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In recent years, attention to the development and perfection of analytical methods for the chemistry
of natural compounds has greatly increased. The methods used in this field can be divided into two groups:
those used for the analysis of substances of several classes (to these must be assigned, in the first place,
methods of determining heteroatoms) and narrowly specialized methods permitting the analysis of a single
class or even a single compound.

The first group undoubtedly includes methods for the quantitative determination of formaldehyde,
which are widely used in structural investigations of substances of various classes, especially carbohy-
drates, and in the quantitative analysis of carbohydrates, lipids, and some other groups of natural com-
pounds. Voluminous literature exists on methods of determining formaldehyde [1-4], but most of the re-
views are somewhat old, and in the overwhelming number of current publications the use of one of the known
methods of analysis is described for concrete purposes.

Although the present review is given primarily for the attention of specialists in the field of the chem-
istry of natural compounds and biochemistry, it briefly describes the whole analytical chemistry of formal-
dehyde. However, in this emphasis is placed on such sections as colorimetric methods of analysis and the
determination of formaldehyde in the presence of periodate, i.e., those which are most important in working
with natural compounds. The review covers the literature up to and including 1971.

Existing methods of determining formaldehyde can be roughly divided into three groups: a) gravi-
metric, b) volumetric, and ¢) physicochemical.

The gravimetric methods [1, 2] are based on the formation of insoluble organic derivatives which can
be collected on a filter and weighed The organic reagents most widely used in the gravimetry of formalde-
hyde include 2,4-dinitrophenylhydrazine and dimethylcyclohexanedione (dimedone, methone [2]);the second
reagent is used more frequently.

The gravimetric method is extremely lengthy: it requires not less than 12 h for complete precipita-
tion. Neither of the precipitants mentioned above give quantitative results at low concentrations of formal-
dehyde. At the present time, gravimetric methods are used comparatively rarely.

Volumetric methods of determining formaldehyde are widely used, thanks to their simplicity and ac-
curacy, particularly in industrial laboratories [6-9], Of the many methods of volumet ric analysis, we may
mention those which (in the opinion of the majority of authors) are simple, reliable, and economical in re-
lation to time, apparatus, etc.: 1) the sulfite method; 2) the method using aluminum chloride; 3) the cyano-
hydrin method; 4) the methone (dimedone) method; 5) the alkali —peroxide method; 6) the iodometric method;
and 7) the mercury method.

Methods 1-4 are based on those reactions characteristic for aldehydes and ketones which are most
sensitive in relation to formaldehyde (thanks to its high reactivity) and are least sensitive for ketones and
higher aldehydes. Such compounds as methanol, ethanol, and acetone do not interfere with the determina-
tion but in return the result of the analysis is affected by the presence of even small amounts of acetalde~
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hyde and formic and acetic acids. Some authors [10, 11] single out the cyanohydrin method as the most re-
liable in the analysis of formaldehyde in the presence of acetaldehyde, benzaldehyde, and other higher alde-
hydes and ketones. Some modifications of this method are mainly directed to increasing its specificity [12,
13].

Methods 5-7 are based on oxidizing processes. In the opinion of the majority of workers, neither
methanol, ethanol,nor acetone interferes with the determination, while acetaldehyde gives high results. The
fodometric method is suitable for the determination of small amounts of formaldehyde only in solutions
practically free from any organic impurities capable of being oxidized.

Of the physicochemical methods used for the determination of formaldehyde we may mention in the
first place the polarographic and colorimetric methods. The polarographic method was proposed as early
as 1935 [14]. It permits the determination of formaldehyde in low concentrations with a high accuracy. Ace-
taldehyde and higher aldehydes of the aliphatic series do not interfere with the determination, since they
are reduced at a higher potential than formaldehyde; methanol and ethanol, and acetone and benzaldehyde,
do not interfere, either. Several modifications of this method are known [15-17]. Very important is the
maintenance of an accurate temperature in the recording of the polarogram: a rise in the temperature by
1°C changes the height of the half-wave by 6.5%. A defect, particularly for routine analyses, is the neces-
sity for preliminary distillation in order to free the formaldehyde from substances interfering with the anal-
ysis. At the present time, polarographic methods are used fairly rarely [18-21].

Colorimetric methods are the most widely used for the determination of formaldehyde. We shall de-
vote special attention to them.

Schiff's test or Denigés' method — the first method for the colorimetric determination of small
amounts of formaldehyde [2, 22] — is based on the fact that in an acid medium a fuchsine —bisulfite reagent
gives a characteristic coloration with formaldehyde. This test is specific in the presence of both acetalde-
hyde and other aliphatic aldehydes, but it does not permit formaldehyde to be distinguished from acrolein
and glycolic acid. The selectivity of the reagent can be raised by changing the pH of the solution. If the so-
lution is strongly acid, the reagent is more sensitive to formaldehyde, and if it is alkaline it is more sensi-
tive to higher aldehydes. The sensitivity of the method is substantially affected by the quality of the fuch-
sine used, and also by the method of preparing the reagent. Some authors [23] recommended the use of a
smaller amount of the Schiff reagent than is required by a molecular ratio to the aldehyde. Proportionality
between the density of the coloration and the concentration of the aldehyde is observed only in a relatively
narrow range. The method permits the determination of 0.05 mg of formaldehyde.

The variants of the method relate mainly to the modification of the Schiff reagent [24, 25]. Veksler
[26] has proposed a spectrophotometric variant of this method. He has shown that the temperature of the
reaction is a fundamental factor.

Schiff's method, in spite of its long history and wide use, is one of the most complex methods. Its
performance requires the daily preparation of standard solutions and analysis in strong sulfuric acid; the
performance of one analysis requires a minimum of 6 h.

The Chromotropic Acid Method. In 1937, Eegriwe [27] proposed the use of 1,8-dihydroxynaphthalene-
3,6-disulfonic acid (chromotropic acid) for the quantitative determination of formaldehyde. Heating a solu-
tion of formaldehyde with chromotropic acid in 72% sulfuric acid at 60°C for 10 min gives a purple colora-
tion. The bearer of the coloration is the product of the condensation of formaldehyde with two molecules of
chromotropic acid.

- DH OH OH O OH OH
H,S S HO,S SOH HOS SOM

According to Eegriwe, this reagent does not form a coloration with many aliphatic and aromatic alde-
hydes (acetaldehyde, propionaldehyde, isobutyraldehyde, butyraldehyde, benzaldehyde, etc.) or with acetone,
glucose, and glycerol and formic, glycolic, gallic, and levulinic acids. However, when a considerable
amount of glyceraldehyde is present in the reaction solution a yellow color with a green fluorescence ap-
pears, and furfural gives a dark-brown coloration.

Thanks to its specificity, this reagent rapidly came into use also for quantitative determinations of
formaldehyde [28].
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In 1945, MacFadyen [29] and Bricker and Johnson [30] simultaneously and independently of one another
proposed the use of chromotropic acid for the spectrophotometric analysis of formaldehyde. Their pro-
cedures differ in some experimental details. MacFadyen confirmed Eegriwe's statements concerning the
specificity of the chromotropic acid reaction for formaldehyde. He also found that such compounds as
methanol, acetaldehyde, and formic acid interfere with the determination of formaldehyde if they are pres-
ent in amounts greater than 10:1. It was shown that important factors for the development of the coloration
are the concentration of the sulfuric acid, the temperature, and the time of the reaction. According to Mac-
Fadyen the reaction is performed in 9-10 M sulfuric acid with heating on the boiling-water bath for 30 min.
Bricker and Johnson performed the reaction in concentrated sulfuric acid with heating at 100°C for at least
30 min. They recommended for the performance of the reaction that a ratio of reagent to formaldehyde of
500:1 should be used. These authors showed that any compounds forming formaldehyde on hydrolysis by
sulfuric acid give a purple coloration. Higher aliphatic alcohols inhibit the formation of the coloration, and
acetaldehyde, acrolein, and B -hydroxypropionaldehyde give a yellow-brown coloration with chromotropic
acid and therefore appreciably interfere with the determination of formaldehyde. The development of the
coloration is prevented by diacetone alcohol and methyl ethyl ketone.

The methods described by these authors are fast and accurate and permit the determination both of
free formaldehyde and of that formed on acid hydrolysis. The minimum detectable amount is approximately
1 pg of aldehyde in 1 ml of solution. The accuracy of the method is + 5%.

All subsequent methods for determining formaldehyde with chromotropic acid are modifications of
these methods. Bricker and Vail [31] showed that in the presence of a large excess of chromotropic acid
it is possible to eliminate the influence of many compounds interfering with the determination of formalde-
hyde. Their modification reduces to the evaporation of the mixture under investigation with chromotropic
acid at 170-200°C for 20 min (in an oil bath or on a hot-plate) with subsequent addition of sulfuric acid and
heating the resulting solution under the conditions described previously. It was found that the recommended
modification permits the determination of one part of formaldehyde in the presence of 20,000 parts of such
solvents as chloroform, carbon tetrachloride, methanol and other lower alcohols, methyl ethyl ketone, pyri-
dine, and benzene.

Recently, Still et al. [32] have shown that ethanol interferes with the determination of formaldehyde
with chromotropic acid. Their results contradict the old statements of Bricker and his colleagues. Other
authors [33] have shown an adverse influence of phenolic compounds.

Christofferson [34] has somewhat modified the method of Bricker and Vail [31] by considerably lower-
ing the temperature of evaporation of the solution under investigation with the chromotropic reagent (to
110°C) and using 18 M sulfuric acid; however, under these conditions it was found that the measurement of
the optical density of the solution can be performed only 5-44 h after the beginning of the reaction. Yet
another modification of the chromotropic acid method was published in 1970 [35]. The maximum sensitivity
(0.055 pg/ml of CH,0, which is 36 times better than the sensitivity of Bricker and Vail's method) is
achieved by planning the experiment with the aid of simplex optimization. The analysis of one sample re-
quires less than 10 min, and the mean coefficient of deviation is 1.3%. Unfortunately, other aldehydes inter-
fere with the determination.

The chromotropic acid method is one of the simplest, but it is fairly severe in the conditions of its
performance. It requires high temperatures and prolonged heating with concentrated sulfuric acid. Con-
sequently, any compounds forming formaldehyde under such conditions will give a positive reaction with
chromotropic acid. Furthermore, many other substances give a coloration. It is true that some modifica-
tions [36, 37) have made this method highly specific for formaldehyde since they permit interfering impuri-
ties to be removed during the reaction or their influence to be eliminated in some other way.

We may note that in the use of chromotropic acid an important factor is its purity. A technical prep-
aration is unsuitable because of the impurities that it contains. However, its purification is difficult and
does not always give a good sample. Furthermore, the solutions of the reagent are unstable on storage.
All these form serious defects of the method. Nevertheless, it is the most widely used in the analysis of
formaldehyde.

The Phenylhydrazine Method. The oxidation of a phenylhydrazine complex was first used for the de-
termination of formaldehyde by Schryver [38]. He used potassium ferricyanide as the oxidizing agent, and
the determination was performed in an acid medium.
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Later, this reaction was used by Desnuelle and Naudet [39]. Roberts [40] who carefully investigated
it, showed that the coloration of the solutions formed in an acid medium was too unstable, It is unsuitable
for accurate investigations.

This method began to be widely used after the work of Tanenbaum and Bricker [40], who used it to
determine the free aldehyde in the presence of the bound aldehyde and of many organic compounds inter-
fering with the chromotropic acid procedure. A similar problem had been- solved previously by the use of
the Schiff reagent (the defects of this method are described above). Tanenbaum and Bricker, in preliminary
investigations, used the phenylhydrazine complex of diazobenzenesulfonic acid as the oxidizing agent, and the
reaction was performed in an acid medium. They found that under such conditions some aliphatic aldehydes
gave a crimson coloration, while with ketones no characteristic coloration whatever was produced, and aro-
matic aldehydes reacted slowly. Furthermore, it was observed that the coloration with formaldehyde was
more stable than that with the higher aldehydes. However, in this form the procedure had a number of de-
fects, of which the main one was the poor reproducibility of the results. The authors connected this with
the instability of the diazobenzenesulfonic acid. To improve the method, they tested a whole series of ox-
idizing agents and for a number of reasons they chose potassium ferricyanide. The time necessary for the
performance of one analysis is 30 min, and the accuracy of the method is of the order of 2%.

The method described was later improved by Stankovic¢ [41]. The essence of the modification con-
sists in the salting out of isopropanol (which is used to improve the solubility of the reagents) from the so-
lution. In this process, the colored complex passes into the organic layer. The sensitivity of the method
is increased — it is possible to determine 0,02-1,0 mg of formaldehyde in one liter. The time for one de-
termination is of the order of 25 min. The analysis can be performed in the presence of many substances
(methanol, ethanol, phenol, etc.); the presence of hexamethylenetetramine in the mixture is impermissible.
Acetaldehyde, sulfite ion, and salts of divalent iron interfere with the determination, beginning at low con-
centrations.

Mari et al. [42] showed that it is more convenient to use the oxygen dissolved in the reagents as the
oxidizing agent. In these circumstances, the procedure is considerably less laborious. The reaction is
performed in an alkaline medium. These authors investigated the influence of various factors on the pro-
cess. They showed that the maximum coloration develops in approximately 80 min.

According to Mari et al. [42], the reaction is specific and sensitive for formaldehyde; thus, 10 ug of
it give an absorption magnitude of 0.450 under the conditions of the experiment, while 50 ug of acetaldehyde
give only 0.030. Moreover, the absorption for 10 ug of formaldehyde in the chromotropic acid procedure
of Bricker and Johnson is only 0.200. The accuracy of this modification is 5-10% and the minimum amount
of formaldehyde detectable is 1 pug.

The phenylhydrazine method is very sensitive but is specific for formaldehyde only in Mari's modi-
fication, which, in spite of its positive features, has not found wide use. Indeed, Tanenbaum and Bricker's
method, in spite of its serious defects (in addition to lower aliphatic aldehydes, lower aliphatic alcohols
also interfere with the reaction), is used far more frequently [43-46].

The acetylacetone method, which was proposed by Nash [47] in 1953, is based on the Hantzsch reac-
tion — the formation of lutidine derivatives from a f-diketone, an aldehyde, and an amine. On condensation
with acetylacetone and ammonia, formaldehyde gives 3,5-diacetyl-2,6-dimethyldihydrolutidine, which has
a yellow color [47, 48].
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Nash made a detailed investigation of the reaction conditions — the influence of the pH of the medium,
the composition and stability of the reagent and of the colored complex formed with formaldehyde, the sta-
bility of the coloration, and the influence of various substances. It was found that for low concentrations of
formaldehyde the reaction takes place quantitatively at pH 5.5-6.5. Ammonium acetate and phosphate were
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used as the amine components of the reaction, the latter proving to be more suitable. It was shown that the
diacetyldimethyldihydrolutidine is formed only if the formaldehyde and acetylacetone are present in small
amounts while the ammonium acetate is present in enormous excess. In practice, the optimum concentra-
tions of these components were as follows: ammonium acetate 0.1-1.0 M, and acetylacetone 0.1-0.001 M.
The reagent (acetylacetone in ammonium acetate buffer) is stable for at least two weeks. The colored com-
plex does not change its color for two days. The influence of the majority of substances is reduced to a
minimum because of the mild conditions of the analysis.

Under the conditions of the reaction, acetaldehyde also forms diacetyldihydrolutidine derivatives, but
the absorption maximum of their solution is in the 388-nm region, and not at 412 nm as in the case of for-
maldehyde. Furthermore, the rate of formation of the colored complex from acetaldehyde is very small in
comparison with formaldehyde (at the same concentration). Some amines may compete with the ammonia
in the Hantzsch reaction, although the rates of these reactions are also low. Acetone, chloral, furfural, and
glucose do not interfere with the reaction. Periodates and sulfites destroy the color to an appreciable ex-
tent, especially sulfites which decrease the results by 90% in very low concentrations (0.001 M).

Hasegawa has modified this method for the microdetermination of formaldehyde, introducing the ex-
traction of the colored complex with an organic solvent [49]. The influence of various factors on the re-
action was checked. The most suitable of the solvents tested (benzene, cyclohexane, chloroform, xylene,
butan-1-o0l, and n-hexane) was butanol. At 60°C, the maximum coloration develops in 10 min. This author
showed that there are no fundamental changes in the absorption of the solutions in the pH range from 4 to 8.
The colored complex is stable for several days. This method permits the determination of formaldehyde in
the presence of colored compounds. Hasegawa also investigated the influence of some substances on the
determination of formaldehyde and showed that a 500-fold excess of acetone or of phenylacetaldehyde, a 50-
fold excess of p-chlorobenzaldehyde or propionaldehyde, and a fivefold excess of acetaldehyde do not inter-
fere with the determination. In Hasegawa's opinion, ketones and aromatic aldehydes should not interfere
with the development of the coloration, and the influence of aliphatic aldehydes decreases with an increase
in the chain length.

Belman has proposed a fluorimetric modification of Nash's procedure which permits the determina-
tion of 0.01 pg of formaldehyde [50].

The acetylacetone method of determining formaldehyde is undoubtedly the best method for the major-
ity of cases. It is extremely selective and sensitive. The formation of the complex takes place in a neu-
tral medium, which makes it particularly valuable for the analysis of free aldehydes in the presence of
bound aldehydes and also for the investigation of biological materials. In addition to the methods for the
colorimetric determination of formaldehyde that have been considered, many others have been proposed
with different degrees of sensitivity and specificity 1, 2, 4]. We shall limit ourselves simply to mention-
ing them, since they have not found wide use and, unfortunately, to a large extent are more suitable for the
qualitative detection of formaldehyde than for its quantitative analysis. Various reactions of formaldehyde
are used: with phloroglucinol, with resorcinol, with alkali-metal and copper salts, with hydroxamic, nitro-
hydroxamic, and benzenesulfohydroxamic acids, with alkaloids, with an ammoniacal solution of silver ni-
trate, and with ferric chloride in concentrated hydrochloric acid. The main disadvantage of these methods
is their low specificity.

Below we shall consider methods that have appeared in the literature in the last decade and have not
appeared in earlier reviews. We shall not dwell on them in detail, since none of them, in our opinion, pos-
sesses the advantages of Nash's method and they are not so widely used as the chromotropic acid and phen-
ylhydrazine methods,

In the first place we may mention the work of Sawicki and his colleagues [51-53] For the colorimetric
determination of formaldehyde they have proposed 2-hydrazinobenzothiazole, p-nitrobenzothiazonium flu-
oroborate [52], and 3-methylbenzothiazolin-2-one hydrazone (MBTH) [53]. Each of these reagents is non-
specific for formaldehyde, since they all give a positive reaction with other aliphatic, aromatic, and hetero-
cyclic aldehydes. Another disadvantage is the high values of the absorption for blank experiments.

Kamata modified the MBTH method by the photometry of the colored complex after extraction with
a solvent [54]. As extractant he proposed a mixture of chloroform and acetone (1:1). The colored com-
plex, after it has passed into the organic solvent, is stable for 2 h. In extraction, Kamata made use of salt-
ing out with sodium chloride, since without this more than 10% of the colored product remains in the aque-
ous medium. The strict maintenance of certain time intervals is important. Thus, the extract must be
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dried rapidly, otherwise the absorption decreases. One of the most important advantages of Kamata's
method is the fact that the presence of 1 mg of sugar in the sample gives a hardly distinguishable absorp-
tion while, for example, formaldehyde cannot be determined by the chromotropic acid method in the pres-
ence of appreciable amounts of carbohydrates.

Sawicki et al. have proposed another two spectrophotometric methods of determining the free formal-
dehyde from various organic compounds during chemical reactions. They are based on the reaction of for-
maldehyde with 6-amino-1-naphthol -3-sulfonic acid (J acid) [55] and with 6-anilino-1-naphthol-3-sulfonic
acid (phenyl J acid) [56]. Both methods are 2-2.5 times more sensitive than the chromotropic acid method.
As with chromotropic acid, the reaction with J acid is performed in the presence of sulfuric acid, and
therefore any compounds giving a coloration under these conditions will interfere with the determination.

The authors mentioned immediately suggested four modifications of the determination of formalde-
hyde with J acid, distinguished from one another by the concentrations of sulfuric acid used and the condi-
tions of heating the reaction mixture.

In the performance of the determination with phenyl J acid, the choice of solvent in which the reaction
is performed proves to be very important. Thus, the use of water as solvent led to a substantial scatter in
the results of the determination. The best results were obtained in methylcellosolve.

In working with phenyl J acid, sulfuric acid is necessary only to dissolve the main reagent. However,
this amount is sufficient for the determination of the free formaldehyde liberated on acid hydrolysis.

These authors consider both methods to be highly specific for formaldehyde (like the chromotropic
acid method), referring to the work of Kamel and Wizinger [57], according to whom the specificity of the
reaction between formaldehyde and the reagents mentioned is the result of the steric effect of the two sulfo

groups.

In addition to the methods described by Sawicki et al, several others have been proposed. Thus, Custa
[58] has used the reaction with I-tyrosine hydrochloride in 50% sulfuric acid. Heating to 150-160°C is nec-
essary to develop a green coloration. In these circumstances, for the determination of formaldehyde at
least 40 mg of it must be present in the sample. In this form, the method can hardly be considered suitable
for the chemistry of natural compounds.

Dokladova and Stankova [24] have proposed a method based on the formation of the addition product
of sulfur dioxide to formaldehyde. As the SO, donor they use the complex [HgCIZSO3]2_ (dichloridosulfito-
mercuriate) the reaction of which with parafuchsine hydrochloride forms the colored quinoid form of para-
fuchsine methyl sulfonic acid (p-rosaniline methyl sulfonic acid). The sensitivity of the method can be
changed by varying the concentration of the complex formed. This method is in fact a modification of
Schiff's test. Later, the same authors proposed another variant of this method [25].

Ekberg and Silver [59] recommend the determination of low concentrations of formaldehyde in the
presence of ethanol with the aid of the peptone proteose. They consider that their rapid method has a sub-
stantial advantage for their purposes over the chromotropic acid method [60] and Sawicki and Hauser's
method [51]. The colored complex formed in this method is stable for 1 h. Small amounts of acetaldehyde,
butyraldehyde, propionaldehyde, and diacetone alcohol interfere with this method, while they do not inter-
fere in the chromotropic acid method.

Korenman et al. have proposed four color reactions for formaldehyde [61]. They are based on the re-
actions of formaldehyde with derivatives of chromotropic acid and azo dyes containing free hydroxy groups.
The concentration of the reagents and the time of heating the reaction mixture have marked effects on the

intensity of the coloration.

Bailey [62] has developed a method for determining formaldehyde which is based on its catalytic ac-
tion in the oxidation of B-phenylenediamine with hydrogen peroxide.

In the development of new procedures, some authors make use of various modifications of known
methods. Of such procedures we may mention the following: the spectrophotometric determination of for-
maldehyde with dimedone [63]; the determination of formaldehyde in cellulose formals and methylcellulose
formals by a modification of Schiff's method [64]; and the automatic spectrofluorimetric determination of
formaldehyde by a modification of Nash's method [65].

It can be seen from the literature information considered in our review that at the present time col-
orimetric methods (especially spectrophotometric and spectrofluorimetric methods) are most widely used
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for the determination of formaldehyde as being the most accurate and rapid and, which is particularly im-
portant, requiring only small amounts of the starting material for their performance, which is essentia] in
the solution of many chemical and biochemical problems.

It can be seen from a short account of the characteristics of the colorimetric methods that the most
selective for formaldehyde are the chromotropic acid, the phenyl J acid, and the acetylacetone methods. Of
these the most widely used is the chromotropic acid method, although it is considerably inferior to the other
two in many respects. The results of a comparison of the chromotropic acid and the phenyl J acid methods
shows that while their selectivities for formaldehyde are similar, the latter is considerably superior to the
chromotropic acid method both in sensitivity and in the mildness of the conditions of performing the analy-
sis. Nevertheless, it has scarcely come into use so far.

The acetylacetone method, with a selectivity as high as the two just mentioned, is superior to all
known methods in the mildness of the conditions of analysis., However, it is little used. Consequently, at
the present time the problem of the development of new and the modernization of old methods of determining
formaldehyde is an urgent one. This is particularly important for the solution of the problem of the analy-
sis of products of periodate oxidation.

All the methods given permit the determination either of free formaldehyde or of formaldehyde for-
mation in the hydrolysis and oxidation of organic compounds. A special case is the analysis of formalde-
hyde produced by the oxidation of substances with periodate [66-70], since periodates and iodates fundamen-
tally influence the course of color reactions. ’

We shall consider in more detail methods of determining formaldehyde formed as the result of peri-
odate oxidation — one of the most important methods in the chemistry of natural compounds.

In this section we shall not dwell in detail on the methods of determining formaldehyde themselves,
since this would be to repeat what has already been said. It is more desirable to consider their features
connected with periodate oxidation and relating to the elimination of the periodate and the iodate, which in-
terfere with the color reactions.

Some authors determine formaldehyde after its preliminary distillation from the reaction mixture
{28, 71]). The quantitative distillation of micro amounts of a substance is a difficult problem. Furthermore,
the products of the oxidation of a number of substances are unstable and may decompose on distillation,
forming either an additional amount of formaldehyde or substances preventing its determination.

In the majority of cases, however, various precipitants and reducing agents are used to eliminate
periodate and iodate ions.

Various methods are used to determine formaldehyde freed from interfering substances [47, 72, 73],
but the chromotropic acid method [67] or a modification of it is the one used more frequently. Success has
been achieved in the use of the latter method after the appropriate selection of reagents quantitatively pre-
cipitating periodate and iodate.

Fleury et al. [74] have shown that it is possible to eliminate iodine-containing ions in the form of in-
soluble salts. However, the use for this purpose of barium hydroxide and silver acetate did not give good
results because of the impossibility of selecting a pH of the medium which would simultaneously be the op-
timum for the determination of the formaldehyde and for the precipitation of the interfering ions. Precip-
itants that have been used are salts of mercury, zinc, magnesium, aluminum, beryllium, titanium, bismuth,
calcium, etc., but the desired effect was not achieved with these ions either.

The most promising results have been given by the use of lead salts as precipitants [72]. It has been
shown that it is not any lead salt that can be used for this purpose: for example, the nitrate interferes with
the reaction and the acetate is more suitable but the latter gives a yellow coloration with a solution of chro-
motropic acid. The most successful reagent proved to be lead dithionate, thanks to its high solubility and
the capacity of the dithionate ion for decomposing in an acid medium into sulfate and sulfur dioxide. The
lead sulfate can be eliminated by centrifuging, and the sulfur dioxide does not interfere with the determina-
tion of the formaldehyde — on the contrary, it protects the chromotropic acid from the oxidizing action of
light and air. Strontium hydroxide may also be used as precipitant [75].

The use of ion-exchange resins for the elimination of periodate and iodate ions is known [67]. Here
the resin must be carefully prepared for the elimination of various impurities that may interfere with the
determination. Treatment of the reaction mixture with the ion-exchange resin leads to a sharp change in
its pH. The formaldehyde may be partially lost by adsorption on the resin.
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In addition to precipitants, reducing agents may be used for eliminating interfering ions. Among
these, arsenite, sulfites, iodides, and chlorides have found the widest use.

Unfortunately, the arsenite ion is the most widely used [67-69, 77]. When arsenite is used, the pres-
ence of large amounts of mineral acids or alkalis is impermissible. It has been established that the re-
duction of periodate with arsenite takes place gquantitatively at pH 8 and room temperature. At this pH
value, the presence of iodate (IO3) does not interfere with the determination. However, under such condi-
tions the reaction requires several hours for its completion. The addition of iodide to the reaction mixture
decreases the time of the reaction to a few seconds (at pH 8).

Since this reducing agent is unsuitable for working under acid conditions, it cannot be used for the
chromotropic acid method. Furthermore, chromotropic acid gives a coloration with arsenite [66]. The ar-
senic oxide present in the reaction mixture forms a colloidal suspension if solutions containing chromo-
tropic acid are cooled below 60°C. It is not surprising that the literature contains statements according to
which the use of arsenite as reducing agent does not always give reproducible results [69]. There are also
reports that the use of arsenite does not always give good results even in association with other methods of
determining formaldehyde [65]. Very recently, it has been proposed to replace arsenite as reducing agent
by ascorbic acid, as a more accessible and nonpoisonous reagent [78].

Since arsenite could not in fact be used in the chromotropic acid method, some authors have proposed
to use sulfite to reduce periodate [79], since it does not affect reactions with chromotropic acid. However,
in its original variant this procedure possessed no smaller defects than the one using arsenite [72]. With
the use of sulfite as reducing agent, the iodide formed in the reaction was eliminated in the form of the sil-
ver salt, large amounts of relatively expensive silver salt being required and, moreover, colloidal silver
being formed photochemically, which interfered with the photometry.

Speck and Forist [79] have proposed to use sulfur dioxide in an acidic medium for the elimination of
periodate. In this process. however, the dye that chromotropic acid forms with formaldehyde passes into
the leuco form. They found that this leuco form is unstable and may be decomposed by passing air into the
reaction mixture to eliminate SO,. This stage complicates the procedure for determination.

Mitchell and Percival [80] have used sodium bisulfate for the destruction of periodate. They started
from unpublished reports by Rees. In their paper, the authors show that with well-devised blanks this
method enables results to be obtained which agree well with the results of gravimetric determination.

While sulfites do not interfere appreciably in the chromotropic acid method, they cannot be used for
the acetylacetone method. In very low concentrations (0.001 M) sulfites cause the loss of 90% of the formal-
dehyde determined {47].

The iodide ion has also been used as reducing agent [68, 69, 75]. In this case, both strongly acid and
strongly alkaline reaction solutions can be analyzed. In acid solution, both periodate and iodate are reduced
to free iodine.

The use of stannous chloride as reducing agent has been described [81-87]. Investigations in which
this reducing agent is used are slight modifications of the chromotropic acid procedure. Modifications of
the phenylhydrazine [88] and acetylacetone [89] methods for the determination of formaldehyde after peri-
odate oxidation have been developed in our laboratory.

A detailed investigation of the phenylhydrazine method has shown that when periodate is used as oxi-
dizing agent an excess of it within a definite range of concentrations does not interfere with the determina-
tion of formaldehyde [88]. However, this procedure is not completely satisfactory, primarily because of
the substantial influence of various impurities (lower aldehydes, especially acetaldehyde). This impelled
us to change to the acetylacetone method, the advantages of which have been described. We have shown that
to eliminate an excess of periodate it is possible to use polyols — butane-2,3-dlol, rhamnose, and inositol
[89]. Butanediol and rhamnose are more suitable for a rapid reaction, but if for any reason the introduc-
tion of acetaldehyde into the reaction mixture is undesirable it is possible to use inositol.

Methods for determining formaldehyde can be used for two purposes: to deduce the structure of com-
pounds containing a-glycol groupings in the molecule and to determine substances of various classes quan-
titatively. The first direction is the most important for the chemistry of carbohydrates and has been ex-
amined in detail in available reviews [66-70].
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Among the quantitative determinations based on the analysis of formaldehyde, the simplest case is the
analysis of polyols. In the periodate oxidation of various carbohydrates, formaldehyde is formed from free
pentoses and hexoses, and also from pentoses and hexoses present at the reducing end of a poly- or oligo-
saccharide chain (if this chain is attached to the hexose in the 2, 3, or 4 position and to the pentose in the 2
or 3 position). However, the oxidation of free or bound sugars takes place comparatively slowly and can be
complicated by side reactions. Consequently, as a rule, it is best to reduce the free or bound polysaccha-
ride to the corresponding polyol before oxidation. Analysis by the method of reduction —periodate oxida-
tion—determination of formaldehyde is of great importance for determining the molecular weights of oligo-
and polysaccharides [90]. In the investigation and determination of carbohydrates by this procedure, vari-
ous methods are used. The dimedone [91-93] and phenylhydrazine [94] methods are used comparatively
rarely. The chromotropic acid method is the most widely used [95-100]. Although Nash's method has been
described in a handbook of carbohydrate chemistry [67], only recently have papers appeared in the litera-
ture describing the results of the use of this method or modifications of it [101-102]. Thus, the use of a
modification of Nash's method for the automatic spectrofluorimetric analysis of carbohydrates after peri-
odate oxidation is known [65].

The methods of determining formaldehyde may find and are finding wide use in the chemistry of lipids
[103]. In actual fact, glycerolipids, sphingolipids, and glycolipids, i.e., practically all classes of lipids, con-

tain fragments from which, after appropriate transformat.ions, the ;/‘CH—(ing grouping that is necessary
OH OH
for analysis can be obtained. Such fragments may be glycerol and other polyols, sphingosine bases
(R—CH—-CH—CH.OH), and monosaccharide residues.
OH Nh,

Methods of determining sphingolipids can be divided into two groups. The first includes methods
based either on the determination of sphingosine nitrogen [104] or on the color reaction between the free
amino group formed in the acid hydrolysis of sphingosine bases and a reagent giving a colored complex.
Such reagents are Methyl Orange (sodium p-dimethylaminoazobenzenesulfonate) [105], fluorodinitrobenzene
[106], trinitrobenzenesulfonic acid [107, 108], and 1-aminonaphthalene-4-sulfonic acid [109]. A second
group of methods is based on the determination of the degradation products formed after the oxidation of the
sphingosine bases by periodate or by lead tetraacetate. While lead acetate is used comparatively rarely,
since it leads to overoxidation and to other side reactions [110-111], periodate is widely used. Its advantage
consists in the possibility of performing oxidation in various media: aqueous [112], acetic acid [113], aque-
ous methanol [112], and other mixed solvents [114]. Recently, Baumann and Schmid [111] have shown that
the oxidation of lipids takes place specifically in absolute pyridine at room temperature. The use of pyri-
dine enables side reactions to be excluded, and many lipids are readily soluble in it; furthermore, amino
alcohols are more easily cleaved in a basic medium.

The products of degradation by periodate oxidation are determined either by gas chromatography
(long-chain aldehydes, N-acetyl-O-trimethylsilyl derivatives of free bases [111, 112, 115, 116]), or col-
orimetrically. In the latter case, the formaldehyde formed is determined most frequently by chromotropic
acid method [117, 118], and more rarely by other methods [119].

Although in the determination of triglycerides gas chromatography [120-123] or other physical meth-
ods [124] have been used ever more frequently in recent years, until now the main method for their quanti-
tative analysis has been the determination of formaldehyde after saponification and periodate oxidation, and
this by the most various methods. The phenylhydrazine method is used comparatively rarely [125-126], and
the chromotropic acid method is used most frequently [130-141].

The acetylacetone method has become widely used for the analysis of triglycerides in all its possible
modifications: colorimetric [142-144], spectrophotometric [145, 146], fluorimetric [143, 147-152]. The
fact that it is just on the basis of the acetylacetone method that a semiautomatic procedure for determining
triglycerides is used [145, 147-154] shows the high reliability and stability of the method. Recently, Weigel
[153] has published a paper on the determination of glycerophosphatides as glycerol. The basis of the
method is the thermal cleavage of the glycerophosphates to glycerol, the oxidation of the glycerol with peri-
odate, and the subsequent determination of the resulting formaldehyde by automatic acetylacetone method.

447



For the colorimetric determination of triglycerides, some authors use 2-hydrazino-3-methylbenzo-
thiazoline [154] or "sulfophosphovanillin® [155]. Hoeflmayr et al. determined triglycerides from the dif-
ference between the total amount of esters remaining after the separation of free cholesterol and phospha-
tides and the cholesteryl esters [156, 157]. In recent years, enzymatic methods, which permit the deter-
mination of individual triglycerides, have come into use for the structural analysis of the triglycerides
[158-163].

A special case in the chemistry of lipids is the analysis of glyceryl ethers. Generally, glyceryl ethers
are determined in the unsaponifiable fraction of lipid extracts [164, 165]). It is known that they are a com-
ponent part both of neutral lipids and of phospholipids. In the majority of previous investigations the {sola-
tion of the glyceryl ethers from the phospholipid fraction included its dephosphorylation, saponification, and
extraction of the unsaponifiable products, the analysis of which gave information on the presence of ethers
in them [165-169]. However, in recent years reduction with lithium tetrahydroaluminate is being used ever
more frequently for the isolation of glyceryl ethers [167, 170-172]. Other questions relating to the analysis
of glyceryl ethers have been considered in reviews [173, 174].

In the majority of cases, the chromotropic acid procedure (the defects of which we have discussed) is
used for the analysis of glyceryl ethers. The periodate oxidation is most frequently performed in ethanol
[175] or aqueous ethanol with the addition of other solvents [176]. Marinetti has used 90% acetic acid for
this purpose [177].

We have shown the applicability for the analysis of glyceryl ethers of a modification of the acetylace-
tone method that we have developed [89]. In this, the periodate oxidation of the preparatively isolated glyc-
eryl ether fraction was performed in aqueous isopropanol.

As can be seen from the last sections of this review, which have been devoted to the analysis of nat-
ural compounds using methods of determining formaldehyde, up to the present time the chromotropic acid
procedure has been the most widely used. However, in the near future it will probably be replaced by other
methods, especially Nash's method. This has already practically taken place in individual fields, such as
the determination of triglycerides.

We have briefly discussed a small fraction of the questions relating to the prospects for the develop-
ment of the analytical chemistry of formaldehyde. There is no doubt that this analysis is an important
problem in the chemistry of natural compounds.
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