibration of volumetric ware is usually done at 20°C; therefore, the ware should
be used at approximately this temperature. Never subject volumetric ware to hot or cold liquids;
following heating or cooling it takes many hours for volumetric ware to contract or expand to its cor-
rect volume.

Before use, volumetric ware should be washed with detergent and, if necessary, cleaning solu-
tion. Then it should be carefully and repeatedly rinsed with distilled water. Drying is done by draw-
ing clean, filtered (to remove oil and dust particles), compressed air through the units.

1.9.1 Volumetric Flasks

Volumetric flasks are calibrated to contain a specified volume when filled to the line etched on the
neck. Types of ware include the following.

Class A:  Is manufactured to the highest tolerances from Pyrex, borosilicate, or Kimax glass.

Class B (economy ware): Possesses tolerances about twice those of class A. Tolerances are
given in Table 1.29.

Nalgene polypropylene ware:  Is autoclavable and meets Federal Specifications No. NNN-F-289
(class B).

After introducing the sample through a pipette or a funnel whose tip extends below the line etched
on the neck, bring the liquid level almost to the mark with solvent. Then use a medicine dropper to
make final additions of solvent as necessary.

1.9.2 Volumetric Pipettes

Pipettes are designed for the transfer of known volumes of liquid from one container to another.
Pipettes that deliver a fixed volume are called volumetric or transfer pipettes. Other pipettes, known
as measuring or serological pipettes, are calibrated in convenient units so that any volume up to max-
imum capacity can be delivered. Micropipettes are discussed later. Pipette capacity tolerances are
given in Table 1.30.

TABLE 1.29 Tolerances of Volumetric Flasks*

. Tolerances, £ mL . Tolerances, = mL
Capacity, Capacity,

mL Class A Class B mL Class A Class B

5 0.02 0.04 200 0.10 0.20

10 0.02 0.04 250 0.12 0.24

25 0.03 0.06 500 0.20 0.40

50 0.05 0.10 1000 0.30 0.60

100 0.08 0.16 2000 0.50 1.00

* Accuracy tolerances for volumetric flasks at 20°C are given by ASTM Standard E288.
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TABLE 1.30 Pipette Capacity Tolerances

Measuring and

Volumetric transfer pipettes serological pipettes
Capacity, w Capacity, Tolerances, = mL
mL Class A Class B mL Class B
0.5 0.006 0.012 0.1 0.005
1 0.006 0.012 0.2 0.008
2 0.006 0.012 0.25 0.008
3 0.01 0.02 0.5 0.01
4 0.01 0.02 0.6 0.01
5 0.01 0.02 1 0.02
10 0.02 0.04 2 0.02
15 0.03 0.06 5 0.04
20 0.03 0.06 10 0.06
25 0.03 0.06 25 0.10
50 0.05 0.10
100 0.08 0.16

*Accuracy tolerances for volumetric transfer pipettes are given by ASTM
Standard E969 and Federal Specification NNN-P-395.

FAccuracy tolerances for measuring pipettes are given by Federal Specification
NNN-P-350 and for serological pipettes by Federal Specification NNN-P-375.

After use the pipette should be thoroughly rinsed with distilled water or appropriate solvent, and
dried. Store in a protective can.

1.9.3 Micropipettes

Micropipettes are available in various styles. Many are repetitive. The air-displacement design pro-
vides superior pipetting performance and eliminates carryover and contamination problems often
associated with positive displacement systems (those with a plunger to displace the liquid). Some
have a fixed capacity while others have multivolume capabilities that feature an adjustable, spring-
loaded rotating plunger button at the top of the pipette for selection of different volumes. With dig-
ital pipettes the volume is adjusted by means of a ratchet mechanism built into the control button.
Each twist of the button produces an audible click, assuring that a new volume setting is locked into
place. Each of the micropipettes described use disposable polypropylene pipette tips; some feature
automatic tip ejection. Typical accuracy and precision for micropipettes is shown in Table 1.31.

TABLE 1.31 Tolerances of Micropipettes (Eppendorf)

Capacity, Accuracy, Precision, Capacity, Accuracy, Precision,

uL % % uL % %

10 1.2 04 100 0.5 0.2

40 0.6 0.2 250 0.5 0.15
50 0.5 0.2 500 0.5 0.15
60 0.5 0.2 600 0.5 0.15
70 0.5 0.2 900 0.5 0.15
80 0.5 0.2 1000 0.5 0.15
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TABLE 1.32 Burette Accuracy Tolerances

Accuracy, = mL

Capacity, Subdivision, Class A* and precision Class B and standard
mL mL grade grade
10 0.05 0.02 0.04
25 0.10 0.03 0.06
50 0.10 0.05 0.10
100 0.20 0.10 0.20

*Class A conforms to specifications in ASTM Standard E694 for standard taper stopcocks
and in ASTM Standard E287 for Teflon or poly(tetrafluoroethylene) stopcock plugs. The 10-mL
size meets the requirements for ASTM Standard D664.

1.9.4 Burettes

Burettes, like measuring pipettes, deliver any volume up to their maximum capacity. Burettes of the
conventional type must be manually filled; usual sizes are 10 and 50 mL. They are made from pre-
cision-bore glass tubing. Permanent graduation marks are etched into the glass and filled with fused-
on enamel of some color. A blue stripe on the outside back is a distinct aid in meniscus reading.
Stopcocks vary from the ground-glass barrel and glass plug (or plastic analog) to a separable poly-
ethylene and Teflon valve assembly. One option involves an automatic self-zeroing burette with a

dual stopcock plug, one to control filling and the other dispensing. Burette tolerances are given in
Table 1.32.
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2.1 COMPLEX FORMATION, MASKING,
AND DEMASKING REACTIONS

Complex formation is important in two ways. It may produce a species that has more useful charac-
teristics for a particular chemical separation method, and alternatively, the concentrations of partic-
ular species can be diminished to levels below those at which they interfere in reactions designed to
separate other molecules or ions.

2.1.1 Complex Equilibria Involving Metals'

Practically every metal forms complex ions of some kind. Some metals form more numerous and
more stable complexes than others, but in the reactions of analytical chemistry, the possibility of
complex formation must always be considered. At least two sets of equilibria are involved in the
process of complex formation. There is competition between solvent molecules and the ligand for
the metal ion and simultaneous competition between protons and the metal ion for the ligand.
Metal ions in aqueous solution possess solvent molecules in their primary solvation shell.
Attraction between them is weak usually, and the number of solvent molecules immediately sur-
rounding each metal ion is variable. However, in the transition-metal ions and higher-valent
metal ions, definite complexes such as Cu(HZO)ﬁ+ and Al(H2O)2+ exist in aqueous solutions. For
this reason complex formation in aqueous solutions is really a replacement process in which

"' A. Ringbom and E. Winninen, “Complexation Reactions,” Chap. 20 in I. M. Kolthoff and P. J. Elving, eds., Treatise on
Analytical Chemistry, Part 1, Vol. 2, 2d ed., Wiley-Interscience, New York, 1979. See also K. Ueno, T. Imamura, and K. L. Cheng,
CRC Handbook of Organic Analytical Reagents, 2d ed., CRC Press, Boca Raton, Florida, 1992.
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solvent molecules in the coordination sheath surrounding a metal ion are replaced stepwise by
other ligands.

Reaction rates must also be considered. The addition of aqueous ammonia to a solution of a sil-
ver salt will convert the hydrated silver ion into an ammonia complex in no more time than it takes
to mix the solutions together. If acid is added, the silver ammonium complex decomposes to give
back hydrated silver ions. On the other hand, the direct reaction between Fe(Ill) and CN~ is too
slow to be useful, although the stability of Fe(CN)3~, once formed, is well known. Obviously the
reaction equation represents only the initial and final states and tells nothing about what goes on in
between.

Taube? classified a large number of complexes on the basis of the rates of formation of complexes
and substitution reactions. Complexes that come to equilibrium rapidly with their dissociation prod-
ucts are called labile complexes. Those that decompose very slowly and never come to equilibrium
with their components are called inert complexes. The inert complexes are characterized by a struc-
ture in which all the inner d orbitals are occupied by at least one electron. These include complexes
of V1), Cr(III), Mo(III), Co(III), and some of the complexes of Fe(Il) and Fe(II). The relatively few
inert complexes involving outer orbital configurations are characterized by a central ion of high
charge, such as SiF2~.

2.1.1.1 Mononuclear Complexes. Only reactions leading to mononuclear compounds, ML, , where
M denotes the central metal ion and L the complexing ligand, will be considered in this brief treatment.
Ringbom? treats the problem of mononuclear and polynuclear compounds in considerable detail.

The simplest case is represented by the reaction, for which n =1,

M+L2 ML @1

For sake of simplicity here and in the following discussion, charges will be omitted as will solvated
species. The stability or formation constant K e of the reaction is

K.=p, = [ML)/[M][L] (2.2)

In older literature the inverse values, instability or dissociation constants, were used. When the com-
plex formation occurs stepwise, each step is denoted by f’s. The overall stability constant of the
complex ML, is the product of the consecutive stepwise stability constants:

Kf: ﬁ]ﬂz U ﬂn or Kn = klkZ e kn 2.3)

Methods for the determination of stepwise and overall stability constants are described by Rossotti
and Rossotti.*

The distribution of the various complexes with a given ligand can be obtained as a set of fractions
®, to ®,. Each represents the ratio of the concentration of metal-ligand species to the total concen-
tration of the central metal ion, C,- Thus

@, = [M)/C, (2.4)
@, =[MLYC, 2.5)
@ =[ML,)/C, 2.6)
D+ D+ +D =1 2.7)

2 H. Taube, Chem. Rev. 50:69 (1952).
3 A. Ringbom, Complexation in Analytical Chemistry, Wiley, New York, 1963.
4F. J. C. Rossotti and H. Rossotti, The Determination of Stability Constants, McGraw-Hill, New York, 1961.
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If the stepwise stability constants k, are known, it is possible to calculate the distribution of the
various complexes solely from the concentration of ligand:

@y = V(1 + K [L] + K k[LI2 + - - - + & [L]") (2.8)
@, = k,[LI(1 + k,[L] + k& [L12 + - - -+ k [L]") (2.9)
@, =k [LIM(1 + k,[L] + ko [LI> + - - -+ k [L]") (2.10)

In this series of expressions, each term in the denominator becomes in turn the numerator. If the
ligand concentration is small, the terms with powers of [L] lower than the coordination number
of the metal ion are predominant, whereas if the ligand concentration is large, the terms with
power of [L] higher than the coordination number predominate. The overall cation concentration
has relatively little effect on the fractions. Individual stepwise stability constants of metal-ion
complexes are tabulated in Lange’s Handbook of Chemistry.> An abbreviated version is given in
Tables 2.1 and 2.2.

2.1.1.2 Conditional Constants. A ligand is often an anion or a neutral molecule with basic prop-
erties so that, at sufficiently low pH values, it becomes extensively protonated, with consequent

reduction in its complex-forming ability. It is convenient to define a conditional formation constant
K', which is really not constant but depends on the experimental conditions:

K’ =K, = [MLY[M][L] Q.11

In this expression [M'] denotes the concentration of all the metal in solution that has not reacted with
some complexing agent. In a corresponding manner, [L] represents the concentration of free ligand
under the specified operating value of pH, where

[L]=oC, 2.12)

The fractions ¢, o, and ¢, of ligand in the forms H,L, HL™, and L?, respectively, are given by the

expressions:
o, =[H,L|/C, = [H"/([H*)> + K,[H"] + K,K,) (2.13)
o, =[HLV/C, = KIH*)/((H*]* + K [H'] + K ,K,) (2.14)
o, = [L2V/C, = K K/((H*]* + K, [H*] + K ,K,) (2.15)

The conditional constant thus gives the relationship between the quantities in which the analyst is
actually interested, namely, the concentration of the product formed [ML], the total concentration of
uncomplexed (in terms of the principal reaction) metal [M’], and the total concentration of the
uncomplexed reagent [L'].

2.1.1.3 Complexation Ability of Ligands. The most important points for the characterization of
a ligand are the nature and basicity of its ligand atom.

5J. A. Dean, ed., Lange’s Handbook of Chemistry, 14th ed., McGraw-Hill, New York, 1992, pp. 8.83-8.103.
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TABLE 2.1 Overall Formation Constants for Metal Complexes with Organic Ligands

Metal ions log K, ; Metal ions log K, g Metal ions log K, ¢
Acetate Citric acid Dimethylglyoxime
Cerium(III) 3.18 Calcium 4.68 Lead 7.3
Chromium(III) 4.72 Cadmium 11.3 Zinc 13.9
Copper(II) 3.20 Cerium(III) 9.65 P
lrogl()ll) 8.3 Cobalt(IT) 12.5 2,2"Dipyridyl
Indium(IIT) 9.08 Copper(II) 14.2 Cadmium 10.47
Lanthanum 2.95 Tron(II) 15.5 Cobalt(IT) 17.59
Lead(II) 8.5 Tron(III) 25.0 Chromium(IT) 14.0
Mercury(II) 8.43 Lanthanum 9.45 Copper(I) 14.2
Titanium(IIT) 15.4 Lead(II) 6.50 Copper(1I) 17.08
Yttrium 3.38 Magnesium 3.29 Tron(II) 17.45
Acetylacetone Manganese(II) 3.67 Lead 3.0
Nickel(IT) 14.3 Manganese(Il) 11.47
Aluminum 15.5 Rare earths ca. 9.8 Mercury(1I) 19.54
Beryllium 14.5 Silver 7.1 Nickel(IT) 16.46
Cadmium 6.66 Strontium 2.8 Silver 7.15
Cerium(III) 12.65 Uranyl(VI)(2+) 10.8 Titanium(III) 25.28
Chromium(II) 11.7 Zinc 11.4 Vanadium(II) 13.1
Cobalt(IT) 9.54 4.5 Dihydroxybenzene-1.3- Zinc 13.63
Copper(ID 16.34 disulfonic acid (Tiron) Ethylenediamine
Tron(II) 8.67
Tron(IIT) 26.7 Aluminum 335 Cadmium 12.09
Gallium 23.6 Barium 14.6 Cobalt(IT) 13.94
Hafnium 28.1 Calcium 5.80 Cobalt(III) 48.69
Indium 15.1 Cadmium 13.29 Chromium(IT) 9.19
Lanthanum 11.90 Cobalt(IT) 14.4 Copper(I) 10.8
Magnesium 6.27 Copper(II) 23.7 Copper(1I) 20.00
Manganese 7.35 Iron(III) 46.9 Iron(II) 9.70
Nickel 13.09 Lanthanum 12.9 Manganese(Il) 5.67
Palladium 27.1 Lead(II) 18.28 Mercury(II) 23.3
Plutonium(I'V) 34.1 Magnesium 6.9 Nickel 18.33
Rare earths ca. 13.9 Manganese(II) 8.6 Palladium(IT) 26.90
Scandium 15.2 Nickel(IT) 14.90 Silver 7.70
Thorium 26.7 Strontium 4.55 Vanadium(II) 8.8
Uranium(IV) 29.5 Uranyl(VI)(2+) 15.90 Zinc 14.11
Uranyl(2+) 14.19 Vanadyl(TV)(2+) 15.88 — —
Vanadyl(IV)(2+) 15.79 Zinc 16.9 Ethylenediamine-N,N,N',N"-
Vanadium(IT) 147 : tetraacetic acid
Yitrium 13.9 2,3-Dimercaptopropan-1-ol (BAL) Aluminum 1611
Zinc 8.81 Tron(IT) 15.8 Americium(IIT) 18.18
Zirconium 30.1 Tron(IIT) 30.6 Barium 7.78
. . . Manganese(II) 10.43 Beryllium 9.3
Aurintricarboxylic acid Nickel 2278 Bismuth 28
Beryllium 4.54 Zinc 23.3 Calcium 11.0
Copper(II) 8.81 . . Cadmium 16.4
Tron(IIT) 4.68 Dimethylglyoxime Cerium(IIT) 16.80
Thorium 5.04 Cadmium 10.7 Californium(IIT) 19.09
Uranyl(VI)(2+) 4.77 Cobalt(IT) 18.94 Chromium(III) 23
N Copper(II) 33.44 Cobalt(IT) 16.31
Citric acid Tron(Il) 7.25 Cobalt(I1l) 36
Aluminum 20.0 Lanthanum 12.5 Copper(IT) 18.7
Barium 2.98 Nickel 11.16 Curium(I1I) 18.45
Beryllium 4.52 Dysprosium 18.0
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TABLE 2.1 Overall Formation Constants for Metal Complexes with Organic Ligands (Continued)
Metal ions log K ¢ Metal ions log K ¢ Metal ions log K ;
Ethylenediamine-N, N, N',N'- Glycine Nitrilotriacetic acid
tetraacetic acid Tron(IT) 7.6 Zinc 13.45
Erbium 18.15 Iron(1II) 10.3 Zirconium 3.6
Europium 17.99 Lanthanum 11.2 Oxalate
Gadolinium 17.2 Lead 8.92
Gallium 20.25 Magnesium 6.46 Aluminum 16.3
Holmium 18.1 Manganese(Il) 6.6 Barium 2.3
Indium 24.95 Mercury(II) 19.2 Beryllium 4.90
Tron(IT) 14.33 Nickel 15 Calcium 3.0
Iron(1II) 24.23 Palladium(II) 11.5 Cadmium 5.77
Lanthanum 16.34 Praseodymium 11.5 Cerium(IIT) 11.3
Lead(II) 18.3 Samarium 11.7 Cobalt(II) 9.7
Lithium 2.79 Ytterbium 13.0 Cobalt(I1I) ca. 20
Lutetium 19.83 Yttrium 12.5 Copper(1I) 8.5
Magnesium 8.64 Zinc 9.96 Erbium 10.03
Manganese(II) 13.8 8-Hvdroxvquinoline Gadolinium 7.04
Molybdenum(V) 6.36 yaroxyq Tron(IT) 5.22
Neodymium 16.6 Cadmium 13.4 Tron(III) 20.2
Nickel(II) 18.56 Cobalt(II) 17.2 Lead 6.54
Palladium(II) 18.5 Copper(Il) 234 Magnesium 4.38
Plutonium(I1T) 18.12 Tron(IT) 22.23 Manganese(II) 19.42
Plutonium(I'V) 17.66 Tron(IIT) 33.9 Mercury(I) 6.98
Plutonium(VI) 17.66 Lanthanum 16.95 Neodymium >14
Praseodymium 16.55 Samarium 19.50 Plutonium(I1I) 28
Promethium(TIT) 17.45 Strontium 6.08 Plutonium(I'V) 27.50
Radium 7.4 Thorium 38.80 Plutonium(VI) 114
Samarium 16.43 Vanadium(II) 23.6 Silver 241
Scandium 23.1 Vanadium(IV) 20.19 Thorium 24.48
Silver 7.32 Yttrium 20.25 Thallium(I) 2.0
Strontium 8.80 . . K Titanium(IV) 2.67
Terbium 176 Nitrilotriacetic acid Uranium(V1) 10.57
Thullium 19.49 Alumium >10 Vanadium(II) ca. 2.7
Tin(II) 22.1 Barium 5.88 Vanadium(IV) 9.80
Titanium(IIT) 21.7 Calcium 11.61 Ytterbium >14
Titanium(IV) 17.3 Cadmium 15.2 Yttrium 11.47
Uranium(I'V) 17.50 Cerium(IIT) 18.67 Zinc 8.15
Vanadium(II) 12.70 Chromium(III) >10 Zirconium 21.15
Vanadium(III) 259 Cobalt(II) 14.5 .
Vanadium(IV) 18.0 Copper(l) 1310 1,10-Phenanthroline
Vanadium(V) 18.05 Indium 15 Cadmium 14.31
Ytterbium 18.70 Tron(II) 8.84 Cobalt(IT) 19.90
Yitrium 18.32 Tron(I1I) 24.32 Copper(II) 20.94
Zinc 16.4 Lanthanum 17.60 Tron(IT) 21.3
Zirconium 19.40 Lead(II) 11.8 Tron(11I) 23.5
. Magnesium 10.2 Lead 9
Glycine Manganese(II) 11.1 Manganese(II) 10.11
Beryllium 4.95 Mercury(II) 12.7 Mercury(II) 23.35
Cadmium 8.60 Nickel 16.0 Nickel(II) 24.80
Cobalt(IT) 10.76 Rare earths ca. 21 Silver 12.07
Copper(II) 16.27 Strontium 6.73 Vanadium(I'V) 9.69
Dysprosium 12.2 Thallium 3.44 Zinc 17.55
Erbium 12.7 Thorium 12.4
Gadolinium 11.9
(Continued)
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TABLE 2.1 Overall Formation Constants for Metal Complexes with Organic Ligands (Continued)

Metal ions log Kf Metal ions log Kf Metal ions log Kf
1-(2-Pyridylazo)-2-naphthol 5-Sulfosalicylic acid Thioglycolic acid
(PAN) Cobalt(I) 9.82 Mercury(II) 43.82
Cobalt(II) >12 Copper(II) 16.45 Nickel 13.53
Copper(II) 16 Iron(II) 5.90 Rare earths ca. 3.1
Manganese(II) 18.9 Tron(IIT) 32.12 Zinc 15.04
Nickel 26.0 Lanthanum 9.11 Thiourea
Scandium 4.8 Manganese(II) 8.24
Titanium(IIT) 4.23 Nickel 10.24 Bismuth 11.9
Zinc 23.5 Niobium(V) 7.7 Cadmium 4.6
S Uranium(VI) 19.20 Copper(II) 15.4
Salicylic acid Zinc 10.65 Lead 8.3
Aluminum 14.11 . R Mercury(II) 26.8
Beryllium 17.4 Tartaric acid Silver 13.1
Cadmium 5.55 Barium 1.62 Triethanolamine
Chromium(II) 15.3 Bismuth 8.30
Cobalt(IT) 11.42 Calcium 9.01 Cobalt(IT) 1.73
Copper(II) 18.45 Cadmium 2.8 Copper(II) 4.30
Iron(II) 11.25 Cobalt(IT) 2.1 Mercury(IT) 13.08
Tron(IIT) 36.80 Copper(II) 478 Nickel 2.7
Manganese(II) 9.80 Europium(III) 8.11 Silver 3.64
Nickel 11.75 Tron(I1T) 7.49 Zinc 2.00
Thorium 11.60 Lanthanum 3.06 ,
Titanium(IV) 609 | Lead 3.78 3-(2"Thenoyl)-1,1,1-
Uranium(VI) 13.4 Magnesium 138 trifluoroacetone (TTA)
Vanadium(II) 6.3 Neodymium 9.0 Barium 10.6
Zinc 6.85 Zinc 8.32 Copper(II) 13.0
L . S Iron(III) 6.9
5-Sulfosalicylic acid Thioglycolic acid Nickel 10,0
Aluminum 28.89 Cerium(IIT) 3.03 Praseodymium 9.53
Beryllium 20.81 Cobalt(IT) 12.15 Plutonium(IIT) 9.53
Cadmium 29.08 Tron(II) 10.92 Plutonium(I'V) 8.0
Chromium(II) 12.9 Lead 8.5 Thorium 8.1
Chromium(IIT) 9.56 Manganese(II) 7.56 Uranium(IV) 7.2

1. Oxygen donors and fluoride are general complexing agents, combining with any metal ion
with a charge more than one.

2. Acetates, citrates, tartrate, and 3-diketones sequester all metals in general. Pure electrostatic
phenomena predominate. The strength of the coordinating bond formed with the central metal ion
increases enormously with the charge of the metal ion and decreases with its radius. Upon com-
paring various oxygen donors, bond stability is found to increase regularly with the basicity, as
measured by proton addition, of the ligand atom.

3. Cyanide, heavy halides, sulfur donors, and to a smaller extent the nitrogen donors are more
selective complexing agents than oxygen donors. These ligands do not combine with the cations
of the A metals of the periodic table. Only the cations of B metals and transition-metal cations
are coordinated to carbon, sulfur, nitrogen, chlorine, bromine, and iodine. The bonds of the com-
plexes are predominately covalent. Bond strength increases with the ease by which the metal ion
accepts electrons and the ease by which the ligand atom donates electrons. A decisive factor is
the difference in the electronegativity of the metal ion and the donor atom. Highly polarizable
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TABLE 2.2 Overall Formation Constants for Metal Complexes with Inorganic Ligands

Metal ions log Kf Metal ions log Kf Metal ions log Kf
Ammonia Fluoride Pyrophosphate
Cadmium 7.12 Cerium(IIT) 3.20 Barium 4.6
Cobalt(II) 5.11 Chromium(III) 10.29 Calcium 4.6
Cobalt(I1I) 352 Gadolinium 3.46 Cadmium 5.6
Copper(I) 10.86 Gallium 5.08 Copper(Il) 9.0
Copper(II) 12.86 Indium 9.70 Lead 5.3
Tron(II) 22 Tron(III) 12.06 Magnesium 5.7
Manganese(II) 1.3 Manganese(II) 5.48 Nickel 7.8
Mercury(II) 19.28 Plutonium(I1I) 6.77 Strontium 4.7
Nickel 8.74 Scandium 17.3 Yttrium 9.7
Platinum(IT) 35.3 Thallium(III) 6.44 Zirconium 6.5
Silver 7.05 Thorium 17.97
Zine 9.46 Titanium(IV) 18.0 Sulfate
Bromide Uranium(VI) 11.84 Cerium(IIT) 3.40
Yttrium 12.14 Erbium 3.58
Bismuth(III) 9.70 Zirconium 21.94 Gadolinium 3.66
Cadmium 3.70 Hydroxide Holmium 3.58
Copper(I) 5.89 Indium 2.36
Gold(I) 12.46 Aluminum 33.03 Iron(I1I) 2.98
Mercury(II) 21.00 Antimony(III) 38.3 Lanthanum 3.64
Palladium(II) 13.1 Arsenic (as AsO") 21.20 Neodymium 3.64
Platinum(IT) 20.5 Beryllium 15.2 Nickel 24
Rhodium(IIT) 17.2 Cadmium 8.62 Plutonium(IV) 3.66
Silver(I) 8.73 Cerium(IV) 26.42 Praseodymium 3.62
Thallium(III) 31.6 Chromium(III) 29.9 Samarium 3.66
- Copper(1I) 18.5 Thorium 5.50
Chloride Gallium 40.3 Uranium(IV) 5.42
Antimony(III) 4.72 Indium 28.7 Uranium(VI) 3.30
Bismuth(III) 5.6 Iodine 11.24 Yttrium 347
Cadmium 2.80 Tron(IT) 9.67 Ytterbium 3.58
Copper(l) 5.7 Iron(1II) 29.67 Zirconium 7.717
Gold(IT) 9.8 Lead(I) 61.0 Sulfite
Indium 3.23 Manganese(II) 8.3
Mercury(IT) 15.07 Nickel 11.33 Copper(I) 9.2
Palladium(II) 15.7 Plutonium(IV) 12.39 Mercury(IT) 22.06
Platinum(IT) 16.0 Plutonium(VI) 20.9 Silver 7.35
Silver(I) 5.04 Tellurium(IV) 72.0 ;
Thallium(II) 18.00 Thallium(IIT) 25.37 Thiocyanate
Tin(II) 2.03 Titanium(IIT) 12.71 Bismuth 4.23
Tin(IV) 4 Uranium(IV) 41.2 Cadmium 3.6
Cyanide Uranium(VI) 324 Chromium(III) 2.98
Vanadium(III) 21.6 Cobalt(IT) 3.00
Cadmium 18.78 Vanadium(IV) 25.8 Copper(I) 5.18
Copper(I) 30.30 Vanadium(V) 58.5 Gold(I) 42
Gold(T) 383 Zinc 17.66 Indium 4.63
Iron(1I) 35 Zirconium 55.3 Iron 3.36
Tron(I1I) 42 Todide Mercury(II) 17.47
Mercury(II) 41.4 Silver 9.08
Nickel 31.3 Bismuth 18.80 ,
Silver(I) 21.1 Cadmium 5.41 Thiosulfate
Zinc 16.7 Copper(I) 8.85 Cadmium 6.44
; Todine 5.79 Copper(I 13.84
Fluoride Lead(II) 447 Losd h 6.35
Aluminum 19.84 Mercury(II) 29.83 Mercury(Il) 33.24
Beryllium 12.6 Silver(I) 13.68 Silver 13.46
Thallium(IIT) 31.82
29
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ligands are favored, especially if the latter have suitable vacant orbitals into which some of the d
electrons from the metal ion can be “back-bonded.” This condition favors sulfur-containing
ligands.

2.1.1.4 Chelates.® A large and important group of metal complexes contain a number of ligands
that is half the usual coordination number of the metal ion involved. These organic ligands have a dual
character. The ligand is usually a weak, polyfunctional organic acid. It must also possess a pair of
unshared electrons on an oxygen, nitrogen, or sulfur atom that is available for coordination.
Furthermore, the acidic and basic groups in the ligand must be situated so that ring formation involv-
ing the metal ion can proceed relatively free from strain. An example is 2,4-pentanedione (with its tau-
tomeric equilibrium)

CH3—("3—CHZ—iI—CH3 = CH3—?=CH—CI—CH3 (2.16)
6] O\ /,O
H
reacting with Cu(Il) ion through replacement of the acidic proton and chelate formation

CH3—(|Z=CH—ﬁ—CH3
0 0
N
Cu
7\

7 9
CH,—C—CH=C—CH,

Practically all chelates have five- or six-member rings. In general, the five-member ring is more
stable when the ring is entirely saturated, but six-member rings are favored when one or more dou-
ble bonds are present. Multiple ring systems formed with a given metal ion markedly improve sta-
bility. When two or more donor groups are tied together to form an additional chelate ring without
materially altering the donor groups, the increased stability of the chelate is due almost entirely to
an increase of entropy. This is due to the increasing number of positions occupied by the chelat-
ing ligand in the metal coordination sphere and the improvement in isolation of the central metal
atom from the influence of solvent hydration. Stability parallels the number of resonating struc-
tures that can be written for the chelate species. Spatial considerations, size of the metal ion, and
space available between the coordination and ligand sites determine whether a given metal chelate
can form.

Reagents giving uncharged complexes are precipitating and extracting agents. The pure oxygen
donors among them, like the S-diketones and cupferron, are general reagents. Little selectivity is
found in 8-hydroxyquinoline, which donates one oxygen and one nitrogen atom to each metal. On
the other hand, the nitrogen and sulfur donors, such as dithizone and diethyldithiocarbamate, are
highly selective for the B metals and the noble transition metals.

Reagents giving charged chelates are masking (sequestering) agents. The pure oxygen
donors (oxalates, tartrates, and citrates) are nonselective. Higher complex stabilities are
reached with aminopolycarboxylic acid anions, which are also general masking agents because

% A. E. Martell and M. Calvin, Chemistry of the Metal Chelate Compounds, Prentice-Hall, New York, 1952.
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of the greater number of oxygens in comparison to nitrogens among their ligand atoms.
Polyamines are rather selective agents, combining only with B metals and transition metals.
Still greater selectivity is found with sulfur donors like thiourea, dithiocarbamate, and dithio-
phosphate.

2.1.2 Masking’®

Masking, in the general sense, is the prevention of reactions whose occurrence is normally to be
expected. Studies of Cheng® and Hulanicki'® give the theoretical basis of application of mask-
ing agents in analytical problems. If the normal reacting molecule or ion is designated as A, and
the masking agent as Ms, every masking reaction can be represented by the general reversible
equation:

A+MSZ2 A-Ms (2.17)

The position of the equilibrium of the masking reaction, that is, the decreased concentration of A at
equilibrium, determines the efficiency of masking. An excess of Ms favors the completeness of
masking. Masking (and demasking) techniques are widely used in analytical chemistry because
they frequently provide convenient and elegant methods by which to avoid the effects of unwanted
components of a system without having to resort to physical separation. Masking techniques can
increase the selectivity of many analytical methods. The best ligands to use as masking agents are
those that are chemically stable and nontoxic and react rapidly to form strong, colorless complexes
with the ions to be masked, but form only relatively weak complexes with other ions that are pre-
sent. Tables 2.3 and 2.4 are intended as qualitative guides to the types of masking agents likely to
be suitable for particular analytical problems. Although optimum working conditions can frequently
be defined by calculation, it is still necessary to confirm by experiment the suitability of the calcu-
lated conditions.

Important procedures for enhancing the selective action of reagents are based on the prevention
of reactions. If a selective reagent is undergoing several analogous reactions, the equilibrium posi-
tions are dependent on pH to a different extent. Adjustment of the reaction milieu to certain pH val-
ues or intervals can then prevent the occurrence of unwanted reactions. This stratagem is used
especially with organic reagents. Another type of reaction impedance consists in lowering the con-
centration of ionic or molecular species without dilution so that certain color or precipitation reac-
tions no longer occur. This is possible when the addition of appropriate reagents produces
compounds for which the reactions are of different types. By combination with pH adjustment,
masking can frequently be employed to elevate the action of less selective precipitation and color
reagents to highly selective reactions or sometimes even specific reactions. Masking agents may be
either inorganic or organic in nature. In the latter case, the action of certain groups plays a signifi-
cant role in the same manner as with precipitation and color reagents. On the other hand, the unsus-
pected presence of masking agents may impair or prevent tests or methods that ordinarily can be
used without hesitation.

Through deliberate selection of suitable masking agents it is possible to secure a precise, frac-
tional masking action. For example, Cu(Il) is extracted with 8-hydroxyquinoline in chloroform at
a much lower pH than U(VI). If ethylenediaminetetraacetic acid (EDTA) is added, the uranium

7 D. D. Perrin, Masking and Demasking of Chemical Reactions, Wiley-Interscience, New York, 1970; D. D. Perrin, “Masking
and Demasking in Analytical Chemistry,” Chap. 21 in I. M. Kolthoff and P. J. Elving, eds., Treatise on Analytical Chemistry, Part 1,
Vol. 2, 2d ed., Wiley-Interscience, New York, 1979.

8 F. Feigl, Chemistry of Specific, Selective and Sensitive Reactions, Academic, New York, 1949.

° K. L. Cheng, Anal. Chem. 33:783 (1961).

10 Hulanicki, Talanta 9:549 (1962).
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TABLE 2.3 Masking Agents for Ions of Various Elements

Element

Masking agent

Ag

Al

Ca
Cd

Ce
Co

Cu

Fe

Nb
Nd
NH

Np
Os
Pa
Pb

Br, citrate, CI7, CN~, I, NH;, SCN-, S20§‘, thiourea, thioglycolic acid, diethyldithiocarbamate,
thiosemicarbazide, bis(2-hydroxyethyl)dithiocarbamate

Acetate, acetylacetone, BF, citrate, CQOE‘, EDTA, F~, formate, 8-hydroxyquinoline-5-sulfonic
acid mannitol, 2,3-mercaptopropanol, OH™, salicylate, sulfosalicylate, tartrate, triethanolamine,
tiron

Citrate, 2,3-dimercaptopropanol, NHZOH - HCI, OH-, SZ, tartrate

Br-, CN-, NH,, SCN~, S,03", thiourea

Citrate, cyclohexanediaminetetraacetic acid, N,N-dihydroxyethylglycine, EDTA, F~, SO?Z, tartrate

Acetylacetone, citrate, EDTA, F~, sulfosalicylate, tartrate

Citrate, ClI7, 2,3-dimercaptopropanol, dithizone, EDTA, I, OH", Na5P3O
thiosulfate, thiourea, triethanolamine, thiourea

BFj, citrate, N,N-dihydroxyethylglycine, EDTA, F~, polyphosphates, tartrate

Citrate, CN™, 2,3-dimercaptopropanol, dimercaptosuccinic acid, dithizone, EDTA, glycine, I~,
malonate, NH,, 1,10-phenanthroline, SCN-, SZO%)‘, tartrate

Citrate, N,N-dihydroxyethylglycine, EDTA, F~, PO3-, reducing agents (ascorbic acid), tartrate, tiron

Citrate, CN™, diethyldithiocarbamate, 2,3-dimercaptopropanol, dimethylglyoxime, ethylenedi-
amine, EDTA, F~, glycine, Hzoz’ NH3, NOE, 1,10-phenanthroline, Na5P3OIO, SCN-, SzOg’, tartrate

Acetate, (reduction with) ascorbic acid + KI, citrate, N,N-dihydroxyethylglycine, EDTA, F~,
formate, NaOH + HZOZ, oxidation to CrOﬁ’, Na5P3010, sulfosalicylate, tartrate, triethylamine, tiron

Ascorbic acid + KI, citrate, CN™, diethyldithiocarbamate, 2,3-dimercaptopropanol, ethylenedi-
amine, EDTA, glycine, hexacyanocobalt(IlI)(3—), hydrazine, I~, NaHzPOZ, NHZOH - HCl,
NH;, NO3, 1,10-phenanthroline, S2-) SCN- + SO%‘, sulfosalicylate, tartrate, thioglycolic acid,
thiosemicarbazide, thiocarbohydrazide, thiourea

Acetylacetone, (reduction with) ascorbic acid, czoﬁ-, citrate, CN~, 2,3-dimercaptopropanol,
EDTA, F-, NH,, NH,OH - HCI, OH~, oxine, 1,10-phenanthroline, 2,2"-bipyridyl, PO}, P,O%",
S2-, SCN-, SnCl,, szof-;: sulfamic acid, sulfosalicylate, tartrate, thioglycolic acid, thiourea,
tiron, triethanolamine, trithiocarbonate

Citrate, CI~, EDTA, OH", oxalate, sulfosalicylate, tartrate

F~, oxalate, tartrate

See Zr

Acetone, (reduction with) ascorbic acid, citrate, Cl-, CN™, 2,3-dimercaptopropan-1-ol, EDTA,
formate, I, SCN—, SO%’, tartrate, thiosemicarbazide, thiourea, triethanolamine

CI, EDTA, F-, SCN-, tartrate, thiourea, triethanolamine

Citrate, CN—, SCN-, tartrate, thiourea

Citrate, EDTA, F~, oxalate, tartrate, tiron

Citrate, Czoi’, cyclohexane-1,2-diaminetetraacetic acid, N,N-dihydroxyethylglycine, EDTA, F~,
glycol, hexametaphosphate, OH™, oni‘, triethanolamine

Citrate, CN~, C,07", 2,3-dimercaptopropanol, EDTA, F~, Na,P,0,, oxidation to MnOj, P,0%",
reduction to Mn(II) with NH,OH - HCI or hydrazine, sulfosalicylate, tartrate, triethanolamine,
triphosphate, tiron

Acetylacetone, ascorbic acid, citrate, CZOi‘, EDTA, F-, H,0,, hydrazine, mannitol, NaSPSOIO,
NH20H - HCI, oxidation to molybdate, SCN™, tartrate, tiron, triphosphate

Citrate, C,07", F~, H,0,, OH, tartrate

EDTA

HCHO

Citrate, CN~, N,N-dihydroxyethylglycine, dimethylglyoxime, EDTA, F~, glycine, malonate,
Na5P3OI o NHS, 1,10-phenanthroline, SCN-, sulfosalicylate, thioglycolic acid,
triethanolamine, tartrate

-

CN-, SCN-, thiourea

H,0,

Acetate, (C¢Hy),AsCl, citrate, 2,3-dimercaptopropanol, EDTA, I~, Na,P,0,,, SO%-, S,0%,
tartrate, tiron, tetraphenylarsonium chloride, triethanolamine, thioglycolic acid

10 SCN-, tartrate,
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TABLE 2.3 Masking Agents for Ions of Various Elements (Continued)

Element Masking agent

Pd Acetylacetone, citrate, CN~, EDTA, I", NH,, NO3, SCN-, SZO?, tartrate, triethanolamine

Pt Citrate, CN—, EDTA, I, NH3, NOE, SCN-, szog: tartrate, urea

Pu Reduction to Pu(IV) with sulfamic acid

Rare C,07, citrate, EDTA, F~, tartrate

earths

Re Oxidation to perrhenate

Rh Citrate, tartrate, thiourea

Ru CN-, thiorurea

Sb Citrate, 2,3-dimercaptopropanol, EDTA, I~, OH", oxalate, $?7, S37, S,0%", tartrate, triethanolamine

Sc Cyclohexane-1,2-diaminetetraacetic acid, F~, tartrate

Se Citrate, F~, I", reducing agents, $*, SO3", tartrate

Sn Citrate, C20§‘, 2,3-dimercaptopropanol, EDTA, F~, I", OH™, oxidation with bromine water,
phosphate(3-), tartrate, triethanolamine, thioglycolic acid

Sr Citrate, N,N-dihydroxyethylglycine, EDTA, F~, SO%‘, tartrate

Ta Citrate, F~, Hzoz’ OH™, oxalate, tartrate

Te Citrate, F~, I, reducing agents, S2-, sulfite, tartrate

Th Acetate, acetylacetone, citrate, EDTA, F~, SO?-, 4-sulfobenzenearsonic acid, sulfosalicylic acid,
tartrate, triethanolamine

Ti Ascorbic acid, citrate, F~, gluconate, H202, mannitol, Na5P3OIO, OH-, SO%’, sulfosalicylic, acid,
tartrate, triethanolamine, tiron

T1 Citrate, CI-, CN-, EDTA, HCHO, hydrazine, NHZOH - HCl, oxalate, tartrate, triethanolamine

U Citrate, (NH,),CO;, CZOﬁ‘, EDTA, F, H,0,, hydrazine + triethanolamine, phosphate(3-), tartrate

A% (reduction with) Ascorbic acid, hydrazine, or NHZOH -HCl, CN-, EDTA, F, H202, mannitol,
oxidation to vanadate, triethanolamine, tiron

W Citrate, F~, Hzoz’ hydrazine, Na5P3OIO, NH20H - HCl, oxalate, SCN™, tartrate, tiron,
triphosphate, oxidation to tungstate

Y Cyclohexane-1,2-diaminetetraacetic acid, F~

Zn Citrate, CN~, N,N-dihydroxyethylglycine, 2,3-dimercaptopropanol, dithizone, EDTA, F~, glycerol,
glycol, hexacyanoferrate(IT)(4—), Na5P3010, NH,, OH~, SCN-, tartrate, triethanolamine

Zr Arsenazo, carbonate, citrate, CZOi’, cyclohexane-1,2-diaminetetraacetic acid, EDTA, F~, H,0,,

PO3, P,0%", pyrogallol, quinalizarinesulfonic acid, salicylate, SO3~, + H,0,, sulfosalicylate,
tartrate, triethanolamine

extraction proceeds as before but the copper is not extracted until the pH is raised by more than
five units.

Masking must not be identified solely with complex formation. There are numerous complex
compounds in which solutions show no masking effects. On the other hand, examples can be
cited in which the product of soluble principal valence compounds may lead to masking. This
latter category includes the annulment of the base action of NH,—groups in carboxylic acids by
the addition of formaldehyde, the masking of the iodometric oxidation of sulfites by formalde-
hyde, as well as the masking of almost all reactions of molybdenum(VI), tungsten(VI), and
vanadium(V) by hydrogen peroxide or fluoride ion. Sometimes the masking agent changes the
valence state of the metal ion. Examples include the reduction of Fe(Ill) to Fe(Il) with
hydrazine, hydroxylamine hydrochloride, or tin(II) chloride. Hydroxylamine also reduces
Ce(1V) to Ce(III), Cu(Il) to Cu(l), and Hg(II) to free Hg. Ascorbic acid reduces Cu(Il) to Cu(l)
in the presence of chloride ion.

The reaction of the hydrogen sulfite ion in an alkaline solution with ketones and aldehydes is

H,C=0 + HSO; 2 H,C(OH)SO; (2.18)
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TABLE 2.4 Masking Agents for Anions and Neutral Molecules

Anion or neutral

molecule Masking agent

Boric acid F-, glycol, mannitol, tartrate, and other hydroxy acids

Br- Hg(1D)

Br, Phenol, sulfosalicylic acid

BrO; Reduction with arsenate(III), hydrazine, sulfite, or thiosulfate

Chromate(VI) Reduction with arsenate(III), ascorbic acid, hydrazine, hydroxylamine, sulfite,
or thiosulfate

Citrate Ca(II)

Cl- Hg(1I), Sb(I1I)

cl, Sulfite

ClOy Thiosulfate

CIOZ Hydrazine, sulfite

CN- HCHO, Hg(Il), transition-metal ions

EDTA Cu(I)

F AI(III), Be(Il), boric acid, Fe(IIl), Th(IV), Ti(IV), Zr(IV)

Fe(CN)g‘ Arsenate(IIT), ascorbic acid, hydrazine, hydroxylamine, thiosulfate

Germanic acid Glucose, glycerol, mannitol

I~ Hg(1D)

I Thiosulfate

103 Hydrazine, sulfite, thiosulfate

IOZ Arsenate(IlI), hydrazine, molybdate(VI), sulfite, thiosulfate

MnO; Reduction with arsenate(III), ascorbic acid, azide, hydrazine, hydroxylamine, oxalic acid,
sulfite, or thiosulfate

MoOﬁ‘ Citrate, F~, H,0,, oxalate, thiocyanate + Sn(II)

NO} Co(II), sulfamic acid, sulfanilic acid, urea

Oxalate Molybdate(VI), permanganate

Phosphate Fe(III), tartrate

S CN-, S2-, sulfite

S2- Permanganate + sulfuric acid, sulfur

Sulfate Cr(IIT) + heat

Sulfite HCHO, Hg(Il), permanganate + sulfuric acid

SO(Z)’ Ascorbic acid, hydroxylamine, thiosulfate

Se and its anions Diaminobenzidine, sulfide, sulfite

Te I

Tungstate Citrate, tartrate

Vanadate Tartrate

The carbon—oxygen double bond of the carbonyl group is opened, and the hydrogen sulfite radi-
cal is added. An increase in temperature reverses the reaction more easily for ketones than for
aldehydes.

Certain organic substances have no charge at any pH but form complexes with substances that do
have a charge. The sugars and polyalcohols form such complexes in the pH range between 9 and 10
with a number of anions, including borate, molybdate, and arsenite. Elegant ion-exchange methods
have been devised for the sugars.

2.1.2.1 Examples of Masking. The reversible reaction involving iron(II)-iron(IIT) will proceed
quantitatively in either direction under suitable conditions. The oxidation of iron(Il) will be facili-
tated if the resulting iron(Ill) is masked by fluoride, pyrophosphate, or tartrate and thus removed

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



PRELIMINARY SEPARATION METHODS

PRELIMINARY SEPARATION METHODS 2.15

from the redox system. When determining iron(Il) in minerals containing fluoride, air oxidation is a
problem during the dissolution process. Excess boric acid ties up the fluoride as tetrafluorobo-
rate(1-) ion more effectively than hexafluoroferrate(III)(3-) ion.

Although iodine normally oxidizes titanium(III) to titanium(IV) with ease, the reaction is pre-
vented when fluoride ion is present due to the formation of hexafluorotitanate(III)(3-) ion.

The precipitation of certain metals as hydrated oxides and carbonates does not occur in the
presence of hydroxy acids and higher alcohols, such as citrates, glycerol, mannitol, and tar-
trate.

Sulfosalicylic acid is an excellent complex former for aluminum, iron(Ill), and titanium(IV)
ions.

Beryllium ions are masked against hydroxide precipitation in ammoniacal tartrate solutions.
Nevertheless, the addition of guanidine carbonate produces a quantitative precipitation of basic
beryllium carbonate mixed with precipitant. Other metal ions masked by tartrate, such as aluminum,
iron(I1I), thorium, uranium(VI), and zirconium, do not react with guanidine carbonate.

Kinetic masking utilizes differences in rates of complex formation or dissociation. For
example, ice-cold solutions at pH 2 of Ni-EDTA and A1-EDTA are only slowly dissociated by
added Bi(IlII) ion, permitting Ni to be determined in the presence of Cd, Co, Cu(Il), Mn(1I),
Pb, and Zn.

2.1.3 Demasking

For the major part, masking reactions that occur in solutions and lead to soluble compounds are equi-
librium reactions. They usually require the use of an excess of the masking agent and can be reversed
again by removal of the masking agent. The freeing of previously masked ionic or molecular species
has been called demasking. This merits consideration in regard to its use in analysis. Masking never
completely removes certain ionic or molecular species, but only reduces their concentrations. The
extent of this lowering determines which color or precipitation reactions can be prevented. A system
masked against a certain reagent is not necessarily masked against another but more aggressive
reagent. It is therefore easy to see that masked reaction systems can also function as reagents at times
(e.g., Fehling’s solution, Nessler’s reagent).

The methods used in demasking are varied. One approach is to change drastically the hydrogen
ion concentration of the solution. The conditional stability constants of most metal complexes
depend greatly on pH, so that simply raising or lowering the pH is frequently sufficient for selective
demasking. In most cases a strong mineral acid is added, and the ligand is removed from the coor-
dination sphere of the complex through the formation of a slightly ionized acid as with the polypro-
tic (citric, tartaric, EDTA, and nitriloacetic) acids.

Another type of demasking involves formation of new complexes or other compounds that
are more stable than the masked species. For example, boric acid is used to demask fluoride
complexes of tin(IV) and molybdenum(VI). Formaldehyde is often used to remove the masking
action of cyanide ions by converting the masking agent to a nonreacting species through the
reaction

CN~ + HCHO 2 OCH,CN (2.19)

which forms glycollic nitrile. Pertinent instances are the demasking of Ni(CN)3~ ions to Ni** ions by
formaldehyde and the demasking of dimethylglyoxime (dmg) from Pd(dmg)%‘ ions by cyanide.
Selectivity is evident in that Zn(CN)i‘ is demasked, whereas Cu(CN);™ is not.

Destruction of the masking ligand by chemical reaction may be possible, as in the oxidation of
EDTA in acid solutions by permanganate or another strong oxidizing agent. Hydrogen peroxide and
Cu(Il) ion destroy the tartrate complex of aluminum.

Demasking methods for a number of masking agents are enumerated in Table 2.5.
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TABLE 2.5 Common Demasking Agents

Abbreviations: DPC, diphenylcarbazide; HDMG, dimethylglyoxime; PAN, 1-(2-pyridylazo)-2-naphthol; Pptn,

precipitation; Dtcn, detection; Diffn, differentiation; Titrn, titration.

Complexing agent

Ton demasked

Demasking agent

Application

CN-

co%

C,07

CI~ (concentrated)
Ethylenediamine

EDTA

F

H,0,

NO;
PO}~

SCN-
SO3 (conc. H,S0O,)
5,02

Tartrate

Agt
C d2+

Cu*
Cu2+
FeZ+
Fe3+
HDMG
H g2+
Ni2+

pd2+
7Zn2+

Cu2+
A13+
Ag*
Agt

APt

Ba2+

C02+

Mg2+
Th(IV)
Ti(IV)
Zn2+
Many ions
AI(IID)

Fe(III)
Hf(IV)
Mo(VI)
Sn(1V)
U(vI
Zr(IV)

HE(IV), TidV),
or Zr
Ag*

Co(I1I)
Fe(IT)
U0
Fe(ID)
Ba2+
Ag*
Cu2+
AI(IIT)

H
H+

HCHO + OH~
H

HgO

H g2+

HgO

P4zt

Pd?+

HCHO

H+

HgO

Ag*

Ag+, Hg2+, Pb2
H+

HgO

CI,CCHO - H,0O
H+"

H+

OH~

H,0

SiO, (amorphous)

AI(III) or Be(Il)
H,BO,

H,BO,

Al

AI(III) or Be(Il)
Ca(ll)

OH~

Fe(II)

Br-

H+

-

SiO, (amorphous)

H+

OH~

AI(IID)

OH~

H,0

H+

OH~

H,0, + Cu*

Precipitation of Ag
Free Cd**

Detection of Cd (with DPC) in presence of Cu

Precipitation of Cu

Determination of Cu

Free Fe?*

Determination of Fe

Detection of CN~ (with Ni*)

Detection of Pd (with DPC)

Detection of Ni (with HDMG)

Free Ni%*

Determination of Ni

Detection and determination of Ni (with
HDMG) in presence of Co

Detection of Ag, Hg, Pb (with HDMG)

Precipitation of Pd

Determination of Pd

Titration of Zn with EDTA

Free Zn

Free Cu?*

Precipitation of AI(OH),

Precipitation of AgCl

Differentiation of crystalline and
amorphous SiO, (with CrO?)

Titration of Al

Precipitation of BaSO, (with SO

Detection of Co (with diethyldithiocarbamate)

Titration of Mg, Mn

Titration of Th

Precipitation of Ti (with NH;)
Titration of Mg, Mn, Zn

Free ions

Precipitation of Al (with 8-hydroxylquinoline)

Precipitation of AI(OH),

Precipitation of Fe(OH),

Detection of Hg (with xylenol orange)
Free molybdate

Precipitation of Sn (with H,S)
Detection of U (with dibenzoylmethane)
Detection of Zr (with xylenol orange)
Detection of Ca (with alizarin S)
Precipitation of Zr(OH),

Free ions

Detection of Br~

Detection of Ag

Detection of I and Br

Differentiation of crystalline and
amorphous SiO, (with CrO?)

Free Co

Precipitation of FePO,

Detection of U (with dibenzoylmethane)

Precipitation of Fe(OH),

Precipitation of BaSO,

Free Ag*

Detection of Cu (with PAN)

Precipitation of AI(OH),
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2.2 EXTRACTION METHODSM-'3

Most chemical reactions show poor selectivity as to the types of metal ions that take part. To improve
the selectivity it is common to resort to extraction methods. Solutes have different solubilities in dif-
ferent solvents, and the process of selectively removing a solute from a mixture with a solvent is
called extraction. The solute to be extracted may be in a solid or in a liquid medium, and the solvent
used for the extraction process may be water, a water-miscible solvent, or a water-immiscible sol-
vent. The selection of the solvent to be used depends upon the solute and upon the requirements of
the experimental procedure. An ideal extraction method should be rapid, simple, and inexpensive to
perform; should yield quantitative recovery of target analytes without loss or degradation; and should
yield a sample that is immediately ready for analysis without additional concentration or class frac-
tionation steps.

2.2.1 Solvent Extraction Systems

Extraction procedures based on the distribution of solutes among immiscible solvents are carried out
for two purposes. Exhaustive extraction involves the quantitative removal of one solute; selective
extraction involves the separation of two solutes.

2.2.1.1 Partition Coefficient. It is useful to consider first the behavior of a single solute between
two immiscible liquids; usually these will be water and an organic liquid. The distribution equilibri-
um in the simplest case involves the same molecular species in each phase.

A=Ay (2.20)

Included in this class are neutral covalent molecules that are not solvated by either of the solvents.
The partition coefficient corresponds in value to the ratio of the saturated solubilities of the solute in
each phase:

K, = (Al (221
(41,

Ignoring any specific solute—solvent interactions, the solubility of such molecular species in organic
solvents is generally at least an order of magnitude higher than that in water; that is, K, > 10. In each
homologous series, increasing the alkyl chain length increases the partition coefficient by a factor of
about 4 for each new methylene group incorporated into the molecule. Branching results in a lower
K, as compared with the linear isomer. Incorporation of hydrophilic functional groups into the mole-
cule lowers the partition coefficient as written.

2.2.1.2 Association in the Organic Phase. Dimerization in the organic phase
24 1y = [(A)s] g (2.22)

increases the distribution ratio D,

AL, 2,1, 223

S Al

''T, C. Lo, H. H. L. Baird, and C. Hanson, eds., Handbook of Solvent Extraction, Wiley-Interscience, New York, 1983.
12 G. H. Morrison and H. Freiser, Solvent Extraction in Analytical Chemistry, Wiley, New York, 1957.
13J. Stary, Metal Chelate Solvent Extraction, Pergamon, Oxford, 1965.
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Incorporating the partition coefficient,

D =K, (1 +2K,[A] (2.24)

org)

where K, is the dimerization constant. Dimerization decreases the monomer concentration,
the species that takes part directly in the phase partition, so that the overall distribution increases.

2.2.1.3 Exhaustive Extraction. Water will extract inorganic salts, salts of organic acids, strong
acids and bases, and low-molecular-weight (four carbons or less) carboxylic acids, alcohols, poly-
hydroxy compounds, and amines from any immiscible organic solvents that contain them. The
completeness of the extraction may depend upon the pH of the aqueous phase, as will be discussed
in a later section.

Consider an extraction of X moles of solute A dissolved in V, mL water, with V, mL organic solvent.
If Y moles remain in the water phase after a single extraction, the fraction remaining unextracted is

X_¢ Y (2.25)

Yy 7TV kv
w d o

The fraction remaining unextracted is independent of the initial concentration. Therefore, if n
successive extractions are performed with fresh portions of solvent, the fraction remaining
unextracted is

-n

1%
f=|1+k, V— (2.26)

w

The amount of solute remaining in the water phase after a single extraction is dependent upon two
factors: (1) the partition coefficient (in later expressions this is replaced by the distribution ratio D)
and (2) the volume ratio of the phases. Exhaustive extraction will involve either repeated batch
extractions or continuous extraction methods. After n extractions the fraction of solute remaining in
the water phase is

n
v
X% 2.27)
Y | K,V +V)

For a given amount of organic phase, the extraction is more efficient if carried out several times with
equal portions of extracting phase. However, little is gained by dividing the volume of extractant into
more than four or five portions. Equation (2.27) is useful in determining whether a given extraction
is practicable, with a reasonable value of V /V, , or whether an extractant with a more favorable par-
tition coefficient (or distribution ratio) should be sought.

Example 2.1 How might 99.0% of a substance with a partition coefficient of 4 be extracted into an organic
phase?

Method 1 1f using a single extraction, it is necessary to determine the volume ratio needed. Proceed as follows:

0.01=|1+4 Lo
Vo

|
Lo 95
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The total amount of solute would determine whether 100 mL of organic phase would be used to extract 4 mL
of aqueous phase, or some other ratio such as 500 and 20 mL, respectively. In any case, the volume ratio is just
feasible. Even so, too large a volume of organic solvent is required.

Method 2 How many equilibrations would be required using fresh organic phase each time and equal vol-
umes of each phase?

00l=(1+4)™"
log 0.0l =nlog0.2 and -2.0=-0.7n
n = 2.8 (or 3 extractions)

This second approach requires much less organic solvent, and three successive equilibrations are not particu-
larly time consuming.

Often it is convenient to use a volume of extracting organic solvent smaller than the aqueous sam-
ple solution. Thus extraction of 50 mL of aqueous solution with 5 mL of organic solvent is easy
enough. However, extraction of 250 mL of aqueous solution with 5 mL of organic solvent would
require more care to prevent loss of the organic solvent on the walls of the separatory funnel and as
small droplets throughout the aqueous solution. Use of a second portion of organic extracting solu-
tion overcomes these problems.

If the partition coefficient or distribution ratio is unknown, it can be obtained by equilibrat-
ing known volumes of the aqueous phase and extracting solvent, and then determining the con-
centration of the distributing species in both phases. This should be performed over a range of
concentrations.

The requirements of a separation will set the limits on the completeness of extraction
required. If removal from the aqueous phase must be 99.9%, then D must be 1000 or greater
when equal volumes of the two phases are used, but D must be 10 000 or greater when the aque-
ous phase is 10 times the volume of the organic phase. These limits assume one equilibration
only. If additional equilibration steps are employed, D could be proportionally smaller. When
performed manually, the use of liquid—liquid extraction methods is limited to values of D greater
than, or equal to, 1.

2.2.1.4 Selectivity of an Extraction. An extraction for separation purposes is more involved
than the singular examples discussed in the preceding section. Now two or more components
may be distributed between the two phases. Considering the requirements for the complete sep-
aration of one component, namely, D, must be 1000 or greater when the phase volumes are
equal, then D, must be 0.001 or less if not more than 0.1% of the second component is to coex-
tract. Do not be misled into thinking that a second equilibration will remedy an incomplete
extraction when an insufficient difference exists between the two distribution ratios. Washing
the extract with suitable solutions is helpful in removing undesired elements. Equilibration of
an extract with fresh aqueous phase will often remove traces of coextractants whose distribution
ratios are low.

Example 2.2 Assume D = 10 and D, = 0.1, and that the phase volumes are equal. A single extraction will
remove 90.9% of component 1, but also 9.1% of component 2. Now a second extraction of the residual aque-
ous phase will remove an additional 8.3% of component 1 (for a total of 99.2% removal) but also remove an
additional 8.3% of component 2 (for a total of 17.4% removal).

What is desired—a maximum removal of component 1, or less than quantitative removal of component 1
but in as pure a state as possible?

Example 2.3 To continue with the conditions enumerated in the preceding example, but desiring pure
component 1, a back-extraction should be tried. Equilibrate the organic extracting phase in step 1 with an
equal volume of fresh aqueous phase. True, only 82.6% of component 1 remains in the organic phase (8.3%
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is back-extracted) but only 0.7% of component 2 remains as contaminant (the remainder having been back-
extracted). A second back-extraction with a second fresh aqueous phase would lower the contamination
from component 2 to only 0.06% while providing a 75.0% recovery of component 1.

If the distribution ratios of two components are close in value, it becomes necessary to resort to
chemical parameters, such as pH or masking agents, to improve the extraction conditions for the
desired component. An alternative method would be countercurrent distribution methods in which
distribution, transfer, and recombination of various fractions are performed a sufficient number of
times to achieve separation.

The properties of selected solvents are given in Table 2.6.

Extraction of Formally Neutral Species

Tonic compounds would not be expected to extract into organic solvents from aqueous solutions.
However, through addition or removal of a proton or a masking ion, an uncharged extractable species
may be formed. Included in this category are the neutral metal chelate complexes.

An example is furnished by the anion of a carboxylic acid and the influence of pH upon the
distribution ratio of the neutral carboxylic acid molecule between an organic solvent and water.
Only the neutral molecule partitions between the contacting phases. The partition coefficient is
given by

[RCOOH]
K =— % (2.28)
d [RCOOH]aq ’
In the aqueous phase, an acid—base equilibrium is involved:
_ [RCOOH] (2.29)
HA [RCOO~][H*] ’

where K, ,, the acid association constant, is the reciprocal of the dissociation constant K. The over-
all distribution ratio is expressed by

[RCOOH]Org
D= . (2.30)
([RCOOH]+[RCOO ])aq
Combining Eqs. (2.28), (2.29), and (2.30)
K
D=——_d - (2.31)
1+1/K,, [H*]
or
1 1 1
—= (2.32)
D K, KK, [H*]
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tog Kq \ In a plot of 1/D vs. 1/[H*], the intercept gives 1/K,

- <y and the slope gives 1/K K, . Figure 2.1 is a log-

21 arithmic plot of Eq. (2.32). Two regions are
apparent. When 1/K, A[H"] is much less than one,

1+ log D =log K K, — pH, and the plot is a line of
ol 109 Kua unit slope. At low pH values the uncharged mole-
g cular species dominate in the aqueous phase and
S log D = log K, In dilute hydrochloric acid
-2k (between 5% and 10% HCI), carboxylic acids,
phenols, and other weakly ionized acids will be

-3 1 Ll L 1 extracted from an aqueous phase with an immis-

1 i
0O 2 4 6 8 10 12 14
pH
FIGURE 2.1 Log D vs. pH for a weak acid (RCOOH
type) with K,;, = 6.7 x 10° and K, = 720.

cible organic solvent, such as chloroform or car-
bon tetrachloride. Conversely, dilute NaOH will
extract acidic solutes from an immiscible organic
solvent by converting the acidic solute to the cor-
responding sodium salt.

Basic substances, such as organic amines, alkaloids, and cyclic nitrogen-containing ring compounds,
follow just the reverse pattern from that of acidic materials. Dilute hydrochloric acid will convert basic
substances into protonated species (positively charged) that will extract into the aqueous phase.
Conversely, dilute NaOH will convert the protonated materials into neutral species that can be extracted
from an aqueous phase into an immiscible organic phase. Control of the pH of the aqueous phase aids
in separations. For example, phenols are not coverted to the corresponding salt by NaHCO,, whereas
carboxylic acids are converted to the corresponding salt. A NaOH extraction will convert both phenols
and carboxylic acids to the corresponding sodium salts and will extract both into the aqueous phase.

The extraction of neutral organic species increases by a factor of 2 to 4 for each additional CH,
group introduced into the molecule of a member of a homologous series. Molecules that can form
hydrogen bonds with water, such as aldehydes, ethers, and ketones, will exhibit lower distribution
ratios than the corresponding hydrocarbons by factors of 5 to 150. A two-solvent system can some-
times be devised involving two fairly immiscible organic solvents. The more polar substances parti-
tion into the more polar of the two phases.

In contrast to the large number of organic compounds that distribute themselves between aque-
ous and organic phases, the number of simple inorganic compounds that do so is quite small. The
partition of iodine between water and carbon tetrachloride is well known. The high value (about 90)
for the partition coefficient facilitates the extraction of small quantities of iodine from aqueous solu-
tion. Iodine in the organic phase can be removed by shaking the organic phase with an aqueous
potassium iodide solution in consequence of the formation of polyiodide ions. Chlorine dioxide par-
titions between carbon tetrachloride and water, as does bromine and a number of simple systems
involving covalent, nonpolar species (usually molecules) in both the organic and aqueous phases.
Examples are OsO,, RuO,, AsBr;, AsCl,, GeCl,, Inl;, HgCl,, Hgl,, GeCl,, SbBr,, Sbl;, Snl,, and
Hg metal. These substances are all more or less volatile, but extraction methods have the advantages
of speed and simplicity. The disordered structure of an inert solvent, such as CCl, or CHCI, (and
sometimes benzene, toluene, or xylene), more easily accommodates a covalent molecule than does
the ordered structure of water. Brief details for extraction of these simple molecules are given in
Table 2.7.

The noble gases partition between nitrobenzene and water with the partition coefficient increas-
ing with their atomic volume (He, 5.5; Ne, 6; Ar, 12; Kr, 19; and Xe, 28).

2.2.2.1 Oxygen-type Solvents or “Onium” Systems. Solvent molecules may participate in ionic
reactions. Recognition of the hydrated hydronium ion, HyO7, as the cation that pairs with halometal-
lic anions in the extraction of complex halometallic acids has clarified the role of the oxygen-con-
taining solvent in oxonium extraction systems. This cation must be stabilized by hydrogen bonding
to the organic solvent (denoted S). Thus, the coordinating ability of the solvent is important. In effec-
tiveness, the order is roughly isobutyl methyl ketone > butyl acetate > pentyl alcohol > diethyl ether.
Solvents such as benzene and carbon tetrachloride are ineffective.
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