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1. Outline of History of Elementary Analysis Development

A fast development of the organic chemistry in XX age was a result of
earlier accomplishments on ground of elementary analysis of organic
compounds. The first quantitative analysis of organic compounds
(determinations of carbon and hydrogen) was elaborated by Gay-Lussac and
Thenard, in 1805-1815 [1,2], The determination was carried oul in an apparatus
an ideological scheme of which is illustrated in Fig. 1



Fig. 1. Ideological scheme of apparatus to elementary analysis (C,H) of organic compounds by
Gay-Lussac and Thenard:

i - combustion tube; 2 - spirit lamp; 3 - pipe connecting the combustion tube with calibrated
cylinder; 4 - calibrated cylinder; 5 - dish with mercury; 6 - lock of (he combustion tube.

Analysis: a sample (S*: 1-5 g) was mixed with perchlorate, placed into
the combustion tube I, and heated for the full thermal-oxidative degradation
(scheme 1) of the compound analyzed. The combustion products - carbon
dioxide, aqueous vapor, and derived from decomposition of perchlorate oxygen
(scheme 1), were collected in the graduated cylinder 4, sealed hydraulically by
means of mercury.

S (O 1 0 R —— » xCO, + yH2 + 02

Scheme 1

The analysis of the gaseous combustion products, was labor-consuming
and led to charged with considerable errors results.

The method of analysis providing far more accurate results on the
determination of carbon and hydrogen was elaborated by Berzelius in 1814-1817
[3851 The method of Berzelius, considered as the real creator of the elementary
analysis, depended on "the combustion” of a substance sample on the way of
thermally induced reaction with potassium chlorate and the sequent gravimetric
determination of formed water steam (increase of the mass of water absorber
charged with anhydrous calcium chloride) as well as carbon dioxide (increase of
the mass of carbon dioxide absorber, charged with potassium hydroxide).



Joseph L. Gay-Lussac (1778-1850) Jean A. Dumas (1809-1884)

A considerable improvement of the method of carbon and hydrogen
determination, was achieved with the work of Liebig, who in 1831 published the
procedure differing fundamentally from methods of Gay-Lussac - Thenard and
Berzelius. The combustions, Liebig carried out in an air atmosphere using
copper oxide as the oxidant, in the apparatus schematically presented in Fig. 2.
In this, Liebig applied for the combustion copper oxide (scheme 2), a new type
of the combustion tube I, and to heating the coal permissive on a zone heating
furnace 3 [4,5],

S*(CxHYO02) -------m-mmommee » xCO, +yH20
Temperature
Scheme 2

A special shape of the combustion tube (situated horizontally and sealed
on one end) permitted after the combustions to rinse the tube with an air-stream,
in order to achieve the quantitative absorption of the combustion products in the
absorbers 5 - for water vapor (determined gravimetrically) as well as the 6 - for
carbon dioxide (determined alkacimetrically). An ideological scheme of the
apparatus of Liebig is presented in Fig. 2.



H

Fig. 2. Ideological scheme of the apparatus of Liebig for determination of carbon and hydrogen:

i - combustion tube; 2 - porcelain boat to placing mixture of substance and oxidant; 3 - coal oven
to zone heating; 4 - link; 5 - water vapor absorber (CaCl>); 6 - carbon dioxide absorber (a ball
absorber filled with solution of potassium hydroxide); 7 - outlet of the apparatus (connection with
vacuum); 8 - end of the combustion tube, broken off after combustion with aim of washout of the
combustion products passed in an air stream through absorbers.

The apparatus of Liebig, requiring for the analysis at least 0.2 ¢
quantities of analyzed substance, made possible the analysis of new organic
compounds on mass scale and played in the development of organic chemistry
the significant part [385], The apparatus of Liebig was applied widely by many
decades without substantial principle changes.

Jons J. Berzelius (1779-1848)

The modifications, introduced successively concerned the construction
of a furnace for combustions mainly, the way of heating of the combustion tube,
and some details, influencing, however, the precision of determination. The
essential modification of the apparatus of Liebig was introduced in 1870 by
Lowe [10], who applied for combustions the tube bipartitely open. The method
which introduction caused essential improvements in the CH determination, was
elaborated by Dennstedt [17]. Dennsted carries out the combustion in the tube



devoid of solid oxidative fillings. The combustion was carried out in the oxygen
atmosphere, in a presence of the platinum catalyst (scheme 3).

02/Pt

S* (CxHY0z) — — - xC02+ yH20
lemperature
Scheme 3

The apparatus of Dennstedt facilitated the simultaneous carbon and
hydrogen determination, and additionally, made possible the determinations of
sulfur and halogens, which were impossible in the apparatus of Liebig.

The paradigm from the gram to milligram scale in the elementary
analysis is owed to pioneer works of Pregl, published in 1912-1916 [25,28] and
awarded by Nobel’s prize in 1923.

Fritz Pregl (1869-1930)

The results of works of Pregl (the mass of analyzed substance in a range
5-10 mg at error 0.3 %), consisted not only the largest achievement in the field
°f elementary analysis from the time of Liebig, but also a mile-stone event in the
history of organic chemistry development, especially in chemistry of natural
products.

In 1890, Messinger [15] elaborated depending on so called "wet
combustion” the method of analysis of organic compounds, which permitted on
the carbon determination in explosives as well as organometallic compounds and
also salts, that is, the compounds which combustion on the “dry” way, was not
Possible. The method of Messinger, was based on the combustion of organic



substance occurring during heating in a mixture of sulfuric and chromic acid.
Because products of the reaction contained carbon monoxide (scheme 4), the re-
oxidation of the formed gas products was necessary, achieved by the passage
through a layer of glowing-hot copper oxide.

In the modifications made by Van Slyke and Folch [83,104,134,135],
Me Cready and Hassidy [91], and also by Binkowski [271], to "wet”
combustions, an addition of iodic and chromic acids into a mixture of sulfuric
and phosphoric acids, were applied. Formed quantitatively from the organic
carbon of the sample carbon dioxide, it was then determined manometrically
[37,105], gravimetrically [91,109] or alkacimetrically [115],

H2Cr04 /H ,S04 C02 + CO cuQ
co2
50 - 200 °C Cr2(S04)3 + H,0 500-600 "C

Scheme 4

Bobranski introduced in 1928 a speed combustion automatic regulation
[43], preventing overheating of the combusted substance, and so eliminating too
quick evaporation or decomposition of the substance in the combustion tube, the
cause of incomplete combustions or explosions. In 1961, Ingram worked out the
method of instant combustion {flash combustion) of organic compounds,
depending thereon, that an analyzed substance is mixed with an oxidant in a foil
metal capsule (foil of Al, Ag, Sn or Cu) and the capsule is introduced into the
combustion tube (situated perpendicularly) [206], During the combustion, the
metallic capsule undergoes the oxidation, elevating considerably the combustion
temperature (a few hundreds degree over temperature of the tube), which
favours a quick and total combustion of the substance.

The endeavor to improvement of the methods of elementary analysis,
concerned tests of render independent from the operator's manual
predispositions analyze mainly, in majority, in the direction of automation. As a
result, it was published in hundreds of works within the topic of elementary
analysis, in this 1289 papers quoted in the handbook of quantitative analysis of
organic compounds written by Bobrnski [385], and edited in 1979. More
advanced modifications depended on the utilization for heating of a boat with
combusted substance by means of electric high-frequencies currents furnace
[167], as well as further innovations applied in the combustion control
[193,198],

On special attention deserve the methods of combustion carried out in an
empty quartz tube at temperature 800-1100 °C, with the speed of the oxygen



stream - 10-Ibld higher than in the classic method of Pregl [385], introduced in
1940-thies by Belcher [74-76] and Titov [82], as well as applied by another
explorers [238,276], The evolution of construction of the combustion tube in the
last two centuries was presented recently by Burns [4651

In addition to above described methods - called dynamic and
characterized by a continuous movement of gases inside an apparatus during the
combustion, static methods were also introduced. In these, the combustion is
carried out in a closed space in an oxygen atmosphere and/or by means of added
to the substance some type of oxygen donors (solid oxidants). An instant
combustion presents a special variant of combustion, introduced to
microanalysis by Ingram [206], and adopted by other explorers [209,236,242,
260,287,347,4631.

In the modification carried out by Koziowski - called "ignition
mineralization”, the instant combustion was applied, for mixtures of oxidant and
analyzed substance [326,331]. In this case, the combustion is partially and
therefore obtained products of incomplete combustion (CH.|, CO) are necessary
to convert quantitatively to carbon dioxide, prior to their final determination.
This is achieved by the passage of formed fumes in a mixture with oxygen,
through layers of oxidants and/or catalysts.

At present, the carbon determination in samples of diverse origin, in
these in chemical substances, biological materials and/or in environmental
samples, can be achieved by the use of a wide spectrum of commercially
accessible carbon analyzers [440] and/or automatic CHN analyzers [385,440],

The first method of the quantitative nitrogen determination in organic
compounds, was elaborated in 1831 by Dumas [3], and applied the combustion
of mixtures of analyzed substances with copper oxide, inside the combustion
«ibe in a carbon dioxide atmosphere (scheme 5).

CuO/ CO
s* (CxH2vN O) xC02 + yH20 + z2 N
Temperature
Scheme 5

Dumas placed in the combustion tube a copper metallic layer, reducing

formed during combustion nitrogen oxides to molecular nitrogen, determined
subsequently in an eudiometer (azotometer) filled with an aqueous solution of

Potassium hydroxide (scheme 6).

m NO
XCO02+ yH,0 + xCO02 + y 1120 +1z2 N
Temperature

Scheme 6



Here, carbon dioxide underwent chemisorption; so a volumetric
measurement of coming into the azotometer gas, afforded directly the volume of
formed in the combustion nitrogen, and on this way the nitrogen content
(scheme 7).

xC02+yH20 +zn N2 = e > z2 N2

Scheme 7

The method of Dumas, after numerous modifications and adaptations in
centigram, milligram and microgram (6,25,28,385) scales, constitutes to today
the basic method of nitrogen determination in solid substances:

Kjeldahl, in 1883, described a straight line method of nitrogen
determination in organic substances, depending on the mineralization of a
sample by heating it in sulfuric acid [13], In process of the mineralization, the
"organic nitrogen” underwent to ammonium sulfate quantitative conversion,
followed by the determination of ammonia, usually after its release by
alkalization.

Kirsten, in 1946, introduced the combustion in a quartz tube at
temperature 1050 WL [107]. To oxygenation of organic compounds he applied
nickelous oxide (NiO), meanwhile nickel to the reduction of nitrogen oxides
instead of metallic copper was used [123,124], Schoniger introduced dry
combustion of organic samples in an oxygen atmosphere and in the presence of
platinum catalyst [164,176,192],

FijsC),  -----—---- » BaS()4
HNO;j
S* e e >N e > 2X
T > 100°C
h3po4 - (NH,),P04M03) 2

Scheme 8

Carius, in 1860-1865, introduced a classic method of determination of
sulfur [7], halogens (Cl2, Br2, 12) as well as phosphorus [9], He carried out the
mineralization by heating ot samples in a concentrated nitrogenous acid under
elevated pressure (sealed ampoule).

The microanalytical modifications of Carius procedure, accomplished by
Emich and Donau [21], as well as others |385], find the use to nowadays
(scheme 8).



Baubigny and Chavanne [19] worked out the method of mineralization
of halogeno-organic compounds in a mixture of concentrated sulfuric and
chromic acids, Volhard 1111 applied the fusion of analyzed substances in
mixtures with sodium carbonate and potassium nitrate, Pringsheim 1201 in
sodium peroxide. Kekule |8| halogen splintered off in result of the reduction
with soda amalgam. The numerous modifications of above mentioned methods
(79,118,158], as well as the present methods of determination of sulfur,
phosphorus and halogens, were discussed in the review work of Bobranski
[385],

The first method of oxygen determination was published in 1922, by ter
Meulen [33]. It applied a preliminary pyrolysis of analyzed compounds carried
out in a quartz combustion lube (scheme 9).

S* (CXH,yN,O M) oeememmmeemmmeeeee » x(C02+CO) + yH20 + zNO,

Temperature
Scheme 9

Oxygen containing gas products of pyrolysis - C02and CO, was subject
to further reduction to water, determined gravimetrically (scheme 10).

x(C02+CO) + yH20 +zNO, - e mH20 + z2 N2

Scheme 10

In the procedure published by Schutze, - organic substance is subject to
a preliminary pyrolysis in an nitrogen atmosphere (void of oxygen) [72], The
pyrolysis products (C02and CO) are passed over carbon glowing-hot to bright
reddens, what causes full reduction of carbon dioxide to carbon monoxide
(scheme 11).

x (CO, +CO) + y1-10 + zNO,, - 1 *» mCO + z2 N,

Scheme 11

The formed carbon oxide, treated with iodic anhydride, released
stoichiometrically iodine (scheme 12), subsequently determined by the
iodometric titration [132].



5C0O0 e > l2 + 5CO2
Scheme 12

Different modifications of this method function to today; the
introduction of the physical methods to quantitative determination of carbon
oxide formed (GC-IR, GC-TCD) permit considerable shortening of the method
as well as its considerable automation [278,380,385,405,409,440],

During the past two centuries the elementary analysis passed a huge
evolution. When as 150 years ago were the need, according from a qualitative
composition, from 1to 5 g of the analyzed substance [1-10], at present, applying
the micromethods the quantity of milligram and even microgram range is
sufficient [51,84,126,144,241,267,293,311,312,317,339,354,372,385,441,473],

The endeavour to economization of the analytical process, dictated with
growth of demand on elementary analysis determination implied the research
development over modification of earlier worked out procedures in direction of
shortening of the time of analysis. Since most time consume gravimetric
determinations of combustion products, it was tried to cut down these parts of
an analytic process by the replacement of weighing of absorptive apparatuses by
certain physical measurements, permissive on determination of C02 H2
whether N2, directly or indirectly in the combustion products. The elementary
analysis, dominated by usage of the commercially accessible analyzers at
present, pursuant the majority of analytic actions automatically, and so without
the experimenter who stays only weighing substance's part [399,410], periodical
tests of the apparatus, as well as an interpretation of the results. The exactitude
of results increased also, so that the average error of microanalytical
determinations does not exceed + 0.2 %.

At the beginning of 1960., the elementary analysis becomes united with
gas chromatography [196,202,209,229,232], what stimulated a dynamic
development of constructed analyzers' automation, illustrated by the expanding
scope ot available analytical configurations, namely starting from the CH,
through CHN, CHNO and/or CHNOS [183,256,273,281,282,284,299,304,305,
312-314,317,321,337,354,360]. In 1970., elementary analysis was conjuncted
with computer processing methods [329,330,344], An importance of this
application increased successively in next decades [498],

The progress in the field of elementary analysis [151,177,186,192,339,
340,362,385,405,517,571] constitutes one of the most effective factors,
influenced the present development of organic chemistry. The milligram or
centigram range methods oi elementary analysis pushed out the macro-chemical
methods, making possible shortening oi the time of analysis, more rational



handling with the determined substances as well as chemical reagents, and also
on the analyst's more convenient and more safe work.

Although introduction to the organic chemistry research a mass
spectroscopy technique 1297,407,464, 467,492,515,518,520,523,539,557,5781
makes possible the settlement of the molecular formula of analyzed compound,
and also the isotopic ratio of carbon and nitrogen atoms, the exact measurement
of molecular ion mass does not replace the elementary analysis [557], Induced,
from second side, the utilization of the laser spectroscopy permits on a
settlement of the C : H : N atoms ratios [5681.

These techniques, however, do not deliver sufficient information,
relating to a chemical purity of compounds analyzed. In contrary, the result of
elementary analysis state both the purity degree of compound, as and the test of
molecular mass. Therefore elementary analysis keeps fully its importance in
organic chemistry.

2. Elementary Analysis of Carbon, Hydrogen and Nitrogen

Determination of carbon, hydrogen and nitrogen (CHN) belong to the
most important signs of elementary analysis. The analytical procedures applied
for these determinations underwent the evolution from Gay-Lussac, Dumas and
Liebig era. This is reflected by their continuous development, across the
determinations of carbon and hydrogen (CH) as well as the nitrogen (N), across
simultaneous determinations of carbon, hydrogen and nitrogen (CHN) and since
two decades the simultaneous determinations of carbon, hydrogen, nitrogen,
sulfur and oxygen (CHNSO).

2.1. Determination of Carbon and Hydrogen

Beginning from the classic works of Gay - Lussac, Liebig and Pregl -
the CH analysis applied the combustion the organic substance to carbon dioxide
and water (scheme 1-3) and subsequent determination of these components. The
sine quanon requirement of correct CH analysis was assurance of the
guantitative course of both stages of the analytic procedure applied.

2.1.1. Combustion Process of Organic Compounds

The combustion of organic substance can be performed using one of the
following variants:

a. the combustion using solid oxidant;



b. the combustion in an atmosphere of oxygen in the presence of a
catalyst (Pt);

c. the combustion carried out by means of solid oxidant in the
presence of oxygen;

d. the combustion in an atmosphere of oxygen at temperature 1000 “C.

Kainz and Horvatish [211,213,214) revealed that the oxidative activity
of different solid oxidants applied for the combustion in the oxygenic
atmosphere is different than exhibited in the anaerobic atmosphere. And so, in
the atmosphere of oxygen the efficiency of oxygenation of representative
oxidants changes in following order:

Pd /02> C0304> Mn02> Pt /02> Ni /02> CuO > Cr20 3> Fe20;, >
Mn2 3> Ce02> ZnO > WO., > Si02

The lowest temperature of oxidation activity of solid oxidants depends
on a kind of oxide, and carries out 345 °C for C0304; 410 °C for M n02; and 445
°C for CuO [199],

The list of representative solid oxidants applied in the combustion
analysis is given in Table 1 The comparison and profile of physico-chemical
proprieties of various metal oxides applied in the elementary-combustion
analysis (Cu, Co, Mn, Ni, Mg, Ag i Pb) was presented by Kirsten [239J. Kainz
and Horvatish [199] as well as Vecera [315] introduced to the elementary
analysis mixed catalysts (CuO + Cr20 3; CuO + Co”04; CuO + Ag; Co304 +
ashestos).

Table 1. Representative oxidants applied in combustion analysis.

No Oxidant*“1 Products of combustion'I1l An:tsly Literature
=Sl
1 KCIOj S* + KCIO.,, — KCI+ C02+ HX CH 1
S* + KCIOi -> KCI + C02+ H20 + NO* N 276
2 CuO S* + CuO — Cu20 +CO02+ HX CH 2,28,43,185
S*+ CuO — Cu0 +CO02+ HXD + NOz N 179,277
3 CuO + S* + CuO + KCIO3— Cu2 + KCI +C02+ HjO N 276
KCIOj + NOz
4 CuO + S* +2 CuO +V205-* Cu®d + V20, +CO02+ CH 20
V205 h 2o
S* +2 CuO + V20, — Cu0 + V20t + CO, + N 13

H20 + NO,



10

11

12

13

14

15

16

CuO + S* + CuO + Ce02 + PbCrO.,— Cu20 + Ce20, +

Ce02+ PbO + Cr20j + C()2 + HjC)

PbCr0a4

CuO + S* + CuO + M(OAcC)2-* M2 +C02+ h2 +
M(OAc), NO,

MnOj S* + MnOj — MnO + C 02+ 112)

S$* + MnO: — MnO + C02+ H2O + NO,

AgMnOi S* + AgMn04—» Ag20 + Mn20 7 —=*Ag20 +
MnO + C02+ HjO + NO,

S* + AgMn04—AgdD + Mn207 —*Ag20 +
MnO + C02 + 1120 + NO,.

S* + AgMn04—»Ag20 + Mn20 7 —»Ag20 +
MnO +C 02+ H2 + NO,

MnOi + S* + K2Cr207+ Mn02+ Si02-> MnSiO,+
Si02+ Cr0i+ C02+H2 + NO,
K2Cr20 7
MnQOi + S* + Mn02+ Ag20 —*MnO + Ag20 +CO02+
Ag0 + H20 + NO,
infusorial
earth
V. S* + V205-* V203+ C()2+ 11,0 + NO,

S*+ VD5 VD,+C02+h2 +NO,

AgV 03 S* + 2AgVOj—>»Agn +VD,+C02+ ND

Ce02+ S* + CeO, + V20 s —»Ce20i+ V20t+ C()2+ H>0
V20s

/ pumice

Ag2Cr207  S* + AgaCr20 7 —*Ag20 + CiiOj + C()2+ 1Y)
PbCr0a4 S* + 2PbCrO.| “m PbO + Cr20 ; + C02+ H2

NiO S* + NiO -* Ni + CO, + H20 + NO,

s* + NiO -* Ni + c 02+ HA+ NO,

CH

CH

CH

CHN

CHN

CHN

CH
CHN
CH

CH

CH

CH

CHN

70

66

28
35,65

160-162,173,

175,326,343,

352
99,100,107

581

461

279,293

32,326,343,352
582

96

96

96

107,123,151,
168
274



17 Co,0, S* +Co0,04— CoO+ CO02+HD CH 23,96,184,185,

187,236,243,
245
S* + C0304— CoO + CO02+ H2 + NO, N 169-172,194,
220, 264,397,
400,406,581
S* + Co.A -* CoO+ CO02+ 1120 + NO, CHN 201,382
18 Co104+ Al S* + Co0,04 —* CoO +co2+h2 +no, N 429,580
+ Fe20, 2 Al + Fe,0, —2 Fe + AL20,
19 Pt+ 02 S* +02-*C02+H2 CH 17,167,214,
227, 308,237
s* +02—co02+ H2o + NO,, N 356
S* +02->C02+ H2 +NO, CHN 582
20 02 s* +02->co02+h2 CH 22,53,108,113,
119,238
S* +02— C02+ H2O + NO, N 249,267,277
S* +02-H C02+ HD + NO, CHN 250,331
21 WO, s* + wo, — w20, +co2+h2 CH 206
S*+ wo, — WjOj +co2+h2 + NO, CHN 582
22 WO,+ S*+wo, -* AgWo2 + Co 2+ H2o + NO, CHN 311
Ag2S03
23 Ag2W 04+ S* + Ag2W 04 + Ag20 — AgW 02+ Ag20+ C02 CH 262
Ag20 + h2 +
24 MnoO2+ S* + WO3+ Mn02+ Si02+ Cr20, —MnSiO, + CHN 386
WO, + wd, +C02+ HD + NO,
Si02+
Cr20 3

“M - Cu or Hg; AcO - acetate. bS* - analyzed sample. ctNO, were subsequently reduced into N3.

Particularly interesting methods were introduced by Marek and based on
the combustion of substance in a quartz tube without solid oxidants [22],
developed subsequently by Bennett [113], Belcher and Ingram [119], and others
[385]. The oxygen balance occurring during combustion of organic samples
containing carbon, hydrogen and oxygen was investigated by Rezl [448],

Utilization of gaseous oxygen to the combustion, involved the
requirement of careful purification of the applied gas from any organic
substances (passing over layers CuO, Co0,04 or Korbl catalyst [98]), and also its
desiccation and decarbonization [385],

During the combustion of organic containing-nitrogen, sulfur,
phosphorus and halogens substance the formed undesired products of these



elements oxidation - lias to be removed from the combustion products
composition (by absorption on corresponding reactive filling of the tube). Thus,
halogens and sulfur oxides are caught quantitatively on a silver gauze, situated in
the terminal part of the combustion lube and warmed to temperature of 400-500
°C [71,79,118,156]. Another effective halogen and sulphur scavenger are Ag as
well as Ag2wW 04 (embedded on Chromosorb) [262[ or Ag /A120 3 [288J.

Particularly large complications accompany the combustion of organic,
fluorine-containing substances. This results from large durability of the C-F
bond, and also from poor combustibility of this type of compounds. From other
side, the products of combustion of fluorine-containing compounds react with
quartz forming volatile silicon fluorides (SiF.() and by this way shorten the lime
of use of the combustion tube; and also overstating carbon determination data
(reaction with C 02absorbents) [125].

A removal of fluorine from combustion gases was achieved by
application of MgO [148,149,174,275,280], Pb,04 11811 Ce02 [289], AgV 03
[255,327], M n02[244), or granulated NaF [203,346]. Pechanec for absorption of
HF applied Ag2C03and PbC03(500 L) [257],

During the combustion of phosphorus-containing compounds one need
the neutralization of phosphorus oxides during combustion formed. For this
porpoise, according to Kasler, MgO is suitable perfectly [275], Koztowski and
co. [342] determined the phosphorus oxides binding value exhibited by series of
sorbents, in these, various metals and their oxides. These, in temperature of 750-
900 L were changed in the following order:

MgO > Ag > AgMn04 > Mn02~ Ni > A120 3> Ce02> CuO > Co 4>
W 03> Si02

According to Binkowski and Gizinski [364,369,392], the ability to bond
phosphorus oxides exhibited by various reagents (components of reactive fillings
of the combustion tube) is in accordance with the following row:

Ag—pumice > Ag—Mn02> Mn02> ZnO > Co3 4> asbestos > pumice >
Ag-Al203>Zr02> Al-Si > A120 3> MgO > CuO >Ce02>Si >WO03

On the ground of these investigations Gizinski and Waskowski worked
out the composition of a reactive filling neutralizing effectively phosphorus
oxides in products of combustion of different phosphorus-containing compounds
[423],

The largest difficulties in the carbon determination appear in the case of
analysis of nitrogen-containing compounds with regard to the formation of
nitrogen oxides (N-> NOz2), overstating the carbon determinations. These
nitrogen oxides can be removed from combustion gases, by the leduction or by
chemical ligature with the help of suitable binding substances. Chronologically,



the first used nitrogen oxides reducer was metallic copper, originally applied by
Gay - Lussac [1,2] and Dumas [3], as and by other explorers [34,55,60,113,121,
139,172,210,263], From other effective nitrogen oxides scavengers were
applied: Ag [385], Ni [159], Ce02 [86,89], Mn02 [116,144,172,326,343], PbO
[284] as well as very frequently Pb02[12,25,28,215,225-227],

Lead dioxide reacts with nitrogen oxides already at a temperature of
180-200 °C, binding it quantitatively in the form of lead (I1) nitrate (scheme 13),

---------------------- » PbO + NO2

NO2
................ — » Pb(NO3),

Scheme 13

It was found, that some substances, for instance hopcalites (hopcalite I
Mn02—CuO—Co020r~Ag2; hopcalite 1l: Mn02—CuO) bind nitrogen oxides
already at a room temperature. For their removal liquid absorbing solutions were
also applied [385], Detailed investigations on the nitrogen oxides absorption by
application of a large number of various substances were undertaken by Kainz
and Zidek [2681

The composition of representative reactive fillings of combustion
analysis for the analysis of carbon and hydrogen (CH), nitrogen (N), and carbon,
hydrogen and nitrogen (CHN), is presented in Table 2.

Table 2. Representative reactive fillings applied in elementary analysis.

Analy- Combustion . . - Literature
No sis conditions Combustion tube reactive fillings /Analyzer
1 CH S*b+ Ag2W 04b+ Si02-Ag20-Ag2W04-M g0-Ag2W 0j- 254

Ag20b+ 02(1000 °C) Ag20-Si02(800 °C)
2 CH S*+ Ptb+ 0 X Pt-Cu-Ag (860-880 °C); 308
(1050 °C) Cu (500 °C)

3 CH S*+ Si02b+ 0 Pt-CuO-Ag (700 °C); 167

(NPSO Pb02Ag (190LL)

X)

4 CH S*+ Ala+ V205 + 02X Si02-Co0,04+ Si02-Si02 (800 °C); 326,343

(AgMn04)f (800 °C) AgMnO/ (500 "Q
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11

12

13

14

15

17

18
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(1050°C)

S* + AI" (or Sn") CuO
+02 (1050 °C)

S* + AlI" +Co,04
(1050 LL)

S* + Alh+ He (1050
L)

S* + Ag“+ He+02d
(1050 °C)

S* + Agl+ Co304 + He
+02(900 °C)

S* + Al“+ V205 + He
+ 0 2% (1050 W)

S* + Ag" + He
(1000 °C)

S*+Sn“+ He+ 02X
(900 °C)

S* + Sna + He

(1000 °C)

S* + AlJ+ AgMnOV +
0 3+ He (800 °C)

S*+ Alu+ AgMn04' +
Cr20 3+He (800 L)

S*+ H2S04 + H2Cr04
(20-200 °C)

Ag (500 °C); M n0z (20 °C)

C0j04 (750EC); Hj/BTA (500°C)

CuO-Cu (700 °C); CuO (200-300 “C)

NiO-Ni (1000 “C); hopcalite (100-150

)

Si02-Cu0-Ag (950 °C); Ag-tCuO +
Si02-[Cu + Si02]-[Cu0 + Si02)-Ag

(500 °C)

Cu (800 °C)-CuO (550 °C)-Ag (250

°C)

CuO (1050 °C); Cu (500 °C)

CuO-Ag-MgO (850 °C); Cu (500 °C);

Si02 (200 °C)

Pt-Ag2W 04(M g0)-Ag20-Ag2W 04-Ag

(900 °C); Cu (500 °C)

Cr20.r Co30 4-Ag (1050 °C); Cu-CuO-

Cu (640 °C)

C-Ni-Pt (1000 °C)

Oxido-reductive catalysts (900 °C)s

Ni-C (900 °C)

Ag2W 04-Zr02-Mn0 (600 °C)

Pt-Cuo -Co30 4-Cuo

CuO-Ag (500 °C)

(600 °C)

242,260

356

385

107,123,141

Heraus Rapid
N

397,581

HP 185

Technicon

PE 240

CEm 1104

CE in 1104

Flash 1112

EA

Flash 1112
EA

455

393

381,421,422,
443,444

“Metallic capsule. bBoat. ¢ Injection of a determined oxygen amount. d Air. c Oxygen
(3%) in a helium carrier gas. 1Product of decomposition in 500 °C. 1As result ot metallic capsule
combustion (Sn) the temperature locally increased to 1800 °C.



The investigations over suppression of nitrogen oxides formation
accompanied by catalytic combustions of nitrogen-containing compounds, were
conducted by Pechanec [290,291,302,303],

Obtained ultimate combustion products, namely water and carbon
dioxide - were determined subsequently; gravimetrically using a selective
chemisorption/absorption (C02 on lime-soda and/or ascarite) and/or water
(CaS04, Mg(C104)2, CoCl2, and also gasometrically and/or volumetrically
[385J Presently, in an endeavor to automation of analytic process, frequently are
applied electrochemical methods, in this coulometric and conductometric
methods, also the thermal conductometric (TCD) and infra-red based detection
(IRD) [385, Table 8] methods.

A representative example of the volumetric micro-method of hydrogen
determination presents the method elaborated by Lindner 132,38,49,50,64J. This
method is based on the reaction of hydrolysis of not volatile 1-napthyl
dichlorophosphine oxide, generating hydrogen chloride. The passage of the
combustion gases by series-connected washers filled with water (absorption of
HC1) and baryta water (absorption of C02), permits volumetric determination of
both components (scheme 14).

S*

Scheme 14

Numerous examples of the volumetric determinations of carbon and
hydrogen were discussed in the review work of Bobranski [385],

The exact results were possible to get by applying the conductometric
method of Cain [29], basing on a decrease of electrochemical conductivity of
absorption solution occurring in result of the absorption of carbon dioxide,
involving the reaction course:

2HO + C02 — CO3 + HX
Scheme 15

The conductometric method was successfully applied in several works
[194,197,198,200, 228,240,251,258,310], Accurate results of carbon dioxide
determination were obtained also applying the coulometric-alkacimetric
[233,310,324,332,351] or potentiometric [435] titrations. The water content was



determined, by utilization of a Keidel hygrometer [189,207,235] or the reagent
of Fischer (K-F reagent) [61].

H20 + 12+ S02+ 3Py -» 2Py x HI + Py xSO.,
Scheme 16

The reaction of water with the K-F reagent runs with a stoichiometric
consumption of iodine, in accordance with the presented equation (scheme 16)
[73], The subsequent water determination can be performed on the way of
coulometric regeneration (oxidation) of consumed in the reaction iodine (scheme
17) [190],

21'-» 12 + 2e
Scheme 17

Quick determination of CO02 is possible by application of infra-red
absorbance based detectors (1RD) [216,269,337,385] as well thermal
conductometric detectors (TCD) [222,240,280,385,388,419, Table 8].

The apparatus of Libieg-Pregl for determinations of carbon and
hydrogen, underwent constant modifications directed on a growth of precision of
signs, a decrease of the mass of analyzed sample as well as shortening of the
time of analysis and its simplification, which was possible to reach by
continuous development of automation. The representative CH analyzers,
applied in the period preceding appearance of trade automatic analyzers, in this
number: the analyzers of Bobranski [167], Gustin and Hoiman [254], the
apparatus of Binkowski [308] as well as Kozlowski [326,352], reflect the
increasing level of automation.

The principle of working of apparatus for carbon and hydrogen
determination (CH) according to Binkowski, the representative for its period, is
presented in Fig. 3.

Analysis according to Binkowski:

An analyzed sample (3 mg) is placed in the boat | into the combustion
tube 2 of the apparatus (Fig. 3), and burns up in an air stream, carefully cleaned
by a prior passage through the purifying gas system 9-13. This consists ol the
dryer 9, the oxidation tube JO and its furnace JT, and the absorbers 12 (ascarite)
and J3 (anhydrone). The products of combustion (in majority consisted of CO,
C02 NOz and H2 in a mixture with air) are transferred in the air stream
through CuO and Ag layers (warmed to temp. 800-880 °C), then through a
copper layer (warmed to temperature 500 C) and subjected to luilhet specific
absorption: the water in the absorber 7 (tilled with anhydrone) and the carbon



dioxide in the absorber 6 (filled with ascarite), respectively. The content of
carbon and hydrogen in the combusted sample was counted on the basis of mass
increases of the corresponding absorbers (6 and/or 7).

Fig. 3. Scheme of working of the apparatus for determination of carbon and hydrogen on
milligram scale, according to Binkowski [308]:

i - porcelain boat; 2 - combustion tube; 3 - electric movable furnace (1050-1070 °C); 4 - electric
furnace (860-880 °C); 5 - reduction tube (Cu); 6 - reduction tube electric furnace (500 °C); 7 -
water absorption pipe (anhydrone); 8 - carbon dioxide absorption pipe (ascarite); 9-J3 - cleaning
system for applied air [9 - dryer (conc. H2S04), 10 - oxidation tube for air (CuO), J1 - electric
furnace (800 °C), 12 - absorber (anhydrone), 13 - absorber (ascarite)]; 14 - valves.

Chemical transformations, occurring during this combustion analysis,
are illustrated in scheme 18.

CO +CO 2 CO0:2 co
O,/ Cu0O + CuO/Ag + + 2
— e O Cu "
Ron °r N -
+ suu L + 500 " +
NOz NO?+N2 N,

Scheme 18

2.1.2. Carbon Determination by Wet Combustion Method

Despite advantages ot a dry combustion method, the combustion of
some organic substances are accompanied by serious difficulties. Examples of
these are explosives, exacting of a special conduct application. Also, the
combustion of samples bearing alkaline and alkaline-earth elements, requires the



complicating the analytic procedure modifications. Moreover the combustion of
organometallics including As, Sb, Hi, B or Ta, causes a durable damage of the
tube or deactivation of the tube reactive fillings. In such cases, the carbon
determination by the combustion carried out in a solution, so called “wet”
combustion, introduced to elementary analysis by Messiner [151 presents a more
profitable option.

Messinger oxidized by heating organic substance in a mixture of sulfuric
and chromic acids. The carbon monoxide forming as a result of the reaction
(scheme 19), is oxidized further to dioxide by a passage through the tube
containing a glowing-hot copper oxide. The method of Messinger, being the
conjunction of technique of combustion on wet (in solution in H2S04) and on
dry (in gas phase), in the original version of procedure [15], or in its
modifications [16,42,44,48,54, 56,68], required therefore a rather enough
complicated apparatus.

H2Cr04/H2S04 co?2 cuo
+ CO,
- 200« 500-600 “C
50- 200 “C co

HIOj/HiCrONH-SOI/HIPO;

50-200 WC
Scheme 19

An essential improvement, which permitted the omission of additional
oxidation by the dry method, was the modification, carried out by van Slyke and
Folch, based on application of the mixture of chromic and iodic acid as oxidative
reagents in an anhydrous solution (mixture of smoky sulfuric and phosphoric
acids). This reagent permits quantitative combustions of the organic carbon to
carbon dioxide, without need of additional oxidation (CO —»C 02) carried out in
earlier versions in gas phase, in order to full conversion to dioxide. The formed
carbon dioxide was determined subsequently manometrically [37,104],
gravimetrically [91,109] or alkacimetrically [115].

Wide usage of Van Slyke’s method disclosed its numerous limitations.
lhus, the analysis of substance containing a high carbon contents (anthracene,
camphor) usually leads to understated results of carbon content with errors
exceeding 1%. Method is not suitable either to analysis of compounds insoluble
>n the Van Slyke’s reagent, and also for volatile and/or subjected degradations to
volatile derivatives compounds (compounds including N-methyl group, aryl
halides, organophosphorus compounds) [385], In the modification introduced by
Minkowski [234], the method was adapted to determinations in the milligram



scale, expanding also a range of its applicability. Ideological scheme of the
apparatus applied by Binkowski for carbon determination by the wet combustion
method, is presented in Fig. 4.

Fig. 4. Scheme of an apparatus for carbon wet determination in milligram scale, according to the
method of Binkowski [234]:

1 - mineralization flask; 2 - condenser; 3 - bubbles-meter; 4 - gas drainage (filled with layers:
asbestos, anhydrone, copper wire and particles of zinc); 5 - absorptive tube (ascarite); 6 - cutting
off bolts; 7 - inlet and outlet of cleaned air; 8 - inlet and outlet of water of the condenser.

Analysis according to Binkowski 12341:

An analyzed substance (3-10 mg) is placed into the round bottom flask
i, followed by addition of K103 (0.4 g), and after rinsing of the apparatus with
an air stream (dried and devoid of C02) and checking of its tightness, the
oxidative reagent [5 ml; mixture of KI03(5 g), Cr03(25 g), H3P 04 (85%; 167
ml) and oleum (20%; 333 ml) heated in 150 °C to homogenization] is added. The
flask is heated with a microburner up to the decomposition of K103 controlling
the speed of process with the help of the bubble-meter 3 (8-10 ml / min). After
combustion of the substance (about 20 min), the apparatus is rinsed with a
stream of air, (20 ml/min), in order to washout the whole quantity of produced
C02 (20 min). The formed gas mixture is passed through the drying pipe 5
(removal of water vapor and volatile acids) and then through the absorptive pipe
6, where the quantitative absorption of CO02 subsequently determined
gravimetrically, occurs. The carbon content was counted on the ground of the
increase of mass of the absorber 6, after deduction of the background (0.1 to
0.15 mg). The time of analysis: ca. 40 min.

Other, present methods of analysis of the carbon content in organic
substances, as and in environmental samples (OC, TC, TOC, TIC) using the wet-
combustion method of mineralization (in solution), are discussed in the chapter
4.1.



2.2. Determination of Nitrogen

Determination of nitrogen in nitrogen-containing organic compounds
can be achieved after preliminary degradation (mineralization) to simple
nitrogenous inorganic compounds, in these ammonia, molecular nitrogen,
nitrogen oxides (NO or N02) or to ions of nitric acid (NOV and / or N03).

The degradation was usually carried out according to three fundamental
methods: the method of Dumas, the method of Kjeldahl as well as the method of
catalytic hydrogenation.

In the classic method of Dumas, the organic substance is mixed with
copper oxide (CuO) and it burned in the combustion tube in a carbon dioxide
atmosphere [3]. The formed combustion products (C02, HD and NOZ2) are
passed through a glowing-hot copper layer; where nitrogen oxides are reduced
into molecular nitrogen, and the obtained mixture of transformed products of the
combustion (C02 H2 and N2) is directed to the azotometer. Here in a solution
of KOH, carbon dioxide underwent quantitative absorption, and due to this, the
measured volume corresponded to formed nitrogen (scheme 20).

nco: nco:
+ Cit + KOH
S* (c ,HmNyOx) CuQ- yNO, - — yl2N2 e — yr2 N2
w Vi
m/;2 H20 m2 H20

Scheme 20

In the present modifications ot Dumas method, the iormed products ol
combustion (C02 H2, NO, whether N2 are subject to an automatic analysis.
During this, the combustion products are separated chromatographically with
subsequent post-column instrumental determination, using usually thermal
conductometric detectors [TCD] (C02, H20, N2) [385,572, Table 8] and/or infra-
red detectors [IRDJ (C02, H20) [385,572, Table 8], and/or chemiluminiscence
detectors [CLD] (NO2) [436,440, 483,484,489,502],

In Kjeldahl’s method [13], the organic substance is mineralized by
'vanning in a solution of concentrated sulfuric acid, during which the oiganic
nitrogen (TON - total organic nitrogen-, TBN - total bound nitrogen) converts
into ammonium sullate. The formed solution is alkalized, and ieleased ammonia
* determined in a separate flask, most often by means ol the alkacimetiic
titration (scheme 21).



S*(CAHMN O X)  -------—- T A t e --=-yN,,
F 230 »g 7 4 -2 ok J 3

Scheme 21

In the method of catalytic hydrogenation, the organic substance was
heated in a stream of hydrogen in the presence of suitable metallic catalysts,
causing the reduction of organic nitrogen (nitrogen bounded) to ammonia
[80,1201, determined further by titration (scheme 22).

*C,,Hn,2
S*cn N oy _HJCat/io ., *
y T> 310 "C +
zH,0

Scheme 22

The numerous modifications of Dumas and KjeldahFs methods were the
subject of several reports [246,316, & 2.2.1., & 2.2.2.J) as well as the
experimental comparison of their analytic parameters [373,437,480,487,507,
526,566,577,579],

In other, so called "wet ” degradative procedures (scheme 23), the
mineralization of nitrogenous compounds were carried out on the way of UV-
photo-oxidation (UV/ K2520K/H20) [484, Table 11], dichromate oxidation
(H2S04/K2Cr207) [516, Table 11], or with microwaves-induced mineralization
[434,437,456,466,528,529, Table 11],

nCO:2
Oxidant/H,0 +
S* (CnHmMN yO x) ? n yNO/
T< 100 °C +
m2H'®

Scheme 23

Created as a result of the oxidative degradation (photo-oxidation or
microwave-promoted oxidation) of organic substance - the ions of nitric (Il
and/or V) acids, were determined spectro-photometrically [494,501,555] or
electrochemically [526].

An interesting method of the nitrogen determination by the “wet”
oxidative degradation, followed by subsequent reduction of nitrogen oxides



formed to molecular nitrogen, and its final TCD determination was presented by
Ventura [381,421,443,444].

Several methods of nitrogen determination applied radiochemical
procedures [286,370,371,436,475,539,561,5671, mass spectroscopy (407,464,
523,578] or other physico-chemical methods [479,538,574],

2.2.1. Determination of Nitrogen by the Method of Dumas

The first, milligram scale method of nitrogen determination, based on
Dumas procedure, came into being thanks to Pregl works [25]. And here,
similarly as in the case of the CH determination, a decrease of the substance
analyzed quantity disclosed many imperfections of Dumas apparatus.

The investigations carried out by Pregl exhibited, that copper used for
the reduction of nitrogen oxides, at a temperature 650 °C reduced also carbon
dioxide to monoxide - unsolvable in an solution absorbing of the azotometer,
and therethrough elevating the results of nitrogen determination. To prevent this,
Pregl introduced to Dumas combustion tube a third layer, folded from copper
oxide, the task of which was the conversion of carbon oxide to dioxide (Fig. 5).

Cuo Cu CuO Cu Cuo
@ (b)

Fig, 5. Profile of distribution of reactive filling layers of the combustion tube: (a) according to
Dumas, (b) - in Pregl’s modification

These processes setting in the combustion tube by Pregl, occurred in
accordance with scheme 24.

co, Co,

cu C°; +CO0 CuO
650 °C N

S*
n2+noz 6500C n2
Scheme 24

Halla [45] revealed, that the location of the additional layer of CuO leads
to extortionate results of the nitrogen, resulting from the reaction ol dissociation
of copper oxide, setting in temperature of 650 °C (scheme 25).

2 CuO Cu,0 + 050.
650 °C

Scheme 25



Due to this, Fisher [781recommended heating of the terminal layer with
CuO only to 200 °C temperature, in which the oxidation of carbon oxide to
dioxide (CO —CO02) was quantitative whereas the dissociation of copper oxide
(2Cu0 —*Cu20 + 0.502) did not run (scheme 26).

Co= Cu Go’ +C° Cu0__ . GO-

N2+ NOz 650 °C N 2 2°0°C n?2
Scheme 26

Hozumi and Amako [188] conducted the investigation over the
relationship between the temperature of the reduction layer and its thickness.
Other sources of overstating the results of nitrogen determination resulted from
porosity of applied oxidants and/or sorbents, as a result of which, air contained
in them was washed out to a carrier gas during the analysis. Elimination of these
factors works of Flaschentrager [41] and other explorers [39,46,52,53! were
consecrated.

In time, other limitations of Dumas method, depending mainly on
understating of the nitrogen content results in heterocyclic aromatic compounds,
were exhibited [81,105,276|. Thus, the derivatives of chlorophyl [65.262],
pterynes and carboranes [323] did not it burn up in the standard conditions
entirely; a coke formed after the combustion contained chemically bounded
nitrogen. However, in the case of long chain aliphatic compounds, methane
during the combustion was formed, overstating the azotometer indication
1107,123,124,133]. In the case of analysis of this type of compounds, the
substance analyzed was mixed with composites of CuO and KCIO” [276], or
CuO and V205[20], or CuO and the salts of copper or mercury [66],

In investigations of Kainz [213], the oxygenation effectiveness exhibited
by typical metal oxide oxidants in a carbon dioxide atmosphere and temperature
650 °C represented itself as follows:

Mn02> CuO - C0304> Fe2, > NiO

Mitsui [152] investigated the thermochemical equilibria established
between Cu20, CuO and CO02 at a temperature 750-800 °C, affirming the course
of following reactions (scheme 27).

In connection with above mentioned, Mitsui the usage of a copper layer,
heated to 550 °C, as the terminal layer recommended. Fischer [78] heated the
final part of the combustion tube, containing CuO, to 200 °C, in which carbon
oxide underwent a quantitative oxidation (CO -> C02) whereas copper oxide did
not undergo a thermal dissociation (CuO —=Cu20 + O).



2CU0 oo » Cu,0 + 050,
750-800 °C
CO,
2Cu + CO,  —-mmmmmmmmem- » Cu,0 + CO
750-800 °C

Scheme 27

During the combustion process, organic nitrogen is converted to a
mixture of nitrogen and oxides of nitrogen exhibiting different degrees of
oxidation (N2+ N20 + NO + N02+ N20 5 (scheme 28).

S* - » N, + N,0O + NO + NO, + N,0
650 °C + 2 2
H20
Scheme 28

Nitrogen oxides (N20, NO and/or N02) formed during the combustion,
exhibit different solubility in alkaline solutions, they contain in the particle of
oxide also different number of nitrogen atoms (N2 vs NO02). Therefore, the
prior reduction of nitrogen oxides to molecular nitrogen, carried out before
entrance of the combustion gases to the azotometer, is necessary.

A considerable influence of the structure as well as the way of
combustion of nitrogen-containing compounds on the conversion degree of
organic nitrogen to nitrogen oxides was affirmed (Table 3).

Table 3. Influence of the structure of the combusted nitrogen-containing compounds and the type
of applied combustion on the formation of nitrogen oxides.

No Class of analyzed Combustion Degree of Literature
compounds conversion [%]
N -> NO,
1 Amines Thermal decomposition 26% 62
Combustion in a stream of 1-17% 106
oxygen

2 Nitriles Thermal decomposition 59% 62



3 Nitro compounds Thermal decomposition 59% 62

Combustion in a stream of 82-97% 106
oxygen
4 Heterocyclic Thermal decomposition 59% 62
compounds Combustion in a stream of 7-40% 106
oxygen
5 Aromatic nitro Ignition combustion Up to 13% 287
compounds (Oi/Pt; 900 "C)
6 Various nitrogen- Combustion in empty tube - 108
containing (Oi/Pt; 900 °C)
compounds
Pyrolysis in nitrogen 292

atmosphere (1000 °C) and
subsequent combustion

Combustion in empty tube 1-8% 291
(02/Pt; 900 °C)

Czumaszenko [223] subjected the substance analyzed to the preliminary
pyrolysis; in result of which, the majority of organic nitrogen was converted into
molecular nitrogen (reductive action of organic carbon).

The temperature of CuO layer exerted a large influence on the exactitude
of measurements. Thus, usually higher than 650 HC [385], in several works in
range 700-800 °C [262], and for hardly combustible compounds and/or giving
underestimated results at least 1000 °C [99,114,138],

One of the complete combustion substance (hardly-combustible
compounds) affirmer ways, consists the combustion in an carbon dioxide
including, the admixture of oxygen, atmosphere [69,99,127,129,131,136,154,
170,249,267,275,277,351]. For absorption of an oxygen excess, the reactive
filling, equipped with situated in the end of the combustion tube copper layer
(metallic or on mineral carrier), is applied [232].

The apparatus to the volumetric determinations of nitrogen according to
Dumas method, based on described procedure (chemical reactions occurring
during the procedure are presented on scheme 29) is illustrated in Fig. 6.



Co, CO,

Cu0/C02+02 Cu
n2 +o02
650 °C 650 °C
h2o H20
Scheme 29

Fig. 6. Scheme of apparatus for Dumas nitrogen determination:

i - carbon dioxide bottle; 2 - needle valve; 3 - combustion tube; 4 - electric furnace (700 ""C); 5 -
electric furnace (200-300 °C); 6 - layer of CuO; 7 - copper gauze; 8 - layer of CuO; 9 -
azotometer; JO - connection with reservoir of KOH solution.

In the method elaborated by Trutnowski [356], the sample is burnt out in
oxygen, the formed nitrogen oxides along with an oxygen excess are reduced by
means of hydrogen, which excess in turn is removed on a copper oxide layer
(scheme 30).

CO2+ h 20 CO, +H,0
0 2/Pt H, + Cuo C02+H,0
S* NO, n2 N
900 °C + + 500 HC N,
O, H,
Scheme 30

According to Kirsten [151], this course of action leads to extortionate
results of nitrogen determination. This statement is in opposition to works of
Mauser and Egli [155], as well as other explorers [385].



Kirsten [107,123,141] introduced a modification to the method of
Dumas, which permitted an enlargement of its generality, especially in reference
to the combustion analysis of hardly-combustible substances. Kirsten carried
out combustions at temperature of line 1000 °C; in this aim replaced traditional
glass tube with one made from quartz. Based on the results of investigations of
Kurtenacker [23] and Kapustinski [59], he replaced the layer arrangement
consisted of CuO—Cu by the layer NiO—Ni. The modified method of Kirsten-
Dumas (scheme 31) was also adapted to the milligram scale [179].

co02 Cco02+CoO Cos

NiO + Ni M n02/ CuO +

S ———— — NO, s e a0 N
1050 °C + 1050 °C + 100 "C +2
h 2o h 20 h %

Scheme 31

For settlement of the optimum conditions for combustions of organic
samples - the wide spectrum of investigations on the combustion process,
including the influence of used oxidants, as well as the process temperature,
were explored. Behavior of the CHN samples in temperatures adequate to
combustion conditions was also studied by the utilization of TGA as well as
termogravimetrical methods [425],

2.2.2. Nitrogen Determination by the Method of Kjeldahl

The method of Dumas, though presents the most general method of
nitrogen determination, is not useful for the samples occurring in a form of
agqueous solutions (in urine, blood, tissue homogenizates, physiological liquids,
etc.). In such cases more profitable is the method of Kjeldahl, as quicker and
using less complicated apparatus.

Kjeldahl’s method is based on the degradation of organic nitrogen-
containing compounds (mineralization) in concentrated sulfuric acid (stage 1), in
result of which the bounded nitrogen converts by the reduction to ammonium
sulfate. After alkalization of a reactionary mixture, the released ammonia is most
often distilled off in water vapor [385] to a receiver flask containing a solution
of salt acid [25], sulfuric [31], boric [90,94] or other acids [385] or water [191]
(stage 2), and is subsequently determined (stage 3), the most often by means of
the alkacimetric titration.

The method of Kjeldahl presenting in the classical elaboration (1883)
the limited use, as result of subsequent improvements became one of more



practical analytic methods [13,573,576]. The details relating the various
modifications of the method of Kjeldahl were described by Bradstreet [246], The
evolution of the method of Kjeldahl, and its analytic potential was recently
discussed by McKenzie [472]. The problem of superiority or compatibility of
Dumas and Kjeldahl methods [373,437,480,487,507,526,566,577], or the
method of Kjeldahl and other methods [296,573], presents the object of constant
considerations.

According to present standards, the range of applicability of Kjeldahl’s
method, retreats still the enhanced versions of the method of Dumas. It can not
be applied, for instance, without additional interventions for the determination of
nitrogen exhibiting the positive degrees of oxidation (nitro-, nitrozo-, azo- and
azoxy-compounds), or/and in the determination of a high volatility compounds
or/and for certain heterocyclic compounds.

The reaction can be accelerated by addition to the degradation solution
of some type of oxidants, for example, perchloric acid [92,93] or hydrogen
peroxide [77,87,88,97], In the case of analysis of compounds containing the
nitrogen-oxygen (-N-0) or nitrogen-nitrogen (-N-N) linkage systems, the
substance is degradated in a two-stage process, with preliminary reduction (stage
1), followed by ultimate degradation in sulfuric acid.

Temperature exerts essential part as influencing the integrity of
degradation factor [153,218]. The degradation temperature can be increased by
the addition of K25S04 (can not be replaced by Na2S04 [178]) to 410 °C, and
must not be lower than 380 °C [18,111,130].

Decompositions usually are completed after ca. 15 min; in case of
derivatives of pyridine can last even up to 4 h [101]. The compounds containing
nitrogen on the higher than -3 degree of oxidation (occurring in functions: -NOgz
-N-N-, -N=N-, etc.) do not undergo the quantitative degradation to ammonia
(understated results of nitrogen). In these cases, the degradation solution was
supplied by various additions, in these by phenols, salicylic or thiosalicylic acid,
glucose, alone or as the combinations of these compounds (table 4). The most
effective method turned out the two-stage procedure, in which, before the
ultimate degradation in sulfuric acid, the preliminary reduction of nitrogenous
functions by means of hydrogen iodide was applied [57,87,137,145,180],
Kjeldahl’s digestion procedure was also facilitated by the microwave radiation
[457,466],

The composition of various variants of Kjeldahl’s method and the
applied mineralizing reagents is presented in Table 4.



Table 4. Composition of various variants of Kjeldahl’s method

No

10

11

12

13

14

15

16

17

18

Kjeldahl’s degradation

| stage of
degradation

ha2so4
H2S04 + CuSO04
h2so4 + k2so4
h2so4+ HC104
h2so4+ h202
H2S04+ Se

H2S04 + Se + Hg

h2so4+ k2so4
+ Hg

H2S04 + Na2S20,

H2S04+Ar-OHu

H2S 04 + salicylic
acid

H2S04 +
thiosalicylic acid

H2S04 + glucose

HI

HI +P

Zn+ HCL +
AcOH

Zn + HClag +
MeOH

CrCl2 + H2S 04+
H20

11 stage of
degradation

h2so4
h2so 4+ k2so 4
+ Se + HgSO04

H2S04

h2soa

h2so 4+
k2so4

Reaction

N-»NH3

N — NH,

N -» NH,

N -> NH,

N -> NH-,

N —*NH3

N -» NH,

N — NH,

N — NH,

N — NH,

N —» NH,

N —NHs

N -> NH,

N — NH,

N — NH,

N — NH,

N~ NX

Type of degradated
compounds

Amines, amides
Amines, amides

Amines, amides

Amines, amides
Amines, amides
Amines, amides

Amines, amides

Amines, amides

Azides
Amines, amides

Amines, amides

Amines, amides, DNB

Nitro compounds

Nitro-, azo-, hydra-zine
compounds

Amides, nitro-, azo-,
hydrazine compounds
Nitro compounds

Nitro compounds

Nitro compounds

Literature

13

28,509

18,111,130,178

92,93

77,87,88,97

47,95,112,125

67,85,102,117,
499
24,122,128

147

14

27,493

145,154

40

58,146

385

137

180

165

“Ar-OH = fenoi, 1-naftol, 2 -naftol, pirocatechine, pirogallol, fluoroglucine, galusic acid



A typical procedure of degradation of nitrogen-containing compounds
into ammonia, according to modified by Bobranski the Kjeldahl’s procedure is
given below [385].

The digestion oforganic substance not including the N-0 and/or N-N bonds:

A sample of substance (1-5 mg) was poured into Kjeldahl’s flask,
followed by the addition of sulfuric acid (1 ml), and the catalyst [0.15 g¢;
received by dissolving K2504 (32 g), HgS04 (5 g) and selenium (1 g)]. The
flask was heated to boil ca. 15 min. In case of incomplete digestion, hydrogen
peroxide (ca. 0.1 ml, 30 %) was added, and the formed reaction solution was
heated for additional 15 min.

The digestion of organic substance including the N-0 and/or N-N bonds:

A sample of substance (1-5 mg) was poured into Kjeldahl’s flask,
followed by addition of hydroiodic acid (1 ml; d = 1.7 g / ml) and several grains
of red phosphorus. The contents of the flask was heated to gentle boiling for 30
min, the sulfuric acid (1.6 ml) was then added and the flask was heated until
water and hydrogen iodide evaporated. After 1.5 h (clear solution, the absence
iodine in the flask) the catalyst (0.15 g) was added and the digestion solution
was heated for another 30 min.

Subsequent nitrogen determination is carried out by titrations of formed
ammonia. In order that, ammonia was usually released from ammonium sulfate
by alkalization of the mother solution, followed by distillation off in a stream of
water vapor [140,385], The successive determination of ammonia was
performed using alkacimetric [26,27,90,94, 100,191,316] or iodometric
[19.30.126] titrations, coulometrically [351] or colorimetrically [477], or by
means of the Nessler’s reagent (scheme 32) [182,195] or with the help of the GD
- FIA procedures [509],

NH3+ Hgl2—Hg (NH2)?2
Scheme 32

In the iodometric procedures applied for the ammonia determination,
ammonia is absorbed in an aqueous solutions of potassium diiodate [KH(103)2]
[30.126] or in an acidified solutions of potassium chlorate [31], The released
iodine, in quantities proportional to the concentration of hydrogen ions, is
successively titrated by means of a sodium thiosulfate solutions (scheme 33).

5r +103+6H+-*312+ 3 HXD
Scheme 33



In the row of works, ammonia was determined directly in the post-
degradation mixture, with omission of the alkalization stage, the distillation off
of ammonia and its sequent absorption [30,36,63,103,110,157,166,204,2121
One of these methods [36] is based on the exact neutralization of the digestion
mixture, the subsequent addition of formalin and successive determination of
sulfuric acid formed (scheme 34).

(NHA2504+ 6 CH2 (CH2BN4 + 2 H2S04 + 6 H20

Scheme 34

In another procedure, ammonia was determined indirectly, after previous
oxidation of ammonia by sodium hypobromite, and the successive iodometric
determination of the excess of hypobromite applied [30,63,212] (scheme 35).

2 (NH4)2s04 + 3 NaOBr -+ 3 NaBr + 3H20 + H2504 + N2
NaOBr + 2 KI + 2HCL -» 2KCl + NaBr + HO + 12

Scheme 35

In an alternative approach, the excess of hypobromite was determined by
back-titration of the excess of hypobromite by means of the standardized
solution of sodium arsenite [166,204] (scheme 35).

2.2.3. Determination of Nitrogen by Oxidative and Oxidative-Reductive
Degradation Methods

An alternative to Kjeldahl method is the oxidative degradation of
nitrogen-containing compounds, based on the "wet oxidation” of nitrogen to the
nitrate ions. As oxidation reagents, usually atmospheric oxygen [528,529],
hydrogen peroxide [252,298,367,411], potassium persulfate [453,469,471,484]
or chromic acid [516], alone or in coupling with UV or microwave irradiation,
were applied.

The oxidative degradation of nitrogen-containing compounds carried out
in solutions occurs with the formation of nitrate ion, which undergoes further,
partial reduction to nitrite ion [252,484], The nitrite ion, can be determined
directly or indirectly using the methods of molecular spectroscopy, under
condition of the quantitative reduction of nitrate to nitrite ions. This conversion,
is most often carried out by the reduction by means of activated cadmium
[366,494], EDTA and/or DTPA [481], or hydrazine [497]. The principle of the
conversion ot nitrogen-containing compounds to nitrite ion is presented in
scheme 36.



S* (CHN) -1 ---mev + - L_* NQO
2
NO -

a - UV-induced oxidation (O2, H702 or KiSiOg); b - reduction of nitrate to nitrite ions (Cd,
EDTA, or DTPA)

Scheme 36

The formed nitrite ions, were determined on the base of dye of Griess
formation (scheme 37), and its subsequent spectrophotometrical determination
[366,367,469,471494,497],

H,N—§'

¢ - diazotization of sulfanilide; d - conjunction with 1-napthyletylenediamine (formation of
Griess dye)

Scheme 37

The comparison of the two major methods of the “wet-mineralization” -
the method of Kjeldahl and the UV-promoted photooxidation was the object of a
row of comparative works, in this Henriksen’s [298], Gustafsson’s [411],
Kroon’s [469] and McKelvie’s [479], which exhibited the comparable results for
majority of all compounds investigated.

The UV-promoted photooxidation method led to worse results in the
case of degradation of hydrazines and diazo-compounds (60% in relation to
results obtained by HTC methods), and comparable [90-95% in [449] and >
95% in [471]} in the case of degradations of other nitrogen-containing
compounds.

The representative papers on the oxidative degradation of nitrogen-
containing compounds, by radiation induced methods (CHN —NO02), are listed
in Table 5.

The methods based on wet-oxidative degradation of nitrogen-containing
compounds, followed by the subsequent reduction of formed nitrogen oxides to
molecular nitrogen, are presented in Table 6.



Table 5. Degradation of nitrogen compounds by the oxidative - inductive by the radiation methods
(CHN — NOJ/)

De gradation method1

N .

° Type of degradated compound Radiation Oxidant Conditions  Literat

1 NHA4CI, thiourea, heterocyclic amines uv H20 2 2-3h 252

2 NH4CI, KNOg3, heterocyclic amines uv h2o 2 4h 298

3 Several nitrogen (and/or phosphorus) uv h20 2 3h 367

containing compounds
4 Amines, amides, amino acids, uv h20 2 I-3h 411
proteins

5 NaNOj, (NH4)2S 04, urea, Cys, Lys, MW H,0:/HCO3H 0.5 h 528

6 (NH4)2So0 4, amides, amino acids uv K2S20 s CFsS 469

7 NH4CI, urea, EDTA, Ala, His, uv k2s208 FIS 471
hydroxamic acids

8  (NH4)2S04, urea, thiourea, amines, uv k25208 FS, 8 min 484
amides, amino acids

9 Microbial C & N - K2Crz20 7 516

10 Amino acids MW k2s20 8 2 h 529

u Abbreviations: FS = Flow System; FIS = Flow Injection System; CFS = Continuous Flow
System

Table 6. Oxidative degradation of nitrogen-containing compounds by the ,,wet” procedures with
subsequent reduction

No Compound Oxidative-reductive degradation Literat
iterat.
Oxidation Conditions Reduction Conditions
1 Hydrazines N < n~No H2S0,-H2Cr04 NO,-* N2 Cu 381
(200 °C) (500 °C)
2 Various nitrogen N —=*NO0Z H2S 04-H2Cr04; NO, — N2 Cu 421,
containing H2S04-KMn04; (500 °C) 422
functional groups H1SO4-KBr-KBr03

(20 - 200 °C)



3 Oximes, semicar- N — NO, H:SO0. or NO, — N: Cu 443

bazones, H2S804-H2C10 4 (500 °C)
nitroani-lines, (20 - 200 °C)
amino acids

4 Azoxy derivativ., N -> NO, H2S04 or N O ,—»Ni Cu 444
triazenes,  pent- H:S04-H:Cr0. (500 °C)
aza-1,4-dielies (20 - 200 °C)

2.2.3.1. Nitrogen Determination after Prior Oxidation to NO02 and the
Chemiluminescence Detection

In an alternative procedure of determination of nitrogen - the nitrogen-
containing compounds were combusted to nitrogen oxide, which in turn was
further oxidized by ozone to the excited form of nitrogen dioxide (N02). The
return to the stable form of N02was accompanied by the radiation emission (hv)
(scheme 38), proportional to the concentration of nitrogen dioxide present in the
gas combustion mixture.

NO S R — NO02 + hv

Scheme 38

The methods of nitrogen determination using the chemiluminiscence
phenomenon presented the subject of a row of analytic reports
[438,517,552,540]. The review on the methods of nitrogenous compounds
determination occurring in air, using the effect of chemiluminiscence was
written recently by Navas [502],

2.2.4. Nitrogen Determination by Hydrogenation Methods

The method of hydrogenization of samples containing nitrogen, belong
to considerably less practical ones [80,120], Its interesting modification, worked
out by Ubik [347], depends on the pyrolysis of analyzed substance in a stream of
hydrogen at temperature 1000-1100 (C. The pyrolytic products were passed
through a layer of MnO, in which hydrogen sulfide and hydrogen halogenides
were removed, and then over Ni at 950 °C, which caused the degradation of
methane as well as ammonia to hydrogen and nitrogen.

Carbon monoxide, present in the combustion products, becomes
oxidized to dioxide (CO —C02) by means of HI 8 The formed gas mixture
was passed through suitable absorbers; by filling with anhydrone (removal of



water) then with ascarite (removal of C02 as well as traces of hydrogen
halogenides), and the remaining gas was introduced into a TCD detector
(scheme 39).

h2
h 20 h?2
cha h 20 H2 H2
s* H2+H® , CO Mno che NI hzo HIA h 20
1000-1 i00°C NH, iooo°c co 950 "C co co2
H2S NH, N, N,
HX

Scheme 39

The method can be applied for nitrogen compounds, containing: C, H, N, O, S,
Se, F, Cl and I, as well as Hg atoms.

In the alternative procedure (scheme 40) Stolyarow [491] subjected the
analyzed samples to the exhausting hydrogenolysis (H2—H20 —Ni / 370 "C)
converting the organic nitrogen to ammonia, subsequently determined
potentiometrically with the use of iono-selective electrodes (NH3/ NH44).

H2
H 0
H, + H,0 / Ni
S* —1 1 cha
370 »C
co
nhs

Scheme 40

In a different approach, Schoniger [163] subjected nitrogen-containing
compounds to decompositions caused by metallic magnesium. The formed
magnesium nitride, was subject for subsequent hydrolysis (scheme 41), and the
released ammonia was determined by the alkacimetric titration after prior
distillation off from the reaction mixture.

Scheme 41



In the modified procedure of Lassaigne, Demirata (5751 subjected the
nitrogen-containing compounds to the reaction with metallic sodium (scheme
42).

Na (NH4)2SWH20

Scheme 42

The formed sodium cyanide was converted sequentially into thiocyanate,
determined successively by complexometric titrations with Fe(lll) ions.

3. Automatic Determination of Carbon, Hydrogen and Nitrogen in Organic
Compounds

Carbon, hydrogen and nitrogen are the basic elements of structure of
organic compounds and the most often determined in elementary analysis.
Principle of their determination is based on destruction of organic substance on
the way of oxidation to carbon dioxide and water, and their subsequent analysis.
The first micro-method of determination of carbon and hydrogen, worked out by
Pregl in 1912, was widely applied without larger modifications, by over three
decades [25], It was based on a slow combustion of analyzed sample in a stream
of oxygen and involving the re-oxidation of the combustion products originally
formed on the layer of lead chromate embedded on copper oxide. The formed
ultimate gas products: carbon dioxide and water, were absorbed in the absorptive
tubes, filled suitably with ascarite and magnesium perchlorate, and weighed
before and after analysis [28],

The method of Pregl, and its modifications [28,254,272,370,391, were
found to possess the essential limitations hampering the automation of the
analytical process and making impossible its adaptation to the ultra-micro scale.
For nitrogen-containing substance, the determinations results of carbon and
hydrogen were not exact and the simultaneous determination of carbon,
hydrogen and nitrogen, was not possible. A rapid development of organic
chemistry implied the undertaking aimed at intensive investigations over
automation of elementary analysis, shortening of the analysis time, lowering of
the scale of determinability and also widening of the spectrum of determined
elements [410],

A considerable shortening of the analysis time was achieved after the
introduction to elementary analysis the method of instant combustion of sample.
In this modification, the sample does not burn up successively by the use of
movable furnace, but moves to the hot zone of combustion directly



[202,312,370,395], which permitted the partial automation of determination
procedures.

The total automation of analytic methods became possible thanks to the
development of gas chromatography [253,275,318,351,357] and its conjunction
with the methods of elementary analysis [231,335,362,370], It was effective
when received with the replacement of the classical determinations in analysis of
the combustion gas products (mass weighing, titration) - by the measurement of
physical properties (proportional to the determined mass or concentrations),
suitable to the automatic counting.

In measurements these physical magnitudes were used, which in studied
area change to the determined chemical sizes directly, and in proportion to. In
the automatic methods, the ultimate products of the combustion are most often
analyzed by application of TCD detectors (Table 9).

3.1. Technical Foundations of Automatic CHN Elementary Analysis

3.1.1. Sample Combustion

Preparation of samples in the micro scale (to 1.5 mg), and particularly in
the ultra-micro scale (< 1 mg), impersonates in elementary analysis important
part. Homogeneous and dried to constant mass samples, are weighed out in
metal containers (Al, Ag or Sn foil; 0.03 mm) of single use, and according the
applied way of the combustion is mixed with oxidants, or without
[385,394,395,410], Volatile substances were introduced to the combustion tube,
in sealed glass capillary tubes [325,385,394, 395,410],

In application of the micro-quantity scale to the combustion analysis, as
well as the methods of high-sensitivity of measuring, the influence of sample
conditioning in a carrier gas atmosphere before their introduction to analyzer, as
well as maintenance of stable parameters of the apparatus regime, exert crucial
role on the exactitude of results of analysis. The important stage presents also
the way of introduction of samples to the analyzer. This is because it can cause a
pressure fluctuation inside the apparatus, the same change of speed of gas carrier
flow in the column, and in effect the disturbance of the work of TCD detectors.
The automatic sample adapters with programmable time of individual operations
assure to the apparatus assurance of the reproducible conditions of conditioning
and insertion of the sample [410,414,417],

In automatic analyzers the combustion process should assure the total
combustion of different types of organic compounds possibly quickly. The gas
mixture comes into being as a result of sample combustion includes according
from the sample composition the following gas components: CH4, H2, P20 5
S02 SO3 H2, NH3 NOz With the aim of their transformation into convenient



for determination compounds (CO2 N2 HjO), is necessary to conduct the
additional oxidation (CH4+ CO —CO02) and reduction (NO, —N2) [317].

In the CHN determinations utilizing for the final measurements a TCD
detection, in the apparatus occurs a dynamic conditions (combustion, carrier gas
flow, automatic dosage of samples, etc.) and therefore the time of contact of
initially gas formed products (products of pyrolysis and/or incomplete
combustion) with oxidant layers is comparatively short (0.5 to 1 min). For this
reason the combustion tubes are supplied with active oxidants, which convert
quantitatively the gas products formed directly during combustion into
convenient for chromatographic analysis the ultimate products (N2, CO2, and
H20). In connection with this requirement wide spectrum of various oxidants
were tested. Thus, since a long time a practical CuO [2,43,185] is also used in
present analyzers [219,385,410]. The product of thermal degradation of silver
permanganate, the so called catalyst of Koerbl, is very effective as the oxidant
absorbing simultaneously sulfur and halogens. These properties are very
convenient, however, constitutes the source of a quick deactivation of the
oxidant [173,410]. C0304 oxidizes entirely and quickly hard burning organic
substances in the temperature range 700-750 °C [96,185,236], However, at
temperatures over 800 °C underwent an irreversible transformation into less
active CoO 1247], presented no advantages in the comparison with CuO. Co 4
is exceptionally resistant to the deactivation action exerted by phosphorus oxides
nascent during the combustion of organophosphorus compounds [245],

Among other oxidative contacts deserve our attention Mn02
[35,65,410], V20 5410], AgVOj [410], W 03 [206], PbCr04 [265], Cr20 3 [410]
and Ce02[89,410], and also some composites [142,164,182,229,316], applied
as the reactive fillings of the combustion tubes and/or applied as the oxidants
added to the analyzed substance to capsule prior to the flush combustion. In the
case of formation of compounds disturbing in the analysis (P20s), it is necessary
to absorb them initially on front layers of the reactive fillings [254,275,280].

An indispensable condition of obtaining a credible CHN results
determination is the quantitative combustion of the analyzed sample [385],

There are methods of combustion in the static arrangement (the
combustion runs in a closed space) [202,221,222], and the dynamic (combustion
is carried out during constant movement of gases inside the apparatus)
[74,75,82,210,326], in the atmosphere of oxygen [124,142,209,249,266,295,
345,352], or an indifferent gas with the addition of oxygen [210,410], The
injection of oxygen into the combustion space, with the gas continuous flow
bearing [208,345], is also applied. It was used also the addition to combusted
samples of some solid oxidants, releasing oxygen during their thermal
decomposition [218,219,221,253, 281].



The most important methods of combustion applied for the analyzers
conjuncted with gas chromatographs are presented in Table 7.

Table 7. Methods of combustion of organic samples applied in CHNSO analyzers conjuncted with
gas chromatographic determinations

No Methods of combustion Determined Sample Combustion Literature
elements mass time
Inigl Imin]
1 Method of Dumas C,H 2-8 20 186
2 Method of Pregl C, H 2-6 20 265
C,S 3-10 20-22 211
3 Combined methods of Pregl C,H, N 1 20 210
and Dumas
4 Method of Unterzaucher (e} 205
5 Inductance furnace C, H 196
N 1-10 20 229
C,H N 2-5 217
High-frequency inductance C,H, N 0.3-1 274
furnace
6 C, H 5-100 nl 272
0, N 231
N 1-10 20 229
7 Combustion bomb C,H 8-11 17 202
8 Automatic combustion furnace C,N, S 2 nl 3.5 271
of Sorgent

The combustions carried out according to Dumas, Carius, Unterzaucher
and Pregl, or by application of pyrolytic bombs (statical combustion) depends on
a temporary stoppage of combustion gas products (cooled container), and
subsequently their direct introduction into a gas chromatograph. A dynamic
combustion according to Belcher [74,75], and/or Titov [82], later developed by
Walisch [210] and Kozlowski [326], takes place in a continuous movement of
the mixture of carrier gas and combustion products.

Both systems of combustion are applied in automatic analyzers, witli
adequate advantages and defects. The static arrangement applies a neutral gas
(usually helium), in which atmosphere the sample is mixed with oxidant
(e.g. CuO, C03040r W 03), creates the perfect conditions for instant combustion.
During combustion of capsule foil delivers additionally the warmth, caused
locally the substantial increase of the combustion temperature, favorable for the
quantitative combustion of the analyzed samples.



The addition of oxidants to the analyzed sample, consists however, the
source of bringing into the arrangement of gas components, identical with
determined gas products derived from the sample combustion (CO2 H2 and
N2), and therefore the rise, not always constant blind test.

Apart from the combustion ways performed in the presence of oxidative
contacts in form of metals oxides, acted as the oxygen donors, both in the
atmosphere of oxygen and of the indifferent gas, the combustion in the
atmosphere of oxygen with or without catalysts, were also applied [410].

The described above procedures of the sample combustions were found
to possess a number of limitations. And so, a dosage of oxygen to the
combustion zone of the tube is technically complicated [345], as well as requires
the application of nitrogen-proof oxygen. The fulfillment of this condition
requires additionally equipment of the applied gas chromatograph with a
generator of oxygen [318,379],

The combustion of samples in the atmosphere of carrier gas, consisting
mixture of helium-oxygen, permits a considerable simplification of the
apparatus, and application for the analysis of TCD detection. The procedure
requires, however, the application of preliminary removals of an oxygen excess
from the combustion products, prior to the entry of analyzed gas to TCD.

The method employing the addition of oxidants to combusted sample,
requires careful selection of suitable oxygen donors, and also stabilization of the
combustion process as well as maintenance of a stiff regime of the apparatus
work, regarding in calculation errors brought in by the applied oxidant. The
method can not be applied for the combustion of hardly combustible substances
due to their incomplete combustion [98],

The injection of oxygen to the combustion zone permits removal of
these shortcomings and expands the list of compounds determined by this
method [98,345]. For quantitative combustion of hardly combustible compounds
the aluminothermy effect was alternatively applied [353,580]. For this purpose,
the mixture of analyzed substance and oxidant was supplied with the
components of aluminothermie mixture (the most often as the combination of Fe
and A120j) prior to the combustion [429,580],

Presented in scheme 43 the course of strongly exothermic, the so called
aluminothermie reaction [247], causes the local rise of the combustion
temperature (metal container zone) about several hundreds degrees, and in
effect, the intensification of the pyrolytic-oxidative processes, affording the
guantitative total combustion.

Fe203 + 2 Al Al 3 + 2 Fe + 199 kcal

Scheme 43



From analysis of the literature data results that, the addition of an
oxidant to the analyzed samples presents the optimal solution. This procedure is
useful in case of nitrogen determination as well as sufficient at determinations of
CxXNHyvalue, and was applied by Waskowski in his dissertation work [614],

The problem of usefulness and utilization of different oxidants, reducers
and catalysts in elementary analysis presents the subject of many investigations
performed at present [213,343],

3.1.2. Physical Methods of Separation of Ultimate Gas Products of the
Combustion

A principal condition of the elementary analysis influencing a choice of
concrete road of the automation of analysis has to be fulfilled: the error of
determination of every element can not exceeded 0.3 %, which puts on the
requirement of exact stabilization of every parameters of the measuring
arrangement.

The largest use in elementary analysis found the automatic methods
originated from gas chromatography [248,261,368], The use of a gas
chromatograph for determination of such elements how the set CHNSO,
influenced the simplification of many, formerly complicated analytical
procedures [385]. The time of such analyses underwent substantial shortening
with the maintenance of the standards of exactitude and repeatability in the
comparison with the traditional analyses.

The gas chromatographs are equipped with columns for separation of the
components of gas mixture, as well as recorders and integrators, servants to
determination of individual components. These devices are without larger
changes suitable for adaptation for needs of elementary analysis (in CH, CHN,
CHNO as well as CHNOS combinations).

Kuck [186] was the first who turned attention to the possibility of usage
of gas chromatography for elementary microanalysis. Duswalt and Brandt [265]
elaborated out the method of chromatographic determination of carbon and
hydrogen. This procedure applied the substance combustion in a stream of
oxygen and was carried out in a tube containing layers of Ag and CuO. Water
formed in the combustion, was subsequently converted into acetylene (reaction
with calcium carbide), prior to the combustion products condensation in liquid
nitrogen. The ultimate combustion products after the removal of oxygen were
vaporized and subsequently analyzed chromatographically.

A different procedure of the CHN analysis was proposed by Sunberg
and Maresh [201], They burnt the samples in an anaerobic atmosphere, applying
copper oxide as the oxidant and boundary strips of copper as the reducer. The
absence of oxygen in the combustion products permitted on the additional



determination of nitrogen, retention time of which on silica gel was identical
with that exhibited by oxygen.

In other procedures for quantitative combustion of organic substances, Vogel
and Quattrone [202] applied the addition of oxygen, when Reitsema and Allphin
applied copper oxide 1208].

Proposed methods of CHN determination with utilizations of gas
chromatographs, required in every case substantial modifications or restructuring
of the chromatograph outright [270],

The analytic conduct, though it shortened the time of individual
determinations, was charged with a number of inconveniences. They were the
requirements of frequent exchanges of calcium carbide which lengthened the
total time of determination. Quantitative separation of the mixture of CO2 H20
and N2, made the requirement of retention of C02 in liquid nitrogen, which
complicated the automation of the analytic process. Additionally the combustion
and also the chromatographic separation parameters were established by
operator each time.

Despite the obvious limitations, the presented technical solutions made
up the serious contribution into the investigation research over the adaptation of
chromatographic techniques, for aims of elementary analysis. The review of
representative works on this field is presented in Tables 9 and 10.

The reaction products formed during the degradation of organic
substance can be separated in chromatographic columns by the method of out-
washing (the predominant technique), displacing [410] or the method of frontal
chromatographic analysis [360,381,421,443,444],

The out-washing method is the most practical method applied in
elementary analysis, putting on columns the requirement of a quick and
repeatable introduction of the combustion products. This condition is very hard
to fulfill because introduced to the combustion tube substances have different
chemical proprieties and can be supplied in different quantities also.

The dependence among height of the peaks of determined compounds
and its concentration (function of concentration) is linear in a narrow range of
the concentrations only, which results from linearity of the adsorption isotherm
as well as the geometrical parameters of the column applied. The height ot peak
is dependent in relays of the temperature of the column, the speed of carrier gas
bearing flow, how and a way of the introduction of a gas sample to the
chromatographic system. Due to this, the contents of analyzed components are
determined on the base of surface areas of corresponding peaks - measured by
means of electronic integrators, working independently or in coupling with
recorders.



The choice of suitable fulfillment of the chromatographic column for the
effective chromatographic separation of gas combustion products, states the
essential element of determinations in elementary analysis [385]. The suitable
stationary phase of the chromatographic column is determined by the physico-
chemical properties of the analyzed compounds, formed as a result of the
processes of pyrolytical-oxidative degradation of samples combusted. The
influence on the quality of chromatographic separation exerts a row of
parameters such how the kind of used stationary phase, the composition and
even the relative contents of separated components. And so, the partition
chromatography is useful in an analysis of liquids and it does not find a larger
use in the case of analysis of low-molecular gases. These are formed during the
pyrolysis and subsequent combustion of the analyzed samples (C02, CO, CH4,
C2H2, H20, H2, N2), occurring during combustion analysis. This results from the
fact, that the analyzed gases are faintly solvable in a majority of applied
stationary phases, where are retained on the chromatographic column too briefly
(low retention) to undergo the separation.

The representative chromatographic fulfillments applied for the analysis
of combustion products and/or light hydrocarbons, used in the CHN elementary
analyzers, are presented in Table 8.

Table 8. The representative chromatographic fulfillments applied in the CHN elemental analyzers

No Fillings Separated and determined components Literature
CcO 205
1 Active carbon co2cz2h2n2 274
n:2 229,422
2 Molecular sieve 5A CO, n2 231
co02cz2h2n2 217
3 Silica gel co2czh2 201,265
Di-n-dodecyl phthalate on oo X 196
celite
5 Di-n-dodecyl phthalate on C02 HX 202
infusorial earth
6 Poropak c02 h2o 455
co2h20,n2 370,401,402,371
7 Poropak Q co2h2n2 280,300
8 Poropak T co2h20,n2s02 411,447
9 Polypak co2 h20,n2 354,385

10 Polichrom A co2hz2,n2 403



The method of adsorptive gas chromatography, in which the process of
separation is determined by the equillibria processes of sorptive gas - adsorbent
interaction, presents the widest application method for analysis of low-molecular
gases [286). To the widest widespread chromatographic sorbents belong: carbon,
molecular sieves, microporous silica and alumina oxide gels (Florosil, Porasil A
and B), as well as microporous glass beds and polymeric compounds [334],

The execution of the elementary analysis determination moves to the
gquantitative combustion of the analyzed sample (C02, H20, N2), the effective
separation and subsequent quantitative determination of the separated
combustion gas products by gas chromatography. The quality of separation of
the analyzed components has direct influence on the exactitude of their
determination. However, chromatographic separation of C02, H20 and N2, made
up for a long time a serious problem to solution. Water - the strongly polar and
highly boiling compound, differs in this respect from C02 and N2 so that a
quick, single-stage separation of C02 H2 and N2 mixtures, was practically
impossible. Therefore water was tried to convert quantitatively into different
compounds, in this into hydrogen (reaction with calcium hydride) or acetylene
(reaction with calcium carbide) [scheme 44],

Co, cac,

CO, +n2+c2h2
h 20
+ CcaH, CO, +n2+ h2
N,

Scheme 44

Water was subject to the selective adsorption-desorption, or alternatively
determined by use of two chromatographic column arrangements.

Really the use of new commercial polymeric fulfillments, obtained on
the basis of copolymers of etylvinylbenzene and divinylbenzene, purchased
under the brand name Poropak, afforded satisfied solution of the problem of
chromatographic separation of mixtures of C02 H2 and N2. Another,
commercially accessible polymeric fulfillment present: Polichrom A - a porous
copolymer of styrene, more polar than Poropak how and Chromosorb 101
[375,401-403],



3.1.3. Determination of the Ultimate Products of the Combustion

For the analysis of ultimate products of substance combustion, namely
the mixture ol CO2 H2 and N2 wusually thermoconductive detection is
complied (TCD). The principle of TCD working rely on a registration of thermal
conductivity changes during the gases passage through measuring cells of the
TCD detector, consequential with the thermal conductivity differences of the
carrier gas applied and analyzed components. The highest thermal conductivity
exhibit hydrogen and chemically passive helium, and these gases are usually
used as carrier gas in gas chromatography.

Thermal conductivity detector (TCD) is sufficiently sensitive, reliable
and comparatively inexpensive. TCD presents universal detector; detecting any
presence of gas components (including C02 H2 and N2, also CH4, CO, NOgz
H2S, S02, etc.), with the sensitivity resulted from the thermal conductivity
difference of analyzed component and the carrier gas applied. To make use of
helium as carrier gas (the thermal conductivity higher 10 times than exhibited by
C02), the TCD output signals keep in wide borders the linearity, the C 02 content
in a gas mixture, however, can not exceed 1% [410],

The choice of bearing gas is closely connected with the type of applied
detector. Thus, in the case of TCD detectors helium is most often applied, rarely
argon, and episodically oxygen gas, however only in the case of the CH
determinations and the usage of TCD detectors equipped with thermistors [410J.

The contents of carbon, hydrogen and nitrogen in mass percentages
accounts with following equations [350,363,398]:

%C =lcxfc/m, %H =Ih,xfHm and %N = INxfNm

where: Ic, IH In - the received number of impulses for C02 H2or N2; the fC) fH
and fu - the empirical countable coefficients for carbon, nitrogen and hydrogen,
determined during the combustion of standard substance with well-known
content of these atoms, m - the mass of sample of burnt substance.

3.1.3.1. CHN Determination with Omission of Sample Weighing

At present, for the routine CHNSO determinations exclusively the
commercial automatic analyzers are applied. The most numerous group of these
examples consist apparatuses, in which the combustion products are determined
using TCD detectors.

These analyzers require usually, ca. 1 mg range of sample quantities,
which demand the application of an ultramicro-balance service [399], According
to Bobranski [385], service ot this analyzers' type requires professional



electronic subsidiaries, which is for many laboratories inconvenient. The list of
representative, commercially accessible CHN elementary analyzers is presented
in Table 9.

In the year 1961 Reitsema and Allphin [208], and later other explorers
[301,304,341,383] published on the chromatographic method of determination
of the C : N ratios, without of sample weighing. They introduced in a stream of
helium the sample of substance, without weighing, to analyzer working in the
system constructed in accordance with scheme 45.

Combustion tube —» dryer — GC column (SiC") —» TCD

Scheme 45

In measurements they obtained, the output TCD signals derived from
COt and/or Nj, and measured in the form of the corresponding surface areas
were linear to the applied concentrations of analyzed components. The
calculations after realization were received the coefficients, which did not
directly reflect the real contents of % C and % N in the analyzed substance.
Their values depended additionally 011 the working conditions of the whole
apparatus, and therefore the method required calibration. Authors qualified
the maximal deviation from the real % C / % N ratios; charged with errors
0f+£0.25 %.

Rezl, in 1970, [304] using the CHN-1 elementary analyzer (CSSR), on
the ground of the peaks heights of combustion products (CO2 N2, H20) assigned
for analyzed substances the corresponding fragments C/NXHVand also the
fragments HtOz. With obtained fragments, author enumerated the percentage
contents of carbon, hydrogen, nitrogen and oxygen, and these data compared
with theoretical. The determination error amounted 0.3 % for nitrogen and
hydrogen and + 0.3 % for hydrogen and carbon (at constant content of nitrogen).
To marking the summarized formula of analyzed compounds it was necessary
the acquaintance of molecular mass as well as percentage contents of the
remaining elements.

Haeberli [341] repeated the experiment of Rezl, using the Carlo Erba
CHN analyzer. Author presented the row of proportion coefficients, applied for
calculation of the C : N : H ratios and for assignment of suitable indices of
atoms comprised in the molecular formulas of analyzed compounds. Using the
known C : H : N ratios, as well as the molecular mass and the percentage
contents of remaining elements, he was able to assign the molecular formulas of
analyzed substances.

The common feature of the methods elaborated by Rezl and Haeberli,
was the elimination of weighing of analyzed samples. For determination of the



C :H : N ratios, the Authors did not apply the rule of nitrogen [306], enabling in
many cases delimitation from the C : H : N relations of the real CxNyH, indices,
exhibited in the molecular formula. The acquaintance of the remaining elements
in the formula was not necessary in the analytical conduct.

In the work of Waskowski [614] after delimitation of the C : H : N ratios
and application of the nitrogen rule, the real CxNHy fragment was enumerated
without acquaintance of the full element composition of determined compounds.
So far, to translate the C, H and N atoms ratio into the indices x, y and z, the
Author [182,210] applied different proportion coefficients from which he
enumerated the suitable indices. In the work of Waskowski [614] it were
proposed also three basic formulas, joining the number of atoms C, N and H in
the molecular formula of determined compounds, with the values of electric
output signals derived fromTCD.

3.2. Principle of Working of Accessible Commercially CHN Analyzers

The introduction to trade automatic analyzers for elementary analysis
stimulated strongly on development of elementary analysis. Meaningful
illustration of this thesis presents literature searching of the past decades; for
example in the base of Scientific Finder Scholar in period since 1961 to 2002
has stepped out near 600 works relating password CHN analyzers.

The profile of representative apparatuses for elementary analysis is
presented in Table 9.

Table 9. Profile of representative elementary analyzers

Analyzer Analysis*
NO  producer Type Atoms Method Sample Time Literature
[mg] Imin]
1 Kovo CHN-1 C, H,N, C-GC (TCD) 0.5-3 393,455,
s, (0) 581
2 Carlo Elba CHN-M C, H, N, C-GC (TCD) 0.1-3 7 (CHN); 5 349,442,
1104 S, (0) (S); 6 (O) 582

CHN-M C,H, N, C-GC(TCD) 0.110 7 (CHN);5
1106 s, (0) (S); s (0)

NA 1500 C,N,S C-GC (TCD) 0.5-100f 3 (N);
6 (NC);
10(NCS)



3 Thermo Flash EA C, H, N, C-GC (TCD) 0.01- 5 (CHN) 583

Finnigan* 3000 M S 1000" 15 (CHNS)
1112
PE 240 C,H,N C-GC(TCD) 05-3 468,573
4 Perkin Elmer  pE 5400 ¢, H, N, C-GC (TCD) 0.1-500' & (CHN) 585

Series1 S, (O)

CHN-600 C,H, N C-GC (TCD) <200 596,598
5 Leco Corp.
TruSpec C, H, N C-A: <1000 4 (CHN) 597
CHN DIR (C02);
TCD (N2
Hewlett- F&M 185 C, H, N C-GC (TCD) 0.5-0.8 590,591
6 Packard
7 Dani s.p.a. C-GC (TCD) 458,599
8 Hereus Heraus C,H, N, C-GC (TCD) 2-4 385,586,
s,(0) 587
Walisch- C, H, N C-GC (TCD) 263,280
9 Technicon  Technicon
Technicon C, H,N C-GC (TCD) 373,592,
593
10 Euro Vector EuroEA C,H, N, C-GC (TCD) o0.01-200" 3 (CHN) 589
3000 S, (0) 10 (CHNS)
1 Exeter CE-440 C, H,N, C-GC (TCD) 1.0-500 5 (CHN) 594
Analyt., Inc. Sh (O)
12 Elementar Vario EL C, H, N, C-GC (TCD) 1.0-800" 6-9 (CHN) 588
Analysensys- 1l Sc,(0) 12 (CHNS)
teme Gmbh
13 Costeh Int. ECS 4010 C, H, N, 595
S.p.a. Sc,(0)

a Analysis applying chromatographic separation. b Analysis applying absorption. ¢ Analysis
applying absorption/desorption. "Oxygen analysis performed from separate sample. 1Dosage from
sample adapter. gFormerly Carlo Erba, now Thermo Electron Co.

The most representative concerned of Carlo Erba [349,377,442], Dani
[458], CHN-1 (Kovo, CSSR) [393,408,412,422,443,444 455], CHN-2 [425],
Technicon [263,280,311,373], Perkin Elmer [468], Leco [419,426,462,464,
470,480], Hewlett Packard [279,300,307,319,322,333,338,365,386,388,432,
461], or Yamagimoto [285] analyzers utilizations.



3.2.1. CHN Elemental Analyzer of Fisher

Ideological scheme of Fisher’s Elemental Analyzer, constructed on the
ground of Sundberg and Maresh investigations [201 ], is presented in Fig. 7.

The principle of working of an analyzer is following: an analyzed
substance (1-5 mg), weighed out in the small boat, is mixed with Co30 4 and
placed in the automatic sample feeder L The samples are introduced into a
combustion zone of the combustion tube 2 successively, where in a helium
atmosphere and temperature 900 °C undergo a pyrolysis-combustion processes.
The combustion products are transferred in the stream of helium through a
reactive filling of the tube 2, containing layers of metallic silver, copper oxide
and metallic copper (Ag—CuO—Cu), respectively. During this passage, the
processes of conversions of formed carbon monoxides into dioxide (CO —CO?)
and derived from pyrolysis hydrogen into water (H2—> H20) on layers of CuO,
as well as, the reduction of formed nitrogen oxides to nitrogen (NOz—»N2) on
metallic copper (500 °C), occur simultaneously. At the same time, the other,
potentially occurring products of the combustion, including halogens, hydrogen
sulfide and phosphorus oxides, are chemically bounded on the layers of the
reactive filling of the 2. Then, the gas mixture is passed through the water
conversion column 5, where on a calcium carbide (CaC2) layer, water vapor
undergoes to acetylene conversion.

Fig. 7. lIdeological scheme of CHN Elemental Analyzer of Fisher:

i - sample adapter; 2 - combustion tube; 3 - movable furnace (900 °C); 4 - stationary furnace
(500 °C); 5 - water conversion column (with CaC2); s - dish with liquid nitrogen; 7 -
chromatographic column; 8 - 1CD; 9 - programming unit; K) - counter; J1 - converter; .12 -
printer; _13 - three-way bolts.

The transformed products of combustion (N2, C02 and C2H2) are
concentrated by a condensation-refrigeration in liquid nitrogen (6), prior to a



separation on the chromatographic column 7. Signals from the thermal
conductivity detector 8 (TCD), proportional to the concentration of detected
components, are electronically processed, and then printed.

3.2.2. CHN Heraeus Elemental Analyzer

The Heraeus company [586,587] on the ground of Monar [250,331] and
Merz [287] elaborations, designed the row of instrumental segments from which
it was possible to assemble the CHNO analyzers working in various
configurations (CH, CHN, N, CHNO). Ideological scheme of automatic CHN
Heraus Elemental Analyzer is presented on Fig. 8.

02+03

PbCro«

fl c= C002 Cu0O Cu #_i

Fig. 8. Ideological scheme of automatic CHN analyzer of Heraus company [385,586,587]:

I - combustion tube (650 °C); 2 - refrigeration/heating system (-70 °C to +300 °C);
3 - refrigeration/heating system (-60 °C to +51 °C); 4 - TCD; 5 - thermostat (60 °C); 6 and 7 -
valve systems; 8 - boat.

The principle of working of an analyzer is following: an analyzed
substance (2-4 mg) is weighed out in the platinum boat 8, placed into the
combustion tube I, and combusted in a stream of helium with an admixture of
ozonized oxygen (ca. 50 ml). The combustion products (C02 N2 H2,
halogens, nitrogen oxides, sulfur and phosphorus oxides, as well as an excess of
applied oxygen), are passed in the stream of carrier gas through a reactive filling
of the combustion tube I, over layers containing in  turn,
Ce02CuO—PbCr04—Cu—Ag. During this passage halogens, sulfur and
phosphorus oxides are removed by chemical reactions with Ce02 and PbCr04.
On the copper layer an excess of oxygen is bounded (Cu + O —» CuO) and
simultaneously nitrogen oxides undergo the reduction to nitrogen (NO, —* N2).
The remaining products of combustion (N2, C02 and H20) are passed in the
stream of helium through the silver, cooled to temperature -70 °C (C029



[iPrOH) coil tube 2 (water refri-geration), and next through the copper, filled
with silica gel and cooled to temperature -60 HC coil tube 3 (absorption of C02
and partial absorption of N2). After the sample complete combustion (5.5 min),
the combustion segment i is disconnected from the measuring unit (2-5), and the
subsequent desorption of absorbed in the coil tubes 2 and 3 compounds (H20,
C02 and N2) is successively carried out. Namely: nitrogen is quantitatively
desorbed at +20 “C, carbon dioxide at +51°C, whereas water desorption requires
+300 "C. The desorbed compounds are determined by the thermal conductivity
detector 4 (TCD).

3.2.3. Heraus Rapid N Automatic Analyzer

The Heraus Rapid N automatic analyzer, constructed on the ground of
Merz investigations [277], is presented in Fig. 9.

Fig. 9. Scheme of automatic nitrogen analyzer Heraus Rapid N:

I - sampler; 2 - perpendicular combustion tube with a quartz insertion (1050 °C);
3 - perpendicular tube (950 °C); 4 and 5 - furnace of perpendicular tube with zone heating
(1050 °C and 950 °C); 6 - horizontal tube; 7 - furnace of horizontal tube (500 °C) ;8 - manostat;
9 - valves system.

The principle of working of an analyzer is following: an analyzed
substance (20 mg) is weighed out in a metal container (Al or Sn foil), mixed and
covered with a layer of the oxidant (CuO) and placed into a sampler I. Air is
evacuated from the sampler I by a flow of carbon dioxide, followed by an
oxygen rinse of the combustion tube 2, for 1 min period. Hereinafter time, the
sample is automatically transferred into the tube 2, where in temperature 1050
°C burns up instantly. After the combustion, a tributary oxygen flow is
intermittently stopped and the installation is rinsed by a carbon dioxide stream.



The combustion products (CO, C02, H2D and NOZ), are transferred in the stream
of carrier gas through the tube 3 (filled with Cu0-Si02 layer; 950 °C), then by
the horizontal tube 6 [filled with Ag-(CuO + Si02)-(Cu + Si02)-(Cu0 + Si02
layers; 500 "CJ, where the quantitative oxidation of carbonaceous gases (CO —*
C02), the removal of an oxygen excess (Cu + O CuO) and the reduction of
nitrogen oxides to nitrogen by copper (NOz -> N2) take place. The carbon
dioxide stream, containing molecular nitrogen, is steered to the azomat 8
(designed by Monar [2371), followed by an automatic gasometric measurement
of a nitrogen volume.

3.2.4. CHN Elemental Analyzer of F & M Hewlett Packard, Model 185

An ideological scheme of CHN Hewlett Packard F & M, model 185
analyzer [410,584,585], is presented in Fig. 10.

The principle of working of an analyzer is following: an analyzed
substance (0.6-0.8 mg) is weighed out in an alumina boat (using the
microbalance 6), mixed and covered with oxidants (Ag2-AgMn04), and
introduced to a combustion zone of the combustion tube I (1050 °C). The
sample is burned up in a stream of anhydrous helium. The combustion products
(CO, C02 H20 and NOz) are passed through a reactive filling (CuO and Cu) of
the tube I, where at temperature 500 °C, underwent a quantitative conversion to
C02, HXD and N2

These transformed combustion components, in the stream of helium
carrier gas, are separated on the chromatographic column 4, and subsequently
determined using the TCD (5).

Fig. 10. lIdeological scheme of CHN analyzer of Hewlett - Packard F & M model 185:

i - combustion tube; 2 - electric oven (1050 °C); 3 - electric oven (500 °C); 4_- chromatographic
column; 5- TCD; s - recorder; 7 - microbalance of Calm; 8 - cutting and/or three-way valves; 9
- absorber with anhydrous CuS04; H) - rotameter.



3.2.5. CHN Elementary Analyzer of Technicon

Analyzer's function is based on the construction and procedure
elaborated by Walisch [210,263,2801 The combustion process, as well as
measurements (determination of C02 H2 and N2), are performed in a dynamic
arrangement. Ideological scheme of CHN Elementary Analyzer of Technicon
[385,410,592,593] is presented in Fig. 11

The principle of working of an analyzer is following: an analyzed
substance (0.3-0.4 mg) weighted out in a platinum boat is placed into a
combustion zone of the combustion tube X Here, in a helium atmosphere
enriched with 3 % of oxygen, the combustion is carried out. The combustion
products (CO, C02, NOz N2 H2, SOz X2 are in the helium stream passed
through a reactive filling (CuO—MgO—Ag) of the combustion tube 1, where in
contact with CuO all carbonaceous components of the gas are converted into
C02 and sulfur oxides and halogens are bounded by the silver-wool layer. The
removal of an oxygen excess and the reduction of nitrogen oxides into molecular
nitrogen are held in the reductive tube 3, over metallic, heated to temperature of
500 °C, copper. The stream of carrier gas after exit from the reductive tube 3,
passes through the column 4, during which, water vapor becomes on a silica
layer periodically absorbed. The formed by the water removal the gas mixture
(C02and N2in helium) is transferred to a chamber |1 of the TCD set  giving the
total signal (C02and N2).

Fig. 11. Ideological scheme of CHN elementary analyzer of Technicon:

| - sampler; 2 - combustion tube; 3 - reductive tube; 4 - drying column (Si02); 5 - electric
furnace (800 LC); 6 - electric furnace (500 °C); 7 - electric furnace (up 300 °C); 8 - retardatory
pipe; 9 - TCD; K)- absorber for carbon dioxide; - counter; 12 - integrator; 13 - valves.



This gas is passed then through the carbon dioxide absorber 7 (removal
of CO2on a ascarite layer), next by the retardatory pipe 8, protractive the road of
combustion gases. Here, thanks to the shift of forehead of strands of carbon
dioxide and nitrogen (CO2and N2) and carbon dioxide, water vapor and nitrogen
(CO2 H2 and N2), these do not overlap during the TCD chambers passage, and
the analyzed products introducing the TCD chamber 11 give individual signal of
nitrogen. After passage of nitrogen, the water absorber 4 is heated in aim of
water desorption, followed by successive determination of water in the chamber
lof the TCD. The chemical transformation occurring during analytical
procedure, are presented in scheme 46.
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Scheme 46

3.2.6. CHN Elemental Analyzer of Perkin Elmer, Model 240

An ideological scheme of CHN Perkin - Elmer analyzer model 240
[410,584,585], worked out on the ground of Simon's works [218,219,221,222]
and the workers of Perkin Elmer Co. [253,259,281] is presented in Fig. 12.

The principle of working of an analyzer is following: an analyzed
substance (0.5-3 mg) is weighed out in a silver boat, then mixed and covered
with a layer of Co30 4, and burnt out in an oxygen atmosphere in the combustion
tube 1. The combustion gases are passed through a reactive filling of the tube J,
including composed in the following order CuO—Ag2W 04—-MgO—Ag2W 04—Ag
layers. During this passage potentially present in the combustion mixture
halogens, sulfur and phosphorus oxide are bounded on the reactive filling. The
mixture of combustion products (C02, H2D and N2) is transported in the stream
of helium to the thermostated, previously evacuated to ca 1 mm Hg, vessel 5,
where is homogenized and compressed to pressure 1500 mm Hg. The
decompression is carried out through the copper coil pipe 6, acting as a sample
valve. This volume is introduced to the previously evacuated measuring



arrangement, consisting of three TCD sets (7, 8 and 9), in which in the gas circle
between detector chambers, two absorbers were included. Namely, between the
TCD 7 chambers - the absorber of water (10), and between the TCD 8 chambers
- the absorber of carbon dioxide (11). respectively.

Fig. 12. lIdeological scheme of CHN analyzer Perkin-Elmer model 240:

| - pipe to combustions; 2 - reductive tube; 3 - electric oven; 4 - additional heating spiral;
5 - vessel to assembling gases; 6 - retaliatory pipe; 7 - TCD (H2); 8 - TCD (C02; 9 - TCD
(N2); JO - water absorber; JJ. - carbon dioxide absorber; J2 - recorder; JJ - electromagnetic
pressure valve.

Therefore the output signal coming from the TCD 7 corresponds to the
water content; from the TCD 8 - corresponds to carbon dioxide content and
from the TCD 9 - corresponds to the nitrogen content, respectively. The signals
sent from TCD sets are recorded on graph in form of right lines, corresponding
to HD, C02 and N2, which amplitudes are proportional to these components
concentrations in the carrier gas. After loading of samples adapter, the whole
process runs automatically. The analyzer is equipped with an automatic balance
of Cahn, as well as a computer for results calculation.

3.2.7. CHNS(O) Elemental Analyzers of Carlo Erba

The family of manufactured by Carlo Erba company Elemental
Analyzers, consists of the series of outstanding quality instruments. This
contains: the EA model 1100, introduced on the market in 1968 and being the
first fully automated CHN-0 Elemental Analyzer, the CHN-0 EA model 1104
(1970) - equipped with autosampler and combustion tube furnace vertically
oriented, the CHN-0 EA model 1106 (1975) - adapted to wide range CHN-0
determinations (from 100 ppm to 100 %), and, introduced on market in 1988, the
EA model 1108 - adapted for simultaneous CHNS-0 determinations. Flash



EA1112 - the newest product of the Company, present the compact, highly
computerized instrument, with computer controlling of oxygen dosage.

Ideological scheme of CHNS Elementary Analyzer of Carlo Erba,
model 1106 (402,582, 583], constructed on the ground of former investigation of
Pella and Colombo [278,292,345], is presented in Fig. 13.

The operating principle

The elemental Analyzer model 1106 provides: instantaneous combustion
due to the low mass of the system and exothermic oxidation of the tin sample
container which falls directly into the hottest zone of the reactor. “Flash
combustion” of the sample in the combustion reactor is a key feature of the EA
1106. It results when the sample is dropped into the combustion reactor, which
has been enriched with pure oxygen. The normal temperature in the combustion
tube is 1020 HC and reaches over 1800 °C during the flash combustion. The
flash combustion makes it possible to convert all organic and inorganic
substances quantitatively into elemental gases, ensuring “real” results. The
resulting combustion gases then pass through a reduction furnace and are swept
into the chromatographic column by the carrier gas (He). In the column the
gases are separated so they can be detected in sequence by thermal conductivity
detector. The TCD output signals are proportional to the concentration of
elements.

Fig. 13. ldeological scheme of elemental analyzer (CHNOS) of Carlo Erba M 1106:

| - samplers; 2 - combustion reactor (CHN); 3 - reduction reactor (CHN); 4 - pyrolysis/
combustion reactor (O/S); 5 - pyrolysisicombustion furnace; 6 - reduction furnace (CHN); 7 -
combustion furnace (CHN); 8 - thermostatic oven; 9 - chromatographic column (CHN); 10 -
chromatographic column (O/S); 11 - TCD; 2 - recorder; 13 - integrator; J4 - computer; 15 -
oxygen injection multi-way valve; 16 - cutting off bolts.



CHN determination: the organic samples are weighed into tin containers
and dropped at preset times into the vertical quartz tube 2, heated at 1010 “C,
through which a constant flow of helium is maintained. When a sample is
introduced, the helium is temporarily enriched with pure oxygen. Flash
combustion takes place, primed by oxidation of the container. Quantitative
combustion is then achieved by passing these gases over Cr*O”. The mixture of
combustion gases is passed through the reduction reactor 3 filled with copper at
650 °C to remove the excess of oxygen as well as reduce of nitrogen oxides to
nitrogen. Then formed gas mixture is introduced to the Poropak QS
chromatographic column 9 heated at about 100 °C. The individual components
are then separated, eluted in the order N2> C02> H2, determined by TCD and
recorded. The transformations of analyzed substances occurring during CHN
analysis are presented in scheme 47.
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Scheme 47

Oxygen determination: the transformations of analyzed substances
occurring during oxygen determination (CHN/O) are presented in scheme 48.
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Scheme 48

The analytical technique involves instantaneous pyrolysis of the sample
in a stream of helium, quantitative conversion of the oxygen-containing gases to
CO on contact with a special form of carbon at 1060 °C and quantitative
separation of the CO formed, from the mixture by gas chromatography.

Sulfur determination: the samples, weighed into tin containers, are
introduced at preset time into the quartz reactor 4 heated at 1000 °C, through
which a constant stream of helium is maintained. When the samples fall the
helium stream is temporarily enriched with pure oxygen. Qualitative conversion



to SO2 is then achieved by passing the gases over copper, the mixture is
introduced into the chromatographic column jjO heated at 100 °C, where SO2is
separated from other combustion gases. The transformations of analyzed

substances occurring during sulfur determination (CHN/S) are presented in
scheme 49.
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Scheme 49

3.2.8. CJINS(O) Elemental Analyzer EURO EA 3000

Ideological scheme of analyzer of EuroEA3000 manufactured by
Eurovector [589] is presented in Fig. 14.

Fig. 14. ldeological scheme of EuroEA3000 analyzer [589]:

i - automatic sampler; 2 - combustion tube; 3 - tube with a reactive fulfillment; 4 - oven; 5 - tube
with a reactive fulfillment; 6 - tube with a reactive fulfillment; 7 - chromatographic column; s -
TCD; 9 - thermostat; JO - valve.



A compact, fully automatic elemental analyzer for determinations of
CHNS-O, represents a quantum leap in oxygen pyrolysis and state of art of
CHNS dynamic flash combustion. It is based on an innovative operating
principle which allows for sample specific oxygen dose volume, and also offers
independently programmed dosing rate, providing for full flexibility and control
of the combustion process.

EuroEA3000 is supplied in either single or dual furnace modes. The
same basic instrument can be arranged in a variety of analytically tested
configurations. In addition, the user can modify the layout to satisfy any
analytical application from stable Isotope Ratio Mass Spectrometry to CHNS
determination of less than 1 mg of a pure organic substance or for protein
content determination in food and feeds. Instrument operation is intuitive
through the use of Callidus, the advanced dedicated EA software. Callidus
provides full instrument control, data acquisition, processing, reprocessing and
reporting, as well as routine maintance prompting and catalyst identification
with configuration-specific part number codes shown on-screen.

3.3. Application of Elementary Analyzers in Environmental Analysis

Generality of modern elementary analyzers (the possibility of
simultaneous multielemental determination, in these of carbon, hydrogen,
nitrogen, sulfur, oxygen and halogens) causes, that field of application of these
instruments goes beyond apart from aid of organic and structural chemistry
scope. The elementary analyzers possess a wide field of application in analysis,
directed particularly to medicine, biological and biochemical sciences, food and
agricultural chemistry and ecology, and also, in chemical, metallurgical and/or
mine industry. The examples of representative analytic works on the use of
elementary analyzers' beyond the scope of their typical application are presented
in Table 10.

However the described analyzers' generality (Table 8) influences at the
expense of the apparatus, isolated cost of analysis and also on speed and
precision of analysis. With this regard, in case of demand on making analyses' of
one type of element (eg monitoring of level of carbon or nitrogen), analyses' of
this type are executed by use the automatic analyzers, adjusted to analysis of
individual elements. Analyzers of this type are simpler in building, and so
cheaper, offering service and analysis about unit considerably lower costs.



Table 10. Application of elementary analyzers for environmental and industrial analysis

No Origin of analyzed sample Analyzer Literature
1 Particulate organic carbon Hewlett Packard 283
model 185
2 Crushed rocks and solids Hewlett Packard 328
model 185
3 Refractory nitrides, carbides Hewlett Packard 338
and carbonitrides model 185
4 Soil Technicon 373
5 Organophosphorus pesticides Carlo Erba CHNO 409
6 C, N Sediments, sediment trap 413
materials, plankton
7 C VC, NbC, TaC CHN-3 424
N Soil
8 N Fertilizers CHN-1 422
9 C, N Soils Leco CHN-600 426
10 C Analysis of geological Yanaco-CHN corder
materials
11 C,H S Soils CHN-60 461
12 C,N Soils Leco-CHN-600 463
C, H N elementary analyzer
13 TOC, TON, Soils Leco-CHN-600 471
elementary analyzer
14 C,H, N Soils Perkin Elmer 2400 469
CHN
15 ISN Agriculture research, FP 228, CHN 89.00, 465
biological, medical and NA 1500, Roboprep
environmental research - all coupled with
NOIl-6 15 analyzer
system
16 C,N Carbonate-bearing sediments Yanaco MT-5 483
17 N Crude oil and heavy distillate CHN-O-Rapid 534
18 C, H Routine analysis of brown CHN-1000 EA 460
S coal SC-32
19 N, C Trace analysis of coal and CHN EA 454

nitrogen in plants and soils



20 C, H,N Particulate carbon in water CHN-EA 355

21 C, H, N, O, S Elemental analysis of solid CHN-EA 427
and liquid fuels for
determination of their caloric

value
22 C OC In marine sediments CHN-EA 430
23 C, N Determination of relationships CHN-EA 432

between biomass and
biovolume of naturally
derived bacterio-plankton

The several automatic analyzers for such determinations, in these carbon
analyzers (TOC, OC, TIC), nitrogen analyzers (TN, TON), sulfur analyzers
(TOS, TS) and analyzers for determination of halogens (TOX, TX) are described
in review work of Namiesnik [440],

4. Methods of Determination of Carbon and Nitrogen in Environmental
Samples

4.1. Methods of Environmental Carbon Determination

The determination of carbon, apart from the CH analyses performed in
elemental analysis of organic compounds |& 2.1, & 3.] belongs also to the
subjects of interest in environmental [440,479, 484,570], industrial [536,545],
and biological and related [407,468,516,535,552] fields.

Thus, the carbon content in soils is the one of major factors determining
soil fertility. In result, many papers have been published on its determination in
soil [426,457,462,468,470, 500,519,525,527,543,544,554,559,565,572], as well
in marine sediments [515,524,531] recently. Several papers were on the various
carbon determinations in environmental samples published, including
atmosphere [361,387,390,394,418], aqueous media [320,336,348,357,358,376,
377,384,440,453,484,485,488,490,506,512,542,548,549,569,570], rocks [294,
505] and environmental sediments and suspensions [359,377,378,431,524,
535,550],

| he determination ot carbon in environmental samples can concer
the total carbon (TC), the total organic or inorganic carbon (TOC or TIC), the
dissolved carbon (DC) and the purgeable or non-purgeable organic carbon (POC
or NPOC), respectively. The review on the total parameters describing
environmental pollution was recently by Namiesnik written [4371



The determination of carbon in environmental samples, is usually
performed using one of the following methods:

e by infra-red reflectance spectroscopy [547,554,567] or non-dispersing
IR 1337|;

e by inductively-coupled plasma emission spectrometry [544,556];

* by microwave-induced-plasma atomic emission spectrometry [534);

e by particle-hollow cathode atomic-emission spectroscopy [510];

* by wavelength-dispersive X-ray analysis [486,545];

* by radiochemical methods [374,475,503,505,546,567];

by Mass Spectrometry [407,492,522];

e by thermal-optical methods [496],

The determination of TOC usually relay on the oxidation of carbon-
containing samples (directly or after preliminary concentration [440]) to C02
and its subsequent determination, or on the basis its prior conversion into
methane, subsequently determined. The possibly determination of CO: can be
utilizing one from the following methods conducted:

a. determination of CO2 by means of 1RD [358,459] or utilization flame
IR emission (FIRE) [445];

b. by prior reduction of COj into methane with sequent determination of
methane using FID [320,336,389];

c. gravimetrically [309] or turbidometrically [564];

d. by spectrophotometrical methods [434,450];
by electrochemical road, in this by potentiometric [435,492] or
conductometric [433, 451,452,490] titration;

f. by inductively coupled plasma - atomic emission spectrometry (ICP -
AES) [420],

The comprehensive review on the methods of carbon dioxide
determination, was recently by Robards published [474],

The precursor of UV usage in the mineralization of organic compounds
is Armstrong [252, 440]. This technique was the subject of further, more
detailed investigations on the quantitative conversion of organic carbon to C02,
including the influence of such factors as UV lamp power, pH, kind and
quantity of the oxidant added, temperature and time of radiation
[394,395,404,484],

The modification of the UV-degradation method, by application of a
UV-degradation in flow, introduced by Goulden and Brooksbank [358], found
the wide use in trade TOC analyzers [450,452,459]. The method of UV-
promoted degradation of carbon-containing samples into CO2 was the subject of
review works of Namiesnik [440], Robards [474] and Golimowski [484].



Table

The first instrumental method of the total carbon determination (TOC)
was described in 1963 by Van Hall [224], and applied the high-temperature-
combustion (HTC: 02, catalyst, 900 °C) of organic substances occurring in
water samples to C 02, subsequently determined by means of IRD.

Il1. Determination of carbon

in biological

temperature combustion methods

No

10

11

12

13

14

Determination of
carbon in environ-
mental samples

TOC
(in soil)

TOC, TON
(in surface water)

ocC
(in soil)

DOC

TOC
(in solid matters)

TC, TOC, TON
(in solids)

TOC, TON
(on filters)

TOC, TNB
(in water)

TC, TIC, TOC
(in water)

Marine DOC

Standardization of
old whiskey

Radiocarbon dating

TOC
(in water)

OC,TC, TN
(in soil)

Conditions for HTC of carbon in
environmental and biological

samples
S¥+02-»C02+ h2o
(0 2/cat; 680 °C)

S*+02-+ C02+ NOz+ HXO
(0 2/cat; 680 °C)

S* + 02-+ CO 2+ Hao
(0 2/cat; 840 °C)

S* + 02— CO2+ Hao
(Pt/Al20,; 800 °C)

S*+02-+ CO2+ h>
(02;T> 1300 °C)

S*+02-* C02+ NO, + HO

§*+ 02— CO2+ Hao
(Co0304)

S*+02— CO, + NO, + HO
(02/M0/Si02; 690 °C)

§*+02-* CO2+ Hao
(0 2/Pt; 800 °C)

S*+02->CO, + HY

[02 (580 °C); Cu0-Mn02 (450 °C)]

S*+02— CO02+ H20

S*+02— CO2+ HD
(02/Pt; 800 °C)

§*+02->C02+h>
(02/Pt; 900 °C)

S*+ 02— CO02+ NO, + HO

(1040 °C [OC] or 1300 °C [TC,TN])

and environmental

Carbon
determination

(apparatus)

IRD

IRD
CHLDb(NO,

(LECO CR-12)

IRD (C02)

ND-IR

(EA 3000)

Elemental and
isotopic analysis

IRD (CO))
CHLD1(NO,)

(Analytic Jena)

IRMS
GC-IRMS
Radioactivity
measurement

IRD

IRD (C02)
TCD (N2

samples using high

Litera-
ture

513

540

525

508

558

541

520

540

549

485

522

492

224

559,
570



15 ToC S* +02-> CO2+Ha IRD 540

(in soil) (02/Pt; 690 @C)

16 ToC S¥_—C02*cha FID 320
(in water) (A: 0 2/Pt; 900 °C; B: H2/Ni; 400 °C)

17 Toc s+ 0Q,->chs FID 336
(in water) (A: 850 °C; B: H2/Ni; 350 °C)

“ Abbreviations: S* = sample; IRMS = Isotope Ratio Mass Spectrometry; IRD = Infra Red
Detector; FID = Flame lonization Detector; CHLD = Chemiluminiscence Detector. bCHLD: NO +
Oj—*NO02* —=*NOi + hr).

In the later period, the low-teinperature combustion methods (LTC, wet
combustion), were applied with the use for oxidation of the peroxydisulfate
reagent and UV radiation, alone or in conjunction. The examples of carbon
determinations in different environmental samples, using the various HTC and
LTC procedures, are in Table 11 and 12 respectively presented.

In connection with the dissemination of drinking water by chlorination,
necessary at present are the methods enabling on the sensitive determination of
volatile trihalometanes (POC) in presence of other not volatile carbon
compounds (NPOC). The representative solution of this problem was in the
analyzer of Envirotech-Dohrmann applied. This analyzer, is schematically
presented in Fig. 15.

Fig 15. Block diagram of an Environtech-Dohrmann instrument Model DN-10 for POC and NPOC
determination in water:

1 - glass vessel with porous diaphragm; 2 - reactor with quartz coil and mercury lamp; 3 -glass
vessel for removal of C02 from water solution; 4 - reactor for conversion of C02 into CH4;
5- FID; 6 - absorber of C02; 7 - reactor for conversion of POC into CH4; 8 and 9 - valves.



The chemical transformations, being the basis of the determination
described, are presented in scheme 50.

co0 2 LiO H ng R, /Ni
.............. - POC _ clla
Cco02 poc 90 °C 370 °C
(vnpors)
He
POC
(purge)
NPOC 0%+ H.0 HL/Ni
— NPOC rn.
“1 uv "l 370°C CH4

""Oxygen introduced in the form of aqueous solution of peroxydisulfate

Scheme 50

The principle of working of an analyzer is following: a sample of
analyzed water (10 ml) is mixed, in the glass reactor | stocked with a porous
diaphragm, with an acidified solution of the peroxydisulphate reagent. A helium
stream, passing through the porous diaphragm of the reactor I, washes C02
(TIC) and volatile carbon compounds (POC) into the carbon dioxide absorber 6
(LiOH, 90 °C), and then to the reductive reactor 7 (H2/Ni; 400 °C). The
conversion of POC to methane occurs here, which is successively determined in
the cell of detector 5 (FID). Devoid of TIC and POC water, is steered to the
reactor 2, in which it flows through by wounded on the UV lamp the pipe coil.
Here occurs the UV-promoted oxidation of NPOC into CO02 Further
transformation of CO02 (equals to NPOC) into methane, and its subsequent
determination by means of the FID detector 5, affords finally the full analysis of
various forms of carbon existing in water solutions (TIC, POC, NPOC).

The profile over 30 commercially accessible carbon analyzers
(TC-TIC-TOC) for water and sewage analysis, were presented by Becker
[376,383], Namiesnik [440] as well as Urbansky [570],

lable 12. Determination of carbon in biological and environmental samples by prior wet-
oxidation

Determination of  Reagents for wet-combustion Methods of

No carbon in environ- of carbon carbon Literature
mental samples (CH -» C02+ HX) determination

1 OC in soil S* + H2S04 + K2Cr20 7 VIS (600 nm) 536

2 OC in soil S* + H2S04 + KaCr20 7 VIS (340 nm) 527



3 TOC in soil S* + H2S04 + K2Cr20 7+ Titration of Cr*h 524

Ag2S0.,; MWD with Fe+2
4 Microbial carbon S* + H2S04 + KaCr20 7; VIS 516
and nitrogen 144 C, 3 h
5 Marine DOC S* + H2S04 + H2O + CuCl2; MS 515

SCS (650 “C, 350 ban)

6 TOC in water S* + 112504 + K2S20 8+ AgNO, PTR, CTR 490
+H,0;

UV, 80 °C, 20 min

7 RCC in biological S* + HNO.i 537,560
and environ,
S* + UNO, + U20>; HPMWD
samples
S* + HNO3+ O,; HPMWD MIP-AES
S* + HNO1+ HCIO3 + HC104;
HPMWD
S* + HNOs + HF; HPMWD
8 TOC Electrochemical oxidation ED 504
(C+2HIO—C02+4H++4e)
9 TOC S*+ 02— CO02 553

Closed Loop Technology

Abbreviations: S' - sample; MWD - microwave digestion; HPMWD - high pressure
micro-wave digestion; MIP AES - microwave-induced-plasma atomic emission
spectrometry; SCS - supercritical state; MS - mass spectrometry; UV - ultraviolet; VIS
- visual spectrometry; PTR - potentiometric titration; CTR - conductometric titration,
respectively.

The comparison of various methods of carbon determinations,
representative in the environmental analysis applied, were recently by Takahashi
[336], Namiesnik [440], Traegger [569] and Urbansky [570] presented. The
number of publications on the different constructional solutions applied in the
determination of TOC is very large, with tendency of constant increase. The
carbon determination in environmental samples, can also be conducted by the
use of commercially accessible elementary analyzers [Table 10J.

4.2. Methods of Environmental Nitrogen Determination

Nitrogen belong to key-heteroatoms of the majority of bioorganic
compounds and plays the crucial role in the metabolism influencing on intensity
of the metabolytic processes occurring on cellular and/or molecular level [537],
and therefore affecting ecosystem balances.



Therefore, the determination of nitrogen content in various
environmental samples considered as a major parameter of their utility, purity or
fertility, presents the problem of importance of modern ecology. An isotopic
ratio of nitrogen can be useful as the tool for transformation of soil nitrogen
studies [518). Thus, the content of nitrogen in soil [373,426,437,439,457,462,
468,470,491,500,559,561,5721 and fertilizers [370,374,422,436] consists the
measure of their fertilization, in plants [345,400,403,427,438,4481 and
agricultural and food products [371,436,446,495,507,511,514,522,526,532,551,
552,566,575,577,580] - as the measure of protein content and nutrition value, in
biological samples - as the important factor influencing on health of investigated
tissues or organisms [431,444,459,476,516,530,535,5611 In addition, the
analysis of nitrogen content in environmental samples, especially in aqueous
media [382,438,478,484,491,501,512,529,540,555,563], rocks [505], petroleum
[143,533], various suspensions [550] and coal ashes [434] supplies in the
important from ecological view factors.

In the case of determination of the pollution degree of environment, the
determination of total nitrogen content (TN) in air, water and savages, and soil
can provide a number of valuable data for agrochemical science, especially, in
the range of utilization of nitrogen by plants in the considered eco-system. The
majority of popular trade nitrogen analyzers [521,562,579] work on the base of
the prior quantitative degradation (HTC or LTC) of nitrogen-containing organic
compounds [579] into nitrogen oxides (or nitrogen) or ammonia, and subsequent
automatic determination of the formed compounds.

In dependence on the applied detection method, the determination of
nitrogen in environmental samples is performed usually by means of:

1. Analyzers equipped with chemiluminescence’s detector (Antek
Instruments Inc. [600-603]; Digital Nitrogen Analyzer Models: 703 B,
703 C and 720; Envirotech-Dohrmann [608-610]; Total Nitrogen
Analyzer Models: DN-10 and DN-100; Mitsubishi Chemical Industries
Ltd. [611-613]: Total Nitrogen Analyzer Model TN-05).

2. Analyzers equipped with coulmetric detectors (Envirotech-Dohrmann:
Microcoulometric Titration System Model MCTS-10 [608-610].

3. Analyzers equipped with TCD [572,596-598,604-607] and/or IRD
detectors [563],

4.2.1. Total Nitrogen Analyzer of Envirotech-Dohrmann, Model DN-10

The representative analyzer for the TN determination in environmental
samples, is schematically presented in Fig. 16.



Fig. 16. Schematic diagram of a design of a DN-10 Total Nitrogen Analyzer product by
Envirotech-Dohrmann for analysis of solid and liquid substances and/or their solutions [559]:

1 - microsyringe for gas/liquid sample or a boat system for solids; 2 - vaporization tube (700 "'C
for liquids or 900 °C for solids); 3 - oxidation tube (900 °C); 4 - water and C 02 absorber;
5- ozone generator; 6 - ehemiluminescence’s detector; 7 - integrator; 8 and 9 - valve systems.

The principle of working of an analyzer is following: a sample is
introduced into the vaporization tube 2 (700 - 900 I'C) of the analyzer, where
undergoes the pyrolytic degradation into volatile gaseous products, which are
directed into the combustion tube 3, where in an oxygen atmosphere at
temperature 950 °C are combusted into C02, H20 and NOz.

CO,
0, CoO, 0, CoO,
NO
950 °C NO NO * NO + hv
H20

Scheme 51

These gases are passed through the water trap 4 and are directed into the
chemiluminescence’s detector 6, where nitrogen oxides react with ozone with
the formation of metastable nitrogen dioxide (NO%). Return to the basic state of
nitrogen dioxide causes a photoemission in the range of 650-900 millimicrons,
which intensity is proportional to the nitrogen content in the analyzed sample
(scheme 51).

4.2.2. Microcoulonictric Titration System of Envirotech-Dohrmann, Model
NCTS-10

Representative Micro-coulometric Titration System, produced by the
Envirotech-Dohrmann Company [608], illustrates a principle of a coulometric



determination of TON (Fig. 17). This instrument presents the example of fully
automated acidimetric titration.

The principle of working of the analyzer is following: an analyzed
sample is introduced via the auto-sampler | to the evaporation lube 3 (1100 (C)
of the apparatus. The vaporized fraction in a stream of moist hydrogen is steered
to the reduction tube 4 (700 °C), fulfilled with granulated nickel. In these
conditions runs the quantitative conversion of bounded nitrogen to ammonia,
which in the stream of hydrogen, is transferring successively into a cel! of the
microcoulometer 9, where it is subsequently titrated with coulometrically
generated hydrogen ions.

The chemical reactions, being the basis of the analytic procedure applied
(Fig. 17), are presented in scheme 52,

CO + CO, ch4
+ HjO + H20 / Ni + H-,0"
S* h,o H, +H.,0 Nil,
1000°C + 700 °C +
N2+ NO, Nil,

Scheme 52

Fig. 17. Block diagram of an Envirotech-Dohrmann Microcoulometric Titration System Model
NCTS-10 [608]:

X - autosampler; 2 - humidizer; 3 - evaporation tube; 4 - hydrogenation tube, filled with
granulated Ni; 5 - outlet of the reactor inlet (1100 °C); 6 - furnace with zone heating [6a (1100
C), 6b (700 C) and sc (300 C)]; 7 —thermostat (110 “C); 8 —acid-base titration cell; 9 —
microcoulometer with digital readout; JO - valve system; S* - sample.

4.2.3. The Analyzer of Nitrogen Constructed by Ventura

An interesting construction solution employing the conjunction of two
combustion methods, namely the LTC (wet combustion of sample to NO,) and
the HIC (NOz — Ni) methods and the sequent final chromatographic



determination of nitrogen using TCD, was elaborated by Ventura
[381,421,422,443,444|. The ideological scheme of the nitrogen analyzer of
Ventura is in Fig. 18 presented.

The principle of working of the analyzer is following: a sample (5-10
mg) is transferred to the degradative reactor 2, where in a solution of chromic
and sulfuric acids undergoes to the oxidative degradation, forming a mixture of
carbon monoxide and dioxide, water, nitrogen oxides and molecular nitrogen.
The gas products of degradation (CO + CO2+ H2 + NOz+ N2) are washed out
from the reactor 2 by helium, and the formed gas mixture is passed through the
oxidative-reductive column 3 (CuO-Cu).

He

He  18—p

VW

Fig. 18. Ideological scheme of nitrogen analyzer according to Ventura:

| - feeder of samples; 2 - reactor for degradation wet-oxidative degradation (H2S04 + H2Cr04);
3 - tube for catalytic reduction of nitrogen oxides; 4 - electric tubular oven (500-600 °C);
5 - dryer; 6 - chromatographic column; 7 - thermostat; 8 - TCD; 9 - system of valves and
manometers.

Here at temperature 500-600 °C (CuO), carbon monoxide is
quantitatively oxidized to dioxide, and on more far reductive layers (Cu) the
reduction of nitrogen oxide to molecular nitrogen follows (scheme 53).

n2
N2
H,S04 + H2Cr04 NO, CuO-Cu C02 ascarilc n2
co ¥
20-200 °C 500-600 °C H.,0
co2 He
He
ILO

Scheme 53

A mixture of gas products in helium is initially dried in the absorber 5
(filled with anhydrone layer) and steered to the thermostated chromatographic
column 6 (filled with Poropak) where it follows the isolation of nitrogen,
determined in the TCD detector 8.



4.2.3. The Analyzer of Nitrogen Constructed by WaSkowski

In the alternative approach, Waskowski [397,400,580] subjected
samples to the HTC combustion by means of Co3 4 in a helium atmosphere.
Nitrogen oxides during combustion formed, was subsequently reduced (NO, —»
N2) in originally constructed reductive tube, then, after absorption of water and
carbon dioxide in ascarite containing absorber, nitrogen was separated off
chromatographically and determined using TCD. The ideological scheme of the
analyzer of Waskowski is in Fig. 19 presented.

Fig. 19. Ideological scheme of nitrogen analyzer according to Waskowski [397]:

i - helium dryer; 2 - helium cleaner pipe; 3 - electric oven; 4 - samples feeder; 5 - combustion
tube; 6 - reduction tube; 7 - electric tubular stoves; 8 - absorber with ascarite; 9 - thermostat;
JO - chromatographic column; JJ_- systems of valves and manometers; J2 - TCD

The principle of working of an analyzer is following: a sample (0.3 to 4
mg), weighed in a foil capsule (Al, 0.01 mm) and mixed with the oxidant
(Co304) is placed into the automatic feeder 4. After stabilization of arrangement,
the capsule is introduced in a stream of helium, [initially dried and cleaned in
absorbers 1 (Si02, molecular sieve 5A) and 2 (Cu; 600 °C)J to the combustion
tube 5 (Ce02—CuO; 1050 "C) where wunderwent to the combined
pyrolysis/combustion processes. The products of combustion are transferred in
the stream of helium through the pipe 6 fulfilled with following layers of
reactive fulfillment: Cu—Ce02—CuO—Cu—Ag. During the passage through the
oxidative fulfillments [CuO (1050 IC)-Ce02 (900 "C)-CuO (900 IC)] of the
tube 6, the full conversion of formed initially volatile nitrogenous compounds to
nitrogen oxides (NOZ) occurs. The sequential passage of the combustion gases
through the reductive zone of fulfillment [CuO (800 °C)-Cu (500 °C)-Ag (200-
300 °C)] is accompanied by the reduction of nitrogen oxides to molecular
nitrogen (NO* -> N2). The gas mixture, goes out from the reductive tube 6 and
containing the combustion derived components (C02 HZ2 and N2) is passed



through the ascarite containing absorber 8 (removal of C02 and is
directed to chromatographic separation on the column 10, followed by the TCD
detection (12). Scheme of the chemical transformations, taking place during
analysis in the analyzer of WaSkowski, are on scheme 54 presented.

NO.
o S0 A g SlOCeR WOz CuAg o wer, marl
>H00«C 1050-900°C C°2 500-300°C ..n
Co2 2 He
H20
He
11,0

Scheme 54

The technical details relating to the analyzer of nitrogen constructed
according to Waskowski [397], were published also in a number of
supplementary papers [396,397,406,414-417,423, 428,580],

5. Conclusions

The classical Pregl and Dumas methods for determination of carbon,
hydrogen and nitrogen in organic substances involve tedious, time-consuming
microanalytical techniques which require expensive, special laboratories and
highly skilled technicians. Despite these shortcomings, they retain their
usefulness and popularity because they provide accurate and reliable results.

The conjunction of high temperature combustion according to Pregl or
Dumas, with gas chromatographic analysis of formed combustion products
provides a simultaneous organic microanalysis of carbon, hydrogen and nitrogen
with equally acceptable level of accuracy. The same instruments are used tor
oxygen determination according to the Unterzaucher modified method and with
minor modification are used to determine sulfur.

Modern Elemental Analyzers offer wide range solutions supporting
different analytical requirements. Conceived as a flexible platform, in which the
basic unit is available in four configurations: CHN, CHNS, CHN-0 and CHNS-
O. The highly computerized analytical process provides the following areas of
information:

1 The Molecular Identification data (CHN-O-S percentage; C/N, C/H area
ratio; empirical formula);

2. The Heat Value (caloric values of fuels calculated on the basis of their
MI data);



3. The CHN data Without Weighing (empirical formula calculations
without weighing).

These Elemental Analyzers offer exceptionally wide range of
application, illustrated here in the following areas.

1 Organic chemistry and pharmaceuticals. Particularly in analysis of fine
chemicals, pharmaceutical products, carbides and nitrides, explosives,
catalysts, organometallic compounds, polymers, plastics, synthetic
rubbers, fibers and/or textiles.

2. Petrochemistry and energy industry. Particularly in analysis of coals,
graphite, cokes, crude oils, alternative fuels, gasoline, petroleum
derivatives, lubricants and/or oil additives.

3. Material characterization. In analysis of: papers, fibers, cement,
ceramics, tyres, pigments, dyes and/or building materials.

4. Environmental sample analysis. Particularly in analysis of composts,
wastes, sewage sludges, glass filters, fertilizers, pesticides, woods, soils,
sediments.

5. Food industry sample. Analysis of: foods, nutrients, animal feed,
proteins, tobacco, brewing, beverage.

6. Biological samples. Particularly in analysis of biological tissues, plants,
algae, plankton, and so on.

The very simple instrument lay-out can be modified at any time, to
accommodate the most diverse analytical application from stable Isotope Ratio
Mass Spectrometry to CHNS-0 determination of less than 10 mmg of pure
organic substance, or for protein determination in food and feeds.
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