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(57) Abrége/Abstract:
A continuous flow microwave heated digesting system Iincludes a source of microwave radiation into a chamber, thin wallead

chemical resistant and microwave transmissive tubing within such chamber onto which the microwave radiation impinges to
heat contents thereof, and means for passing through such thin walled tubing material to be digested in a digesting medium
therefor, so that the material is digested. It has been found that for quick and effective digestions the tubing will often be of an
iInternal diameter in the range of 0.5 to 1 mm. and will be heated for a length in the range of 5 to 50 meters, so the heating time of
a sample to be digested will be at least five seconds and normally gill be less than 3 minutes, during which time such digestion
will be essentially completed. Means are provided for inserting into a stream of carrier liquid, such as water, a slug, such as a 1
ml. slug, of sample in digesting liquid (acid), which Is passed through the tubing (which Is coiled inside a microwave chamber),
and after completion of digestion Is cooled and Is passed directly to an atomic absorption spectrometer, where its spectrum Is
recorded and the analysis of the sample Is reported. The slug of sample in acid may be added to the system via an injection
valve and loop by means of syringe injection or other suitable charging means. Backpressure will be maintained on the system
and filtration of any undigested solids will very preferably be effected to prevent any possible blockages of the system.
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ABSTRACT OF THE DISCLOSURE:

A continuous flow microwave heated digesting system
includes a source of microwave radiation into a chamber, thin
walled chemical resistant and microwave transmissive tubing with-
in such chamber onto which the microwave radiation impinges to
heat contents thereof, and means for passing through such thin
walled tubing material to be digested in a digesting medium

therefor, so that the material is digested. It has heen found

~that for quick and effective digestions the tubing will often be of

an internal diameter in the range of 0.5 to 1 mm. and will be heated
for a length in the range of 5 to 50 meters, so the heating

time of a sample to be digested will be at least five seconds and
normally will be less than 3 minutes, during which time such
digestion will be essentially completed. Means are provided for
inserting into a stream of carrier liquid, such as water, a slug, .
such as a 1 ml. slug, of sample in digesting liquid (acid), which
is passed through the tubing (which is coiled inside a microwave
chamber), and after completion of digéstion is ¢ooled and 1is
passed directly to an atomic absorption spectrometer, where its
spectrum is recorded and the analysis of the sample 1s reported,
The slug of sample in acid may be added to the system via an
injection valve and loop by means of syringe injection or other
suitable charging means. Backpressure will be maintained on the
system and filtration of any undigested solids will very prefer-

ably be effected to prevent any possible blockages of the system,
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MICROWAVE HEATED DIGESTING SYSTEM FOR

DIGESTING MATERIALS TO BE ANALYZED

This invention relates to a continuous flow microwave
heated digesting system for digesting materials to be analyzed.
More particularly, it is of such a system wherein a slug of such
a material in a digesting medium is inserted into a carrier liquid,
passed through a thin walled tube which 1s exposed to mlcrowave
radiation while a backpressure 1is maintained‘on 1t, and is then
cooled, filtered and passed directly to an atomic absorption
spectrometer or other suitable instrument for analysis.

Before the present invention microwave radiation had
been suggested for use in heating materials to be digested and
it had also been suggested that flow injection analysis could be
employed wherein a sample to be analyzed could be added as a slug
in a digesting fluid, such as an acid, to a carrier stream, such
as water, heated by microwave radiation and analyzed by atomic
spectrometry. Such disclosures are in 179 Analytica Chimica Acta
351~357 (1986), 5 J. Flow Injection Analysis,No. 2, 121-131, J.
Chem. Soc. Chem., Commun. 807-809, and 236 Anglytica Chimica Acta
345-350 (1990). However, such references do not describe the
present apparatus and process and, in particular, they do not
describe applicants' use of backpressure regulation, filtration,

mechanism (bubbling to promote digestion) and specifics.
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In accordance with the present inventicn, a

continuous tlow microwave heated digesting system
comprises a chamber, a source of mlcrowave radiation
directed 1nto the chamber, a long, thin bore chemical
resistant and microwave transmissive tube 1in the chamber
onto which the microwave radiation impinges so as to heat

contents thereof, means for passing through such tube

material to be digested, in a slug of a liquid digesting

medium therefor, 1n a carrier liqguid, cooling means, to

cool the carrier liquid, digesting medium and material

digested after such had been microwave heated, and pack-
pressure means to malntain a back-pressure on the tube
contents, o prevent excesslive distribution of the
material and digesting mecdium in the carrier, so that
such material 15 digested 1in the tube within a time in
the range of 5 seconds to 10 minutes. Also within the
invention are a process for analyzing a material, 1in

which the described digesting system 1s smploved and an

apparatus or system 1In which a certaln type of filter 1is
present to protect the back-pressure regulating means and
tc prevent 1nsolubles from being transmitted to an
analytical apparatus, such as ar atomic absorption
spectrometer (AAS).

In accordance with an aspect of the present
invention, there 1s provided a continuous flow microwave
heated digesting system which comprises a «¢hamber, a

P
ey

source of microwave radiation directed 1nto the chamber,

1

a long, thin bore chemical resistant and milicrowave
transmissive  tube in the chamnmber, onto which  the

microwave radiation 1mpilinges s8¢ as to heat contents

thereof, the tube contents 1nclucding material to Dbe
digested 1n a slug of a ligquild digesting medium, the slug
being located within a carrier _..quld 1n the tube, means
for ovassing through the tube the carrier liguid with the

slug of liguid digesting medlium containing the material
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to Dbe digested disposed therein, the tube further
extending through a cooling means to cool the carrier
liquid, the slug of liquid digesting medium anrd material
digested after such had beernn microwave heated, and
pbackpressure regulating means to ma.-ntain a backpressure
on the tube contents, to prevent excessive distribution
of the material and digesting medium 1n the carrier
liquid, so that such material s digested 1in the tube
within a time 1in the range of 5 seconds te 10 minutes.

In accordance with an aspect of the 1nvention,
a process for analyvzing & samp.e which comprises mixing
the sample with a digesting material, injecting a slug of
the sample with the digesting material 1nto a stream of
carrier liquid passing through a thin bore tube, passing

the stream of carrier _igulid and the slug of the sample
with the digesting material through a chamber wherelin 1t
1s subjectec to microwave radiatiorn to heat 1t and the

stream of carrier liguid tc a digesting temperature while

maintaining a backpressure onn such system to form a
heated stream of the slug of the sample with the
digesting material, at which temperature and applied
pressure on the system the sampie forms gas bubbles,
which aid in the digestion, «and cooling of the heated
stream to form a cooled stream, while malntaining a
backpressure on the system that controls bubble formation
of the heated stream and maintains the cooled stream 1n a
liquid state, without bubbles, ana passing the cooled
stream continuously and directly to ar in-line continuous
analvtical apparatus.

In accordance with another aspect of the

present inventlon, there 1s provided a process for
digesting a digestible sample of material to be analyzed
which comprises mixing the sample with a digesting
material, injecting a slug «f the sample with the

digesting material into a stream of carrier 1liquid
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Passing through a thin bore tube, passing the stream of
carrier liquid and the siug of tne sample with digesting
material through a chamber wherein 1t 1s subjected to
microwave radilation to heat it and the stream of carrier
liguid to & digesting temperature while maintaining a

Jorw-
.

packpressure on such system to form a heated stream of

the slug of the sample with the digesting material, at
which temperature and applied pressure on the system the
sample forms gas bubbles, which aid in the digestion, and
cooling of the heated streams to form a cooled stream,
while maintaining a backpressure on the system that
controls Dbubble tftormatron o©of the heated stream and
maintains the ¢ooled stream 1n a liguld state, without
pubbles.

-y

In accordance with another aspect of the

present 1nvention, there 1s provided a continuous flow

microwave heated digesting system, useful for digesting

samples of materials to Dbe analyzed with an atomic
absorption spectrometer, sald system comprilsing a
champer, a source of mlcrowave racgiation directed 1into
the chamber, a microwave Transmlissive tube extending
through said chamber such that micrcowave radiliation from
sald source 1implnges onto  saild tupbe s50 as  to heat
contents therect, saild tube contents i1includling material
to be digested 1n a slug ¢f a microwave heatable liquid
digesting medium, said silug fteing located within a
carrier liquid 1n the tube, means for passing through the
tube the carrier liguid with the siug of liguid digesting
medium contalning the materxai o be digested disposed
therein, said tube further extending through a cooling
means located downstream of sa:d chamber to cool the
carrier liquild and the contained slug of ligquid digesting
medium and material 0o be digested after such have been
microwave heated ard have ex_.tea the chamber, and

backpressure regulating means to ma.ntaln a backpressure
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on the tube contents such as to allow controlled bubbling

of the digesting medium in the tube i said chamber while

1t 1s Dbelng heated which promotes digestion of the
material to be digested in tne digesting medium while
also ensuring condensation of said bubbles 1n said tube
1n sald cooling means so that the material to be digested
18 digested 1in the tube in the chamber within a time in

the range of about 5 seconds to apout 10 minutes.

In accordance with a further aspect of the

present 1invention, there 1is provided a continuous flow
mlcrowave heated dilgesting system, useful for digesting
samples of materials to be analyzed with an atomic
absorption spectrometer, $alc system CoOmprising a
chamber, a source of mlcrowave radcdiation directed 1nto
the chamber, & microwave ftransmissive tube extending
through said chamber such that micrcwave radiation from
sald source 1mpinges onto sala tube so as to heat tube
contents, said tube ccontents inciuding material to be
digested 1n a slug of microwave heatable liquid digesting
medium, sald slug being lcocated within a carrier liqgquid
1n the tube, means for passing tharough the tube the
carrier ligquid witn the slug of liguld digesting medium
containing the material to be digested disposed therein,
said tube further extending through a cooling means
located downstream of said chamber to cool the carrier
ligquid and the containec slug of liguld digesting medium
and material to be digested after such carrier and slug
have been microwave heated and have exited the chamber,
and backpressure regulating means to malntaln a
backpressure on the tube contents such as to allow
controlled bubbling of the slug I1n the tube 1n the

chamber while said slug 1s belnc microwave heated which

v
'.
5

-

promotes digestion of the material to be digested in the

digesting medium while aiso ensuring condensation of saild

bubbles in said tube i sald  coollng means  and



CA 02073201 2003-05-06

maintaining a flow rate within saild tube such that the
material to be digested may be digested in the tube 1in
the chamber.
The 1invention will be readily understood by
5 reference to the appended drawing, 1n which

.....

FIG. 1 1s a flow diagram of the digestion

system of the 1invention, illustrating continucus flow of
carrler liquid that contains a siug of material to be
digested 1n a digesting medium (not specifically shown in
10 this view) being passed tnrough the invented digestion
apparatus to an atomic absorption spectrometer, which

measures the contents L the sample of various
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FIG. 2 is a flow diagram like that of FIG. 1, but with a
valving change to insert the slug of digesting medium, containing
material to be digested, into the carrier stream;

FIG, 3 is a flow diagram like that of FIG. 1 illustrat-
ing backflushing of a filter that protects the backpressure
regulator and prevents insoluble material from entering the AAS;

FIG. 4 is a partially cutaway and sectional elevational
view of a filter of this invention joined to tubing through which
the carrier and slug of material undergoing digestion pass,
illustrating normal flow during digestion, and backflushing of
the filter;

FIG. 5 1s a schematic 1illustration of an elongated

slug of material in digesting medium, in a carrier liquid, pass-

ing through the microwave heating unit, the cooler and the back-

i

pressure regulator, to the AAS, omitting the filter and the pres-

sure sensor, showing slug expansion and contraction; and

FIG. 6 is a plan view, schematically illustrated, of a
position in a microwave chamber of the tubing or passage for the
carrier and material undergoing heating and digestion.

In FIG. 1 carrie; reservoir 11 (which usually contains
water, the preferred carrier) is shown communicating with pump

13, which provides the motive force to drive the carrier and the
contained slug of material to undergo digestion through the

system. Line or tube 15 connects the reservoir and the pump and
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line 17 connects the pump to a Rheodynégbalve 19. In the position

of the valve illustrated the carrier passes through line or tubilng
21 into microwave chamber 23, wherein the tubing is coiled in a
substantially horizontal plane, and the contents thereof are syb-
jected to heating by microwave radiation from a microwave source
(not illustrated, but conventional magnetrons or other sources

may be employed). The carrier and slug then pass through line 25
into a cooler 27 (preferably of the Peltier type) and then through
line 29 to another Rheodyne valve 31, which, as illustrated, directs
them via line 33 to filter 35 and then £hrough line 37, valve 31}

and line 39 to backpressure regulator 41 and finally to AAS 43

via line 45. Pressure sensor 47 is provided to indicate the pres-
sure in the system. Also shown in FIG. 1 are sample addition
means 49, shown as a syringe, a coil 51 of tubilng, connecting
tubing 53, 55, 57 and 59, valve 1l9-and waste container 61, the
functions of which will be described later. A source of a flush-
ing medium, such as water, which may be used to backflush filter
35, as illustrated in FiIG. 3, 1is shown connected to waste contain-
er 63 by line 65, valve 31 and line 67. '

In FIG. 2 the various parts of the system are the same
as,in FIG. 1, with the exception that the slug of material to be
digested, in its digesting medium, has been inserted into the
carrier liguid by suitable adjustment of Rheodyne valve 19,

In FIG. 3 the system parts are also the same as those
shown in FIG. 1 but in FIG. 3 there is illustrated the back-

flushing mode, wherein flushing fluid (usually water) 1is passed



10

15

20

25

2415201

through line 65, valve 31 and line 37 in reverse flow to filter
35, to release any solids therefrom, which are carried with the
flushing liquid through line 33, valve 31 and line 67 to waste,
as represented by waste bottle 63.

FIG. 4 illustrates filter 35, which includes collax
means 69 adapted to fit onto tubes 33 and 37, a mesh or fritted
filter member 71, of micron sized or somewhat larger openings

and spacings between the tubes and the filter member, designated

d, and d2, with the dl space being larger than the d2 space and

1
being filled with fine glass wool 73.

FIG. 5 shows a slug 75 of material being digested
(including the sample to be analyzed in a digesting medium) 1n
the tubing 21 after being injected into carrier 77 and before
entering the microwave heating apparatus chamber 23. During
heating in the microwave chamber the slug expands 1n size and
changes in character due to vaporization of some of the digesting
medium (such as water and nitric acid), forming bubbles 793, with
digesting medium containing digested sample, designated by
numeral 81, adjacent to such bubbles. Some undigested particulate
material from the sample, designated by numeral 83, trails behind
the expanded "slug" of bubbles 79 and medium 8l and after passage
through tube 25 and cooler 27 such expanded "slug" contracts to
slug 85, trailed by undigested particles 83; Such particles are
removed from the carrier by filter 35 (not shown in FIG. 5 but

illustrated in FIG's. 1-4), after which the slug passes through
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backpressure regulator 41 and thence to AAS 43 (not 1illustrated

in FIG, 5) or other analytical means.

In FIG. 6 there is illustrated a preferred form of
arrangement (coiling) of the narrow bore tubing, designated 87,
5 in the microwave chamber 23. As illustrated, the tubing is coiled
about the interior wall of the chamber in a concentric pattern
but other patterns and locations may also be used. The tubing

may be stacked, braided, woven, balled, randomly placed or other-

wise positioned so long as the contents are satisfactorily heated.
10 In some instances it may be desirable to coil the tubing about a

plurality of vertical posts or members in the chamber 1in the
manner that a hose is coiled on a reel, Of course, care will be

exercised to avoid having any kinks in the tublng unless such are

to be intentionally employed to create desired backpressure on

15 the system. (which can also be accomplished with pinch clamps). \

The described system may be based on a microwave heat-
ing system or apparatus like any of those described in U.S. patents
3,909,598; 4,438,500; 4,565,669; 4,566,312; 4,566,804 or
4,651,285 but in the work reported herein there was employed a

20 CEM Corporation microwave heating system that such company
designates as their MDS 81. Such unit has a power rating of
600 watts and in the present work operates at 80 to 100% power,
e.g., at 90% power, which 1s preferred.
Various types of pumps may be employed to force the
25 carrier, digesting medium and sample (mixed in with the digest-

ing medium) through the tubing or lines and the various valves

and apparatuses. Peristaltic and gear pumps made Of materials not

adversely affected by the carrier medium are desirably employed

because they are positive flow pumps and can maintaln a desirable

30 consistent flow rate through the system and to the nebuylizer of
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the AAS against the backpressure of the system. In the present

work there is employed an IsmateéE)MV-Z pump .
The tubing used in the microwave heating apparatus may be
any such that will transmit microwave radiation through 1it and Qill
5 also resist reaction with the digestion medium (and the sample and
the carrier, too, of course). While the dimensions of the tubing
will often depend on the characteristics of the sample material
and the digesting medium, it has been found that the internal di-
ameter of the tubing should usually be in a range like 0.3 or 0.5
10 to 2 mm., preferably being in the range'of 0.7 to 1 or 1.5 mm., €.9.,
about 0.8 mm., and the length thereof should usually be in the range
of 5 to 50 meters, preferably 15 to 25 meters, e€.9.. ahout, 20 meters
in the microwave chamber. The overall tubing or line length,
through which the sample passes, may be from 8 to 80 meters, prefer-
15 ably 20 to 50 meters, e.g., about 35 meters, Usually it is undesir-
. able to employ tubing of an internal diameter less than 0.5 mm.
because of possible blockages caused therein by the sample particles
expecially in the charging loop or coil. However, for easily di-
gested samples and those which do not block objectionably such thin-
20 ner bore tubing may be employed but even then it is best for the in-
jection loop tubing to be of at least 0.5 mm. i.d. The preferred
material of construction of the tubing is polytetrafluoroethylene
(PTFE), such as Teflodﬁz but glass, borosilicate glass, quartz
and resistant plastics, such as polyethylene and polypropylene,
23 may also be employed under the right conditions.
The injection loop of the system should be of appropriate
capacity so that the system heats the sample and the digesting

medium sufficiently to digest all or subhstantially all of the
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materials analyzed for in the digesting medium and it has been found
that with a feed rate to the AAS nebuiizer in the range of 2 to 10
ml./min., preferably 4 to 6 ml./min., such loop should be 0f 0.5 to
7.5 or 10 ml. capacity, preferably 0.7 to 1.5 ml. capacity, e.g.,
about 1 ml., capacity. The greater capacities, such as 7.5 ml.,"
allow multiple elemental analyses of a single digested sample to

the AAS, which multiple analyses require a longer continuyous signal
for a longer absorption period (to allow for beam frequency changes).
Ideally, the mentioned capacity and bore allow about 1 to 3 milinutes
for the sample to pass through the system but such period can be
varied, being 5 seconds to 10 minutes in some cases, and can be 1in
the range of 10 seconds to 3 minutes. It is normally not preferred
for the heating to take more than 3 minutes, since one of the main
purposes of the present invention is to speed up the analytical
procedure, while retaining accuracy, but for hard to digest materials
more time may be needed and easily digested samples can be digested
more quickly.

The valve mechanism employed to facilitate syringe injec-
tion of the analytical sample and digestion medium into the system
via the loop or coil 51 may be of other designs than that illuys-
trated in the drawing but it is preferred to employ an Anachem 5020
Rheodyne two-way injection valve or equivalent for both the intro-

duction of the sample and digesting liquid and for facilitating of

backwashing. The backpressure regulator, which is important

to the invention because it facilitates condensation of the
digesting medium after cooling, and prevents excessive gassing
of the medium and pumping problems that can be associated with
that, may be of any suitable type in the circumstances and

desirably maintains the pressure in the system in the range of
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36 to 120 1lbs./sqg. in gauge, preferably 60 to 100 lbs./sq. in.9g.,
e.g., 75 1lbs./sq. in. gauge. A suitable regulator is that identi-
fied as Anachem P736. The cooler may be of relatively simple or
sophisticated design. It is possible to employ a simple ice/watér
bath through which the tubing may be run after exiting from the
microwave chamber. However, it is preferred to utilize thermo-
electric heat pump cooling devices that utilize the Peltier
effect, such as those available from Melcor, sold under the name
FrigichipTM. The cooler will normally be effective to cool the
ligquid stream to a temperature in the range of 5 to 50°C., pre-

ferably 20 to 40°C., e.g., room temperature, which is usually in

the range of 20 to 30°C,.

The filter that is emploved has been found to be especial-
ly effective in the described applications because 1t removes un-
digested particles (from which the digestible materlals have been
removed) from the digestion medium (containing digested material)
without excessive pressure drop due to filter blockages and 1it
does so effectively, allowing virtually no particles of objection-
able size to pass through. The glass wool is of a denier like
that of normal laboratory glass filter material but other glass
wool products can also be utilized, and the material of construc-
tion can be changed to borosilicate glass or quartz, when that 1s
desired, and in some cases polymeric plastic materials or mixtures
of such with glass or quartz may be useful. The mesh or fritted

filter means of the filter assembly will desirably have openings
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in the 20 to 100 microns range, preferably 40 to 60 microns range,

?’& 'ltn..';!-;

e.g., 50 microns, and the material of construction may be glass ox

quartz frit or stainless steel (or any other suitable material).
The length of the "glass wool section” (dl) will normally be from

5 1.2 to 5 times that of the spacing downstream of the mesh or fritted
filter (dz), preferably 1.5 to 3 times that, e.g., about twice.
It has been found that such most preferred proportions result 1in
easier filtration and backflushing, and the glass wool holds 1ts
shape and volume and does not pack obhjectionably during use.

10 .Also, the mesh or fritted filter helps to maintain the glass woal
filter element in desired position and the d, spacing facilitates
better peripheral filtration and backwashing. The mentioned back-
flushing may be carried out by.injection of backflushing water
into the system with a syringe or by other suitable means, 1in

15 conjunction with operation of the Rheodyne valyve.

The pressure sensor or monitor 47 can be a conventional
pressure gauge but'is preferably an electronic device which
digitally displays the pressure continuously. The AAS 1is
one which continuously nebulizes the stream, including carrier

20 and digestible material, with digesting liquid, desirably at a
rate of about 4 to 6 ml./min., and reports and recoxds the
analyses. Such an AAS may be that sold under the trademark
Thermoelectron 357. However, although an AAS is the preferred
analytical device employed for analyzing the digested sample,

25 it is possible to utilize the described digesting system to

= 10 -
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digest samples that are then analyzed with different analytical
means, such as colorimeters, chromatographic instruments, infrared
instruments, etc. When such other analYtical instruments are
employed the operations are very preferably continuous and results
are computer reported but batch analyses are also feasible. Also,
because the feed rates to such other instruments may be different
from those to AAS's., it may be desirable for the operating condi-
tions and for the constructions of the system elements to be changed
accordingly. Thus, pumping rates, microwave power, tubing internal
diametexr, backpressure, cooling rate and other factors may be
adjusted to compensate for different feed rates of sample to the

analytical instrument.

Although it has not been illuystrated in the accompanying
drawing it is within this invention to utilize temperatuyre control
and flow control to regulate the digestion of the analytical sampl@.‘
For example, a temperature probe may be located at an appropriate
place, usually at the downstream end, of the heating tuybe, and
power to the magnetron may be diminished if the temperature becomes
too high, or the flow rate can be increased, assuyming that such an
increase is compatible with the digestion and with the analytical
equipment being employed. Alternatively or additionally, the flow
rate can be measured and the pump operation may be automatically
controlled to maintain it at the desired rate, corxresponding to
that at which the digested material is heing withdrawn for analysis.

It is desirabhle for such control to be computerized and for monitoxs

- 11 -
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and printers to be present to display and record the readings, but

such is not necessary.

The digestion process of this’ invention starts with
dispersing in digesting medium the analytical sample to be analyzed
by means of the AAS or other analytical apparatus. Such dispersion
can be accomplished by weighing a sample and adding it to a known
weight or volume of digesting medium. The sample to be analyzed
may be any material capable of being digested and analyzed hy the
means at hand but usually the materials to he analyzed are orxrganicC
materials such as foods, biological tissues and fluids, plants,
wastes and environmental samples, or inorganic materials such as
water samples, ores, coals, oil shales, sediments and paints ox
pigments. However, various other materials may also be analyzed
and the analyses may be for different elements or compounds,

although often the AAS analyses are for elements, such as

}

metals, present in foods or other materials. The digesting medium

employed may be any suitable such medium, including acids, bases,
salts and solutions of such, with aqueous solutions usually being
those of choice, which solutions are yery often of strong acids,
such as nitric acid, sulfuric acid, hydrochloric acid and per-
chloric acid, strong oxidizing agents, such as potassium perman-
ganate, or strong reducing agents, such as stannous chloride and
formaldehyde. For elemental analyses by AAS the digesting medium
of choice is nitric acid and the present inventoxs have found that
the concentration of such acid in water should be at least 5%. Such
5% lower limit is applicable to colorimetric analyses for phosphate

and may also be used for some other analyses but for elemental

analyses by AAS of various other organic and inorganic samples

the desirable lower limit for the acid concentration is 8%. 10% or about

- 12 -
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10%, or more, up to 30% is preferred, but about 10% is most prefer-
red because digestion rates are not appreciably improved at higher
concentrations, using this digestion system. Mixing of the aquéous
nitric acid or other digesting medium and the sample to be analyzed
may be effected in normal manner, as by employing a magnetic
stirrer in which the stirring magnetic element is coated with PTFE
(Teflon) or other protective coating that is non-reactive with the
digesting medium. Prior to mixing, the sample is size reduced to
particles which are preferably no larger than 180 microns in di-
ameter. After the sample is uniformly mixed in with the digesting
medium, usually with the concentration of the sample in the medium
being in the range of 0.005 to 0.5%, by weight, or weight (grams)
per volume (ml.), at which concentration the suspension 1§ non-
separatiﬁg for hours, it is taken up in a syringe which will hold
more than the amount needed to £ill the system coil or loop.
Normally the sample concentration 1s chosen to contain enough
sample, usually at least 25 mg., for the analysis, without forming
an objectionably thick slurry, which can occur at concentrations
greater than 1%. Also, using higher concentrations and/or larger
sample particle sizes can cause blockages of the coil or of holes in the
Rheodyne valve switching plate, which could result in false analyses,
The suspension in the syringe'is then injected into the charging
loop, which is preferably of about 1 ml. capacity. Syringe injection
is employed in this procedure put it may be replaced with a pump ’
and auto-sampler combination in a more highly automated erabodiment
of the invention. The main pump 13 1is then activated and the
carrier liquid, which is usually water, is pumped through the

system as previously described, the 4-way Rheodyne valve 1s changed to
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its other position (used as a 2-way valve) and the 1 ml. slug of
sample suspension is inserted into the stream of carrier flowing
through the system. The carxier and suépension or thin slurry
are both normally at about room temperature when charged to the
system but during passage through the microwave chamber in the
thin tubing the temperature thereof may be raised to as high as
100 -or 110°C., or whatever upper limit can be wilithstood by the
tubing and backpressure regulator, with respect to both pressure
and temperature, and it is possible, with resistant tubing and

the use of superatmospheric pressure on the suspension, to operate
at a temperature as high as 140°C. and at pressures up to 200
lbs./sgq. in. g.

When the digesting system is directly connected to an
AAS that nebulizes about 5 ml./min. of digestate (digested sample
in digesting medium) the pumping action. willl be controlled so that.
the digestate forced through the system 1s fed at that rate. For
a system that includes in the microwave chamber 20 meters of 0.8
mm, inside diameter tubing and the eqﬁivalent of an additional 15
meters of such tubing external to such chamber, the stream speed
is about 20 m./min. and the time in the system is about 1-1/2 to
2 minutes, with the time in the heating tubing being about one
minute (or 30 seconds to 2 or 3 minutes). The tubing size 1s

chosen so as to carry the slug of digestate (or digesting liquid
and sample) through the heating system at the correct feed rate to
the analyzer and at a rate at which it will be heated sufficiently

in the microwave chamber to digest it completely (or essentially
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completely). Such tubing size should also be that at which the
bubbles of water or digesting medium that form during heating
desirably expand to about 2 to 10 times the original slug length;
preferably 2 to 5 times such length, at which expansion good
digestion results. It 1is theorized that the improved digestion
noted results from the mixing action effected and £from new contact-
ing surfaces exposed when the bubbles are formed and when they move
with respect to the liquid (and solid particle) bounding materials,
thereby promoting better contacts between the sample and the digest-
ing medium., However, that theory has not been completely verified
so applicants are not bound by it.

When other analytical equipment is being employed or
when the digested material is being subjected to batch analysis, so flow
rates are not relevant, other velocities through the heating
tubing in the microwave chamber may be utilized. However, the AAS.
analyzer lends itself to ready analyses for a number of different
elements in the same slug of digestate, providing that the slug
is of sufficient size. Also, continuous analyses, like that
described, protect the digestate against contamination, transfer
losses, chemical reactions and weighing and measuring errors, and
therefore are much preferred.

After passage through the heating passageway in the small
bore tubing in the microwave chamhex the tubing and contained

digestate (and some undissolved parts of the sample, from which the

digestible materials [analytes] have been removed) pass through the
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cooler and are cooled to approximately room temperature or a little
above, in most cases. Cooling will normally be to the range of 5
to 50°C. and preferably is to 20 to 30°b. In the cooling operation
the bubbles of water vapor and digesting medium, if volatile, will
be condensed to liquid and will reform the digesting liquid into an
essentially continuous slug of liquid again, in a stream of carrier
liquid. Such cooling is important because the presence of bubbles
in the slug can interfere with operation of the analytical equip-

ment, such as the nebulizer of the AAS, and can cause false results.

After cooling the slug and carrier to about room tempera-
ture and having the slug again become a unified liquid, with no
bubbles in it or separating parts of it, it and the carrier stream
are passed through the filter, which removes essentially all
particles of a diameter (or equivalent diameter) of 50 microns or
more. Such removal protects the backpressure regulator and the
AAS nebulizer, when employed, and ensures that the absorption
pattern of the AAS or the readings of cher analytical instruments,
when employed, will be consistent and accurate, and will not be
affected by false readings caused by the presence of the particulate
materials in the digestate. 1Ideally, the filter will remove

particles as small as 5 microns and less from the digested liquid

but when the particle sizes are no larger than 50 microns it is
found that the AAS and other analytical instruments of the types

mentioned previously herein will be accurate (often within about 1% of

the amounts of the elements actually present).
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The backpressure regulation will be to the ranges previous-
ly mentioned, with the main consideration being to coordinate such
regulated pressure with the other 0pera£ing conditions of the éystem
SO as to make the flow through the system consistent and at the
desired rate and to have the heated slug develop bubbles therein
which expand its volume to the extent previously disclosed, while
contracting it completely to original size on cooling. Although the
operations are controlled as desired there may be noted some
particles of samples which are undigeStéd,usually at the trailing
interface between the digesting liquid and the carrier, due to the
lower concentration of the digesting medium at such location, where
it has been mixed to some extent with the carrier, but such particles
usually have had enough of their extractable elements removed from
them or they are small enough so that their removal from the slug
delivered to the analyzer does not adversely affect the results of.
the analysis. Also, during flow through the tubing the essentially
laminar flow, especially of the portion of the cooled slug in
contact with the tubing wall, causes a trailing edge effect which
changes the absorption curve or reading but such changed reading
should be ignored and the reading to be taken should be that for
the main section of the slug's atomic absorption pattern (or
pattern for other analytical instrument).

It is desirable for the filter to be backwashed after
every use of the equipment but in some cases, as when replicates

of the same sample material are being analyzed (or prepared)
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experience may show that less frequent backwashings will suffice

without causing any problems. In some instances, as when several
such samples are passing through the heating section at the same
time, with sufficient carrier between them, it may be difficult
to backwash between samples and it may be found to be unnecessary
to do so.

The AAS typically takes up the sample to be tested by
aspiration into the nebulizer but other means for charging it can
also be emploved, including positive pump feeding. The AAS prefer-

ably includes a display to show the extent of the absorption of

the characteristic wavelength that is characteristic of the
particular element for which the sample is being analyzed and it
is desirable that the results be computer recorded and stored too.
Several such elements may be tested for in the same sample slug by
utilizing different emitters of such different characteristic waver
lengths (for different metals). Alternatively, several replicates
can be run and the results can be averaged for a particular
element and then a new sample of the same material may be tested
for another element, in the same general mannef. Instead of run-
ning the digestate directly to analytical equipment it may be
collected in a manner that separates it from the carrier, and may
then Be used for hatch analyses.

' In variations of the invention temperature, pressure and
flow rate controls may be employed to control the system and the

digestion processes. A less polar liquid carriex than water may be
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employed as a carrier provided that it has acceptable mobility and
vapor pressure characteristics and does not merge with the digest-
ing medium or react with it or the sample material. A plurality
of streams of carriers, digesting media and samples may be passed
through the same microwave chamber at the same time, using the
same coolers but different filters, backpressure regulators and
analyzers. The invention may also be used to promote chemical
reactions, with the reactants replacing the sample and digesting
medium in a carrier or replacing the carrier, too, in which latter
case the reactants are first mixed and then charged to the pump
and pumped through the apparatus. In such reactions the back-
pressure will be controlled as previously described to produce
the desirable bubbling on heating and coalescing on cooling. 1In
a further innovation the whole system and prccess may be computer
controlled with respect to coordinating pumping rate, sample
injection, magnetron power applied, filtration, backpressure
application, AAS or other analyzer operation and reporting of
results. Thus, ultimately, the system can involve little operator
attention and yields excellent results, as has been proven by
comparisons with standard test specimens. Such specimens may be
employed to standardize the system initially and periodically
the results may be checked against such standards, too.

The advantages of the invented system and processes are
significant. It is fast, contamination-free, involves little

operator supervision, requires few weighings and transfers, can
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operate with little sample, can run replicates easily, requires
relatively simple and inexpensive equipment, with the exception of
the AAS, involves little heating hazard to operators, because the
heating chamber is enclosed, releases little noxious fumes, except
at the normally hooded AAS, where they are safely removed, and
vields accurate analyses, which may be observed on a display or
may be computer printed and stored or processed.

Previous flow injection analyzers have not incorporated

the backpressure controllers utilized in the present invention
and have not included filters like that of this inventlon so the
results obtained by such processes were not as good as those from
the present invention. The present results are more accurate and
the samples that are tested are digested more rapidly due to the
unique bubbling and coalescing actions described, and due to
removal of any undigested particulate materials which may he
present. Thus, the present invention 1is superior in speed and
accuracy, two of the main objectives of analyses.

The following examples illustrate but do not limit the
invention. Unless otherwise indicated all parts are by weight and

all temperatures are in °C.

- 20 -



10

15

20

25

30

2073201

The apparatus employed in this example is that illustrated

e -,

EXAMPLE 1

p——

in the drawing (all figures) with the pump being an Ismatec MVeZ.
positive displacement pump, the microwave heating apparatus being

A CEM Corporation MDS-81, containing 20 meters of 0.8 mm. inside
diameter polytetrafluoroethylene (PTFE) tubing positioned in a hori-
zontal coil in the microwave chamber, the injection loop or coil

being of a volume of one ml. and being equipped with a Rheodyne
(Anachem 5020) injection valve, the cooling means being a 5 meter

length of the PTFE tubing in an ice/water mixture, the filter being
of 50 microns stainless steel mesh and being 4 mm., in diameter, with
a dl/d2 ratio of about 2.5, and with the packing in the dy; section
being glass wool of about 0.1 mm. in diameter, the pressure sensor

being a CEM Corporation sensor, the backpressure regulator being

an Anachem P-736, which is set at 75 lbs./sg. in. g., and the
AAS being a Thermoelectron 357 unit. Tﬁe same PTFE tubing was em—K
ployed throughout the system for all c¢couplings and loops. The
analyses by the AAS were recorded by a Linseis LS~52 chart recorder
and a magnetic stirrer was employed for initial mixings, prior to
entry of the sample and digesting medium into the system, which
stirrer had a stirring element that was coated with PTFE.

The digesting medium was nitric acid of analytical reagent
grade, supplied by BDH (Poole) and the water was distilled and
deionlzed. Reference samples for digestion and analyses were
standards obtained from the National Institute for Environmental
Studies (Japan) with the exception of the bovine liver, which was
obtained from the National Institute for Standards and Technology
(their SRM 1577a). Such samples were employed in amounts of at least
25 mg. and at concentrations in the range of 0.005 to 0.5% w/v
(g./ml.) in the digesting medium, e.g., 0.0l%,and the sample is

of particle sizes that are all below 180 microns in diameter. The

concentration of sample in the digesting medium is kept below 1%
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to avoid occurrence of blockages in the tubing.

Initially, a metal salt of kngwn metal content, in this
case a magnesium salt, is mixed with the 10% nitric acid at a
concentration o0f£0.001% and is passed directly to the nebulizer of
the Thermoelectron 357 AAS, and the magnesium content is read.
Then a 1 ml. portion of the same mixture is passed through the
invented system described herein and the magnesium content is read.
Correlations are essentially perfect, with the correlation
coefficient for the sample passed through the invented system being
0.9999. On the basis of this experiment, and others like it for
other metals, such as calcium, zinc and iron, the‘various samples
of materials were analyzed by the invented procedures and results

were compared to actual metal contents thereof, as had been es-

tablished by the agencies which originated the samples, by accepted

1

analytical methods.

A dispersion of about 0.0l g./ml. of Chlorella is made
in 10% aqueous nitric acid and is injgcted into the invented
system in the manner previously described, with distilled and
deionized water being used as a carrier, with the water, nitric

acid and sample being at room temperature (about 25°C.), and with

the Chlorella particles being less than 180 microns in diameter.
The microwave heating apparatus is operated at 90% of full power,
at 540 watts, and heats the digesting medium to 105 - 120°C.,
causing the production of bubbles therein, and the spreading out

of the digestate "slug" in the carrier. The digesting medium,
béing a better coupler of microwave energy than the water carrier,
1s heated more by the microwaves and therefore can produce bubbling
of the analyte without bubbling in the cérrier, which carrier

will be at a lower temperature. It is normally desirable but it is
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not essential, to avoid any bubbling of the carrier liquid.

After passing through the heating section of the apparatus, ﬁhich

takes about ten seconds, the stream of digestate slug and carrier

is cooled in the ice/water mix (but a Pgltier coolexr or other
suitable cooling means may also be used) to about room tem-—
perature, is filtered, which removes any 50 micron and greater par-
ticles, and is fed through the backpressure regulator to the .
nebulizer of the AAS, wherein the absorption of relevant magnesium
characteristic wavelength radiation is measured and recorded and the
percentage of the magnesium . is displayed and recorded. Similar
runs are made, also with such chlorella sample being digested, and
the percentages of caldium, zinc and iron present in it are
reported. The described runs were repeated several times, desirably
to a total of ten, and the mean values were calculated, together
with the relative standard deviations,.

The described procedures were repeated with mussel,
sargasso, tea leaves, pepper bush and bovine liver samples, with ébme
adjustments of system conditions, such as concentrations in the
digesting medium, within the ranges given herein, to promote
better heating and flow properties, and the percentages of
magnesium, calcium, zinc¢ and iron were recorded. Table 1 gives the
concentrations (g./ml.) of test sample in 10% agqueous nitric acid

for the various samples employed and for the different metal

analyses.
Table 1
Metal Analysis

Sample Magnesium Calcium Zinc Iron
Chlorella 0.01 0.01 - 0.2
Mussel 0.01 0.0l 0.3 0.5
Sargasso 0.005 0.005 - 0.4
Tea Leaves 0.01 0.01 - -
Peppexr Bush 0.01 0.01 0,2 0.5
Bovine Liver 0.01 - 0.5 0.5
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In Table 2 are given the analyses and relative standard
deviations for analyses of the test samples. The analyses are
given on the basesof percentages of known analyses, as reported by
the authority from which the test samples originated, which aré
given in the table as either percentages,by weight, or as micrograms

per gram, under the heading Act. (for actual), and it will be apparent

which is intended (figures over 10 being for microns/g.).

Table 2
Metal
Sample Magnesium Calcium Zinc Ixron

Anal. Act. RSD Anal. Act. RSD Anal. Act. RSD Anal. Act. RSD

m_ﬂﬂﬂ_m—m“mmm—-—

Chlorella 96.3 0.33 2.3 99.0 0.49 3.1 ND 20.5 -~ 97.5 0.18 1.5
Mussel 97.2 0.21 1.4 100.0 0.13 7.6 102 106 7.0 96.8 158 4.0
Sargasso 102 0.67 0.9 93.8 1.41 1.9 ND 16.4 - 95.4 187 3.3

Tea 101 0.15 2.4 87.0 0.32 3.7 ND 33 - ND - -
Leaves ' \

Pepper 26 .5 0.41 0.8 103 1L.38 1.9 93,6 340 0.7 98.0 205 3,0
Bush

Bovine 94.0 600 4.5 ND 120 - 95.9 123 0.7 107 194 4.3
Liver

Note; RSD-= Relative Standard Deviation; ND = Not Determined,

The analyses by the invented method are all considered to be

satisfactory and accurate enough to warrant acceptance of the method.

In variations of the experiment of Example 1 digestions
of other samples of materials to be analyzed, such as environmental
specimens, wastes, ocean floor sediments, paints, pigments, waters
and scales deposited from boller waters, coals, 01l shales, ores,
plants, body tissues and fluids and various other materials of
similar and different sorts, when digested by the process and with
the apparatuses of this invention are suitable for analyses, by

the AAS or other analytical means, such as colorimetric or

chromatographic analytical means.
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The processes of Example 1 are repeated but instead
of employing the microwave heating apparatus, the CEM MDS-8], at
90% power (540 watts) power settings are changed to 50%, 80% and 100%
and the extents of digestions are noted by filterings of the
digestates (containing some undigested materials) and comparisons of
the amounts undigested. It is found that when 100% of power (600
watts) are employed satisfactory digestion is obtained but it is
no better than for the 540 watt experiment of Example 1. When the
powers employed are 300 watts (50% power) and 480 watts (80% power)
the digestions are measurably less complete, and are generally
considered to be unsatisfactory. However, satisfactory digestions
can be obtained at such lower power levels by increasing the
residence times in the microwave chamber but that ler hens the time

needed for digestion, and it is an object of the present invention to

speed up the digestion process.

EXAMPLE 3

The processes of Example 1 are repeated but instead of
employing 10% aqueous nitric acid as ﬁhe digesting medium other
concentrations thereof are substituted, 5%, 20% and 30%. It is
found that 5% is unsatisfactory but the 20% and 30% media digest
the samples satisfactorily, but not significantly better than the
10% nitric acid. Accordingly, to avoid the need to use the more
concentrated acids, which are more corrosive and more dangerous to
handle, the 10% acid is that of choice. It is especially preferred
when a surfactant is employed with the acid to promote better con-
tact between the sample and the digesting medium, Surfactants
such as Ci2-18 linear alkylbenzene sulfonic acid, Turkey Red oil
and Neodof@)ZSAB (Shell Chemical Co.) are more stable in the presence

of lower concentrations of nitric and other digesting acids than in
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EXAMPLE 4 |

The apparatus employed in carrying out the process of
Example 1 is changed by replacing the 0.8 mm. i.d. tubing with
8.5 meters of 0.3 mm. inside diameter tubing but the injection loop

tubing is kept at 0.8 mm, i.d. to prevent blockages therein. The

digested materials are then analyzed by colorimetric means

directly attached to the exit tubing from the backpressure
regulator. Satisfactory analyses are obtained but when the loop is
also of 0.3 mm, i.d. tubing the results are unsatisfactory due to
blockages of the loop or coil with particulate matter. When the
i.d. of the tubing is greater than about 2 mm. the desired type of
bubble formation in the digesting medium and contained digestible
gsample is not obtained so that although the residence time 1n the
system is greater the digestion is not as even and the analyses are .
not as accurate. Similar unacceptable results are obtained when
the backpressure regulator is removed from the system, which allows
excessive bubble formation and can evén cause “"vapor lock™ of the

pumping means, together with lnaccurate analyses.

EXAMPLE 5

The first. chlorella experiment of Example 1 1s run again

‘but with the 20 meters of 0.8 mm..tubing béing rolled into a ball

instead of being looped or coiled. The analysis for magnesium is
less accur;te than for the previoﬁsly reported éxperimeﬁt, apparently
due to irregular flow of material through the ball, possibly due

to kinking therein or due to overly sharp changes of directions
therein. From this experiment it is clear that it is desirable for

the tubing to be positioned so that the liquid passing through it
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changes directions gradually and it also appears that it is un-
desirable for much of the tubing to be shielding other sections
thereof from the microwave radiation tﬂat 1s desirably directed
onto the analyte within the tubing. To avoid comparatively sharp
directional changes in liquid flow, therefore, one usually will
avolid tubing patterns of the ball, woven, knitted and cross-

hatched types, although with easily digested samples of very small

particle sizes such may be feasible.

The invention has been described with respect to several
illustrations and working embodiments thereof but it is not to be

considered as being limited to those, because one of skill in the
art, with the present specification before him or her, will be able

to utilize substitutes and equivalents without departing from the

scope of the invention.
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The embodimernts of the invention 1n whilich an

exclusive property or privilege 18 clalmed are defined as

follows:

1. A continuous tlow mlicrowave heated
digesting system which comprises & chamber, & source of
microwave radliation directed into the chamber, a long,
thin bore chemical resistant and microwave transmilissive
tube 1in the chamber, onto wnich the microwave radlation
impinges so as to heat contents thereof, the tube
contents including material to ke digested 1n & slug of a
liguid digesting medium, the slug being located within a

carrier liquid in the tube, means fcr passing through the

medium containing the material. to be digested disposed
therein, the tube further extending through a cooling

means to c¢col the carrier liquid, the slug of 1liquid

digesting medium ana material digested after such had

been microwave heated, and backpressure regulating means
to maintain a backpressure o the tukbe contents, tO
prevent excessive distribution ol the material and

digesting medium in the carrier liguld, so tnat such
material 1s digested in the tuke within a time 1n the

range of 5 seconds to 10 minutes.

2. A digesting system according to claim 1

wherein the microwave transmissive tube I1n the chamber 1S
cylindrical, isg of an Internal diameter in the range of
0.3 to 2 mm., and is of a length in the range of 5 to 50
meters, and the means for passing the carrier ligquld and
the material in the digesting medium through the tube 1s
a pump which pumps it at a rate so that 1t remains from D
seconds to 10 minutes exposed to the microwave radiation,

which 1is sufficient to heat i1t to digestlng temperature.

PO
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9. A digesting system according to claim 2
wherein the microwave transmissive tube 1s of an internal
diameter 1in the range of 0.7 to 1.5% mm. and 1s of a

length of 15 to 25 meters 1n the mlicrowave chamber and

the pump for pumping the material to be digested and the
liguid digesting medium and carrler for such pumps at a

rate such that they are exposea to microwave radiation

for a time in the range of 0.5 to ./ minutes.
10. A digesting system according =—o claim 1

which comprises Rheodyne-type valve means for 1injecting
into the microwave transmission tube matertal to Dbe
digested, in a digesting medium, with such means beilng
able to inject a measured s.uyg of such digesting medium

containing sample into a flow of carrier liquid.

11. A digesting system according to claim 2
wherein the microwave transmission tube is of oylindrical
bore PTFE

wound in a coil in the microwave system chamber.

L+

tubing, which 1is substantially horizontally

12. A digesting system according to claim 9
wherein the tube is of covlindrical kore PTFE tubing which

igs of an internal diameter of akout 0.8 and 1is about 20

meters long in the microwave chamber.
13. A digesting system according to claim 8

ey

wherein the backflushab.e fililter is of a combination of a

mesh or fritted filter means of 20 to 100 microns slze

openings and glass wool upstream thereof, and 1s located

downstream of the cooling means and upstream of the
backpressure regulating means, and the filter 1is readily

backflushable by single valve controus.

14. A process for analyzing a sample which

comprises mixing the sample with a digesting materilal,

- 30 =
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injecting a slug of the sample with the digesting
material 1nto a stream of carrier liculd passing through

a thin bore tube, passing the stream of carrier liguid

and the slug ¢f the sample with the digesting material

through a chamber wherein 1t 18 subjected to microwave
radiation to heat 1t ard the stream of carrier liguid to
a digesting temperature while maintaining a Dbackpressure
on such system to form a heated stream of the slug of the

sample with the digesting material, at which temperature

and applied pressure on the system the sample forms gas
bubbles, which aid 1n the digestion, and ccocling of the

heated stream to form a cocled stream, while maintalining
a backpressure on the system tnat controls Dbubble
formation of the heatea stream and mailntains the cooled

stream 1n a liqgquid state, withcut bubbles, and passing

the cooled stream continuously and directliy to an in-line

continuous analytical apparatus.

15. A process according to claim 14 whereln

the stream is filtered continuously to remove any
undigested particles of sample, and before further

analyses the filter 1s backflushed.

16. A process according to claim 15 wherein
the analytical apparatus 1s an in-line atomic absorption
spectrometer, the thin bore tube is5 a FPTFE oylindrical
tube of about 0.8 mm. :nside diameter which 1s of about
20 meters heated length, stream speed is about 20
meters/minute, cooling is to abcout room temperature and

the backpressure is regulated to about 75 lbs./sq.

17. A process according to ciaim 1€ whereln
the sample analyzed 1s a food, environmental, waste,

tissue, plant, ore, coa.: or water sample and the analysis
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18. A process for digesting a digestible
sample of material to ke analyzed which comprises mixing
the sample with a digesting material, injecting a slug of
the sample with the digesting material into a stream of
carrler liquid passing through a thin bore tube, passing
the stream of carrier ligquid anca the slug of the sample
with digesting material through & chamber wherein it 1is
subjected to microwave radiation toe heat 1t and the
stream of carrier liculd to a digesting temperature while

maintalining a backpressure on  sucnh system to form a

heated stream of the siug o©f the sample with the

digesting material, at wnich temperature and applied
pressure on the sgsystem the sample forms gas bubbles,
which aid 1n the digestion, and cooling o©of the heated

streams to form a cooled stream, while malntalning a

packpressure on the system that controls bubble formation
of the heated stream and maintains the cooled stream in a

ligquid state, without bubbles.

19. A process according to claim 18 whereiln

the stream 1s filtered continuously to remove any

undigested particles of sample.

20. A process according to ciaim 19 whereiln
the sample being digested 18 & food, environmental,
waste, tissue, plant, ore, coal o0or water sample and the

analysis 1s for metal therein.

21. A continuous flow MLCTrOWave heated
digesting system, useful for digesting samples  of
materials to be analvzed with an atomic absorption

spectrometer, sald system comprising a chamber, a source

of microwave radilation directed 1nto the chamber, a
microwave transmissive tube extending through sald

champer sucn fhat microwave radiratron from saild source

et e lgeae rreetded g e
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-

impinges onto said tube so as o heat contents thereof,

sald tube contents including material to be digested in a

slug of a microwave heatable liguid digesting medium,

sald slug being located within a c¢arrier liguid in the
tube, means for passing through the tube the carrier
liguid with the slug of Lligquid digesting medium
containing the material to be digested disposed therein,
said tube further extending through a cooling means
Llocated downstream of =said chamoer to cool the carrier
liquid and the contained slug of liguid digesTing medium
and material to be digested after such have Dbeen
microwave heated and have exited the chamber, and
backpressure regulating means to maintain a backpressure
on the tube contents such as to allcew controlled bubbling
of the digesting medium in the tube 1n said chamber while
1t 1s Dbeing heated which promotes digestion of the
material to be digested 1in the digesting medium while
also ensuring condensation of =said bubbles 1n said tube
in said cooling means so that the material to be digested
1s digested in the tube in the chamber within a time 1n

the range of about 5 seconds to abhout 10 minutes.

22. A digesting system according to claim 21
wherein said tube further extends upstream of said
chamber where a mu_.ti-position valve means 1s located and
wherein sald muiti-poesicion  valve means 1njects  a
measured slug of a digesting medlum containing a material
to be digested 1into a carrier liguid 1n the portion of

the tube located upstream of said chamber.

23. A digesting system according to claim 21
wherein the microwave ftransmissive tube within the
chamber 1s cylindrical, 1s of an internal diameter in the
range of 0.3 te 2 mm and is of a length 1n the chamber 1in
the range of 5 to 50 meters, and the means {or passing

through the tube the carrier liguid with the slug of
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ligquid digesting medium containing the material to be
digested contained therein 1s & pump, which pumps the
carrier liquid and the contained slug of digesting medium
containing the material to be digested at such a rate

that said slug remairs exposed tc¢ the microwave radiation

for a time 1n the range of 5 seconds to 10 minutes which
18 sufficlent to digest the material to be digested in

the digesting medium.

24. A digesting system according to claim 23

P b d
sl

wherein the tube 1n the chamber 135 cylindrical, 1s o:

a—

QQI‘

polytetrafluorcethylene ana 1s substantially horlzontally

wound 1n a coill.

25. A digesting system according te claim 23
wherein the tube 1n tne chamber 1s of an internal
diameter in the range of OU.7 tce 1.5 mm and is o©of a length
1n the range of 15 to Zb meters and the pump {or pumping
the material to be digested, the digesting medium and the
carrler liguid pumps at a rate such that the material to
be digested, the aigesting medium and the carrier liguid
are exposed to microwave radiation for a time 1n the

range of 0.5 to Z minutes.

26. A digesting system according to claim 25
whereln the tube 158 of an internal diameter of about 0.8

mm and 1s about 20 meters long.

27. A digesting system according to claim 23
whereln 1njection means and valving are located outside

1

the chamber and upstream of fthe tube therein for

injection of material tcoe be dlgested, 1n a liguid
digesting medium therefor, 1into tne carrier l._.qgquid being

pumped through the tube in the chamber.
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28. A digestive system according to claim 27
whereiln the cooling means 1s located outside the chamber

and downstream of the tube therein and 1s capable of

coolling the siug of digesting medlium and the carrier
therefor after digesticn of the material being digested

to a temperature -n the range c¢f H°C to 50 YC, and the

packpressure regulating means 1s located outside of the

chamber, downstream of the tube therein and downstream of
the cooling means, ard 1s capable of maintaining a

packpressure on contents of the tube 1n the chamber in

the range of 30 to 120 pounds per sguare 1inch.

29. A digesting system according to claim 28
wherein a backflushable filter i1s located downstream of
the cooling means and upstream of the backpressure

regulating means.

30. A digesting system according to claim 29

pri=
e

wherein the backflushable f1lter 1s of a comblination of a

mesh or fritted filter means, which has openings 1in the

size range of 20 to 100 microns, and glass wool, said

giass wool being located upstream of sald mesh or fritted
filter means, and whereln a multl-poslition wvalve 1s
located outside the chamber between the cooling means and
pboth the Dbackflushable fti1lter ana the Dbackpressure
regulating means, said multi-position valve selectively
allowing flow ¢f tne slug and carrier ligquid directly to

the backpressure regulating means thereby bypassing the

backflushable filter c¢r allowing backflushing o©of the
filter with a backflushing liguid before the slug and

carrier liquid reach the backpressure regulating means.

31. A digestive system according to claim 28

whereln there 1s analytical means located cutside the

chamber and downstream of the coolling means ana the

e 3 E .
et A
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backpressure regulating means for analyzing material

digested 1n the tube 1n the chamber.

32. A digesting system according to claim 31
whereln the analytical means 15 an atomic absorption
spectrometer, to which the carrier 1liquid with the slug

Vo o

of ligquid digesting medium containing the digested

material 1s fed directly from the backpressure regulating

medalls.

33. A continucus flow mlicrowave heated

i
_—

digesting system, useful for digesting samples  of

materlials to be analvzed with an atomic absorption
spectrometer, sald system comprising a chamber, a source
of microwave radiation directed i1nto the chamber, a
microwave transmissive  tube extending through  said
chamber such that microwave radiation from gaid source
impinges onto said tube so as to heat tube contents, said
tube contents including material to pe digested 1n a slug
of microwave heatable 1liguid digesting medium, said slug
pelng located within a carrier ligu:id 1n the tube, means
for passing through the tube the carrier liquid with the
slug of llguid digesting mediur containing the material

to Dbe digested disposed therein, said tube further

extending through a c¢ooiing mearns located downstream of
said chamber to cool the carrier liguid and the contained

slug of liqgquic digesting medium and material to be
digested after such carrier and slug have been microwave
heate and have exited the chamber, and backpressure
regulating means to maintain a packpressure on the tube
contents such as tce allow controlled bubbliing of the slug
in the tube 11 the chamber wnile saild slug 1s belng
microwave heated which promotes clgestion of the material
to be digested 1in tne digesting medlium while also
ensuring condensation of sald pubbles 1n said tube 1n

salid coolling means anc malnteining a flow rate wilthin

- 36 -
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said tube such that the material to be digested ma be
. Y

digested in the tube 1n the chamber.

34. A digestive digesting system according to
claim 33 whereln the cocling means and packpressure
regulating means are Ltocated cut side the chamber

downstream therecf.

35. A digesting system according to claim 34
wherein the slug n the tube 1n said chamber bubbles and
expands to a length which 1 2 to 0 times the original
length thereof during microwave heating of the tube

contents.

36. A digesting system according to claim 35
wherein the cooling means 1s located upstream of the
backpressure regulating means and 1s capable of ccoling
the slug and carrier liguid to a temperaturse at which
salid slug and carrier liquid are 2n a liguid state so
that said slug and carrier ligquid w.ll be 1n said liguid
state when said slug and carrier lLigquid pass fthrough the

backpressure regulating means.

37. A digesting system according to claim 30
wherein the tube inside the chamber 1s of an 1nside
diameter in the range of 0.3 tc 4 mm and 138 <¢f a length
in the chamber in the range of &5 to 50 meters, the
residence time of the slug 1n the tLuabe 1n the chamber 1s
in the range of 5 seconds to 10 minutes, the backpressure
maintained by the backpressure regu.atlng means 1S as

high as 200 1lbs./sqg. 1n. and the temperature to which the

slug 1s raised is as hiagh as 1407C.
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