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1, General Introduction,

The thermal degradation of starch is character¬

ised by changes within the starch molecule,and these

changes may result in the production of volatiles. Only

a small amount of work has been reported in the literature

concerning the nature of the changes which occur in the

solid, and almost none has been reported concerning the

nature of the volatiles which are produced. This thesis

is concerned with a study of the nature and mode of pro¬

duction of these volatiles.

Sections 2 and 3 contain an outline of the rele¬

vant chemistry of starch and cellulose, while the succeed¬

ing Section summarises the materials which were used in

the investigation.

A description is then given of the techniques -

mainly those of Gas-Liquid Chromatography - which were

used to establish the nature of the volatiles from the

thermal degradation of starch in an inert atmosphere. In

parallel with this, a summary is given of comparative

studies of the production of the corresponding volatiles

from the thermal degradation of compounds related to starch

i.e. glucose, maltose, isomaltose, amylose, amylopectln and

cellulose.

By carrying out the thermal degradations in vacuo,

it was possible to obtain quantitative estimates of the

amounts /



amounts of the volatiles using the same analytical

techniques. The quantitative analyses are described in

Sections 6 and 7; the measurement of the minor volatiles,

such as aldehydes, is dealt with in the former, and the

measurement of carbon monoxide, carbon dioxide, water, and

the viscous condensates is dealt with in the latter.
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2. || ng$ggg of 'nil" uhjmi5iwy gg ggyKgj apt clllul^3~.

Starch is the food reserve of most land plants.

It is a polymer formed from D-Glucopyranose residues,

although, even when purified, it may also contain

nitrogen and phosphorus. The nitrogen may be a

contaminant which originates in the proteinous

material of the starch granule. For root and tuber

starches, Pasternak (1925) showed that the phosphorus

is present in bound, esterified phosphate groupings

attached to the Cg- position of certain glucose residues
(1 in 200) in the polymer. ochoch (1942) found that

the phosphorus was associated basically with the

anylopectin fraction, and was perhaps responsible for

the low p -amylolysis limit (see below) of this fraction.

Small amounts of ester phosphate were also found in

amylose (Banks and Greenwood, 1959a).

The l~glucopyranose residues are linked together

by j*- 1:4 glycosidic bonds, in the main. There are

also a number of «■- 1:6 glycoxidic bonds present.

Schoeh (1942) fractionated starch into its two currently

accepted parts: axnylose and amylopectin. The main

features of these are set out in Table I.

. ABLE I /



TABLE I

Features of Anylose and Amylopectin.

Feature

molecular
configuration

molecular weight

Amy1os e

essentially
linear

ca 106

Amylopectin

branched molecule

ca 108

x-ray diffraction crystalline amorphous, or
weakly crystalline

p -amylolysis ca 70-80%
conversion into
maltose

ca 55% conversion
into maltose

p-amylase +
Z-enzyme

complete
hydrolysis

high molecular
weight dextrins

complex formation readily forms
complexes with
iodine and
polar sub¬
stances

very limited
complex formation
with iodine and
polar substances

solubility in
aqueous media

unstable: tends
to retrograde

stable

Amylose.

Amylose is the minor component, representing

approximately 20% of most starch samples. The only

characteristic links present in this component are the

o£-1:4 type as was shown by Llcyer and bernfeld (1040)

using raethylation studies. Meyer, Bernfeld and Wolf

(1940) deduced that the amylose molecule must be

essentially /
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essentially linear by comparing the degree of polymer¬

isation obtained from a methylation with that derived

from osmotic pressure measurements. By the action of

p -amylase, l.'eyer, Bernfeld and Hohenemler (1940)

achieved 1G0$ conversion of amylose into maltose, i.e.

the amylose had a p -limit of 100. This enzyme is

specific for < -1:4 linked, polyglucosic chains, which

it attacks in a step-wise fashion from the non-reducing

end, with liberation of maltose. Since the enzyme

action ceases if a branch point in the chain is

reached, this was thought to be further evidence for

the linear nature of the amylose molecule. Peat, Pirt

and Phelan (1352) found that pure p -amylase did not
convert amylose 100$ to maltose, so structural anomalies

must exist in the molecular chain. Ouch incomplete

conversion is found with amy loses obtained from the

total dispersion of the starch granule,p -limits of 65 -

80 being usual. Amyloses giving 100$ maltose can be

obtained by careful extraction of the granule (Cowie and

Greenwood, 1958). Peat et al (1952) thought that the

structural anomalies must be branch points in the other¬

wise linear chain, but this may not he so since Banks,

Greenwood and Thompson (1959) have shown that

artificial anomalies, such as ester phosphate groups,

also stop the action of p -amylase. Potter and Hassid

(1951) found up to three non-reducing end-groups per

molecule /
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molecule, using periodate oxidation, but these results

are doubtful since there may have been amylopectin con¬

taminant present to supply the apparent branching.

Aqueous solutions of starch are unstable, showing

precipitation. This instability is due to the amylose

fraction which tends to aggregate, and, finally, to

precipitate from solution (retrogradation). It is

thought that the amylose molecule assumes a helical

conformation in its stable form (Caesar and Gushing, 1941),

whereas in retrogradation the chains align themselves to

form crystallites, vfclch eventually grow into visible

aggregates. ^etrogradation depends on the pH and

concentration of the amylase solution, and, most import¬

antly, on the molecular weight of the amylose used.

Lansky, Kooi and Sehoch (1949) showed that the retro¬

gradation time of a series of amylose subfractions was

inversely proportional to the chain length until a

certain critical value was reached, below which the

molecules were too small to crystallise. Amylose can

only be maintained in solution in alkaline media.

In viewr of the difficulties Involved in working

with amylose in aqueous solution, estimates of the mole¬

cular weight are made by studying derivatives, particularly

those from aeetylation and raethylation. Degradation

in the fbrmation of such derivatives must be cut to a

minimum. The acetylation procedure, using pyridine as a

catalyst /
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catalyst, causes little degradation (Greenwood and Robertson,

1954), and has yielded amylose acetates with molecular
5

v/eights of the order of 10 (Greenwood, 1956). Subfraction-

ation of potato, maize and tapioca amylose was studied by

Lansky et al (1949) who found that the distribution curves

indicated that the samples consisted of a homologous

series of linear chains.

Amylopectin

Aiaylapectin is the major component of most starches,

normally amounting to 70 - 80'^. Evidence that the <*-1:6

linkages of Y/hole starch were located in the amylopectin

fraction was supplied by Montgomery, Weakley and Hilbert

(1949), who isolated isomaltose from it after enzymic

hydrolysis. Further proof of the presence of thect-l:6

linkages in amylopectin was obtained by Thompson and

Wolfrom (1951), who found Isomaltose and panose in a

partial acid hydrolysate of waxy maize amylopectin. The

<k-l:6 linkage is thought to be a branch-point between

<*-1:4 formed chains in the highly-rammified amylopeetin

structure. Periodate oxidation has been widely used to

determine the average chain lengths of various amylopectins;

the majority are between 20 and 25 glucose residues

(Greenwood, 1956; Whelan, 1958). Three possible physical

arrangements, illustrated in Figure 1, were postulated for

such /



Figure 1
possible amylopectin molecules
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such molecules • (l), that by Haworth; (2) that by Staudinger

and Husemann; and(3), that by Meyer and Bernfeld(1940).

Haworth, Hirst and Isherwood (1937) proposed the laminated

structure (1) which was consistent with the results of

methylation studies, but was not intended to be a complete

representation of the molecule {Haworth, 1947). Staudinger

and Husemann's (1937) "herring bone" structure (2) was

derived from a comparison of the viscosities of an

amylopectin and a cellulose of similar molecular weights.

Enzyme studies allowed a more accurate representation of

the amylopectin molecule. For example, Meyer ct_ al (1940)
showed that only ca 50# of the molecule was converted into

maltose by p -amylase. This dextrin was then subjected

to the action of <* -aiaylase, which degrades©* -1:6 glyeosiuie

terminal bonds, giving glucose: 7# of the original amylo¬

pectin was detected as glucose. After the attack by this

second enzyme, it was found that the still-remaining

dextrin could once more be attacked by £ -amylase, giving

10# maltose. It was argued that this incomplete hydrolysis

by p -amylase supported Meyer's structure, and showed the

inaccuracy of the Itaudinger structure. The latter would

have been freed from-1:6 bonds by the action of the

yeast enzyme, and would have therefore given a product that

would have been completely hydrolysed by p -amylase. Peat,

?/helan and Thomas (1952), by successive use of p -amylase,
and /



and B-enzyme, and Larner, Illingworth, Cori and Cori

(1952) , by successive use of phosphorylaso and amylo-l:6-

glueosidase, were also able to support structure (3).

It should be mentioned that, while the natures of

amylose and amylopeetin have been established in a

conclusive fashion, excepting points of fine structure,

it has not been established that the separation of the

two is not an artefact. The "unitary'1 concept holds

that the separation is an artefact, and that in the

plant - i.e. in the natural form - amylose and amylo-

pectin are chemically linked. The "multiple" concept

holds that the separation is not an artefact. In this

connection, it is relevant that the presence of a third

component - about 5-lOvS of the starch - intermediate in

character between amyloss and amylopeetin, has been

suggested (Lansky et al, 1949; Banks and Greenwood,

1959b).

Cellulose.

The main structural component of most land plants

Is cellulose. It is formed from D-glucopyranose

residues such as are found in starch, but it has

glycosidie linkages of the £ -1:4 form. The molecule
is thought to be linear, but, depending on the source,

may be of various lengths. The typesoc-,/? and

-cellulose refer, respectively, to samples with

decreasing /
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decreasing, unmodified chain length. Cellulose was

shown to break down to cellobiose octa-acetate when

treated with acetic anhydride containing sulphuric

acid. (Franchimont, 1899). The disaccharide was not

degraded by o£ -amylase (Skraup and KSnig, 1901) , and

so it, and by inference cellulose, must contain a

linkage of thep -configuration. Partial degradative
chemical methods were used to prove that the polymeric

linkage is in the 1:4 position (Haworth, Long and Plant,

1987), after Irvine and Hirst (1923) had shown it to be

either in the 1:4 or 1:5 position by isolating 2, 3,

6-trimethyl glucose from a hydrolysate of almost

completely methylated cotton cellulose.

Pure cellulose is insoluble in water. Although

it is soluble in acid of high concentration, the best

solutions are obtained using organic bases, or alkali,

such as ammonia, as solvent. Cellulose derivatives

dissolve in water, but they exhibit a tendency to

retrograde. For example, V.ehr (1939) found such an

effect with nitrocellulose solutions, the rate of

degradation being greater with high molecular weight

samples than with low molecular weight samples.

Calculations based on viscosity (Jtaudinger, 1932) and

ultra-centrifugation (Cvedberg and Nichols, 1927)

measurements indicated that the molecule of cellulose

has an average degree of polymerisation of 3000- 3500.

In /
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In contrast, a degree of polymerisation of 100 - 200

was found by Haworth and Maehemer (1932) using chemical

end-group assay. It is thought that this cellulose

must have been inadvertantly degraded in purification.
It

Recently, Friedberg, Brown, Henley and Ohman (1965)

have shown by light-scattering experiments that the

degree of polymerisation of natural, und©graded

cellulose may be as high as 5000.

Starch and cellulose therefore differ mainly in

that the former isot~l;4 linked and contains a percentage

of <* -1:6 linkages, *h tr«a* the latter is p -1:4 linked and

contains no 1:6 linkages.
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This section will describe:-

1. The external effects of heat on starch.

2. The internal effects of heat on starch and
cellulose.

3. The volatiles produced frofa starch and
cellulose by heat,

1. The External Effects of Heat on Starch.

Heat modifies starches into dextrins, which are

commercially valuable as pastes and adhesives. Dextrins

are manufactured by either the Dry Method (Torrification)

or the Wet Method (Badley, 1953}. In the Dry Method,

starch is heated alone or with small amounts of an

inorganic catalyst, which is generally an acid, Where

the Wet Method is used, a suspension of the starch is

enzymically treated, or is heated with a catalyst. The

Dry Method is more pertinent to this review.

In the dextrin industry, there is little exact

science; products are obtained more as the result of

craft and experience. Each manufacturing group has

its own methods of production and product classification.

This classification of the dextrin is generally made by

consideration of some of the following properties:

cold water solubility, moisture content, appearance,

smell and flavour, coloration with iodine, presence of

mineral matter (examination of residual ash), acidity

(if /
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(if acid catalyst used), solution viscosity and solution

stability. Great variations in the properties of

dextrins are caused by their differing methods of

preparation (Badley, 1936). i'or instance, Bloede (1919)

found that the water content of the starch-dependant on

pre-drying- directly influenced the amount of sugar in

the resulting dextrin. The water content of the

surrounding atmosphere also Effects the course of the

thermal breakdown of cellulose (Wiegerink)(1940).

When dextrins are dissolved in water, some give thick,

viscous pastes, whilst others give thin, mobile liquids;air-

exposure dries some such solutions quickly, and others

slowly; some retain their viscosity on storage while

others exhibit a viscosity increase, or the phenomena

of retrogradation (reversion), becoming cloudy or jasty.

As a rule, the further the conversion is carried, the

more stable is the resulting dextrin, and the less it

tends to retrograde. This retrogradation is thought

to be due to unconverted amylose.

Drastic heat treatment of starch causes the white

material to become progressively more yellow and then

brown, before giving off a viscous liquid -"laevoglucosan"

- and becoming charcoal. Dextrinisation is much more

rapid in vacuo than in air at the same temperature

(Puddington, 1948). Similar effects are found when

cellulose is heated.

Depending /
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Depending on the conditions, thermally-modified

starches, up to the stage of liquefaction, are commercially

baided together in three broad groupings 5-

A. White dextrins which are formed when starch is heated

at low temperatures (79 - 120°} for short times (3-8

hours) in. the presence of an acid catalyst.

B. Yellow dextrins which are made by heating starch to

higher temperatures (150 - 180°) for longer times (6-18

hours) in the presence of an acid catalyst. With these

conditions, after heating at 160° the starch becomes

water-soluble. (Samec and forster, 1934; Badenhuizen

and Katz, 1938).

C. British gums appear when starch is heated to

temperatures higher than those producing yellow dextrin

(150 - 220°) for longer periods (10 - 20 hours), without

an acid catalyst.

Changes in solubility, viscosity, and alkali

lability, the extent of modification increasing in the

order \irhite dextrin - yellow dextrin - British Gum, are

caused by the thermal treatment (Gapen and Hathman, 1959),

With the white dextrin, this treatment results in an

essentially hydrolytic action, and with time there is a

steady increase in solubility and decrease in viscosity.

In contrast, for the yellow dextrins, although viscosity

falls with time, the alkali lability passes through a

maximum, indicating some complex transglucosidation and

repolymerisation reactions. Although it has been

suggested /
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suggested that thtare is a rapid change in viscosity and

alkali lability {Gapen and Rathaan, 1959), there is

little comparable data in the literature for British

Gums.

In the manufacture of dextrins, when the roasting

temperature has reached about 110 - 115°, a small amount

of retained moisture comes off above the heated material.

It has bean stated that this Is followed by the sudden

emission of a oloud of steam, concurrent with a

temperature rise of about 5 - 10° in the starch (Hadley)

(1953). Dextrinisation then proceeds very rapidly.

The evolution of water in such a fashion suggests the

occurrence of exothermic anhydride formation in the

starch. This ought to be detectable by the method of

differential thermal analysis. In this technique starch

is evenly distributed through thermally inert calcinated

kaolin or alumina, and heated at a constant rate of

temperature increase. The temperature of this sample,

and that of an inert standard are compared by means of

thermocouples. These detect temperature differences,

which can be recorded, between the two samples resulting

from exothermic or endothermic reactions in the starch.

Various authors' work is summarised in Table 2.

TABLE/
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TABLE 2.

Differential Thermal Analysis Results.

Starch.
o.

rice

maize

potato

pea

maize

maize
araylopectin

maize
anylose

maltose

cellulose

Endotherms„ C. Exothorns, C,

175(3), 280(3) 32S(m)

210(3), 320(m) 510(1)

110(1), 260(S)
295(3)

130(1), 280-
310(3)

125(1), 275-
305(s)

155(1), 260(m)
290(3)

115(3)

125 (m)

180 (m)

110(1)

340 (m)

365(3), 480(m)

330-370(m),
470(m) 525(1)

410-500(1)

460-525(1)

600(S)

370(m), 540(1)

540(1)

300-500(1)

500 (m), 580(1)

400-650(1)

Reference.

Costa and Costa
(1951)

Perkins and
Mitchell (1957)

Morita (1956);
Morita (1957).

Tama (1958)

Morita and "Rice
(1955)

(3) = small, (m) = medium, (1) = large.

The agreement is poor, showing that the temperatures at which

exothermic or endothermic reactions occur in starch are not

known accurately. Even so, there seems to be no trace of the

mentioned exothermic reaction at 110-115°. This contrasts

with /
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with the finding of Tang and Neill (1965) that, for

unmodified cellulose, the Initial stage in thermal

degradations is an endothermic loss of moisture near

100°C; and of Hayarov and Nikolaev (1939) that, for

suspensions of starch in salt solutions, both gelatin-

isation and dextrinisation are endothermic. In

differential thermal analysis, the temperature recorded

for a peak depends on the heating rate, the amount of

thermally active material, the packing of the specimen

and the type of specimen holder. For example, a high

heating rate affects both peak height and width, as woll

as the apparent reaction temperature, and may cause over¬

lapping of peaksj slow rates of heating give smaller,

sharper peaks than fast rates. Methods of controlling

such variables have been proposed by KacKenzie (1957).

It has further bean suggested that a controlled atmos¬

phere is essential during such analyses of organic

material (Mackenzie and Mitchell, 1962). A simple

flow systeBi has bean described which allows this, along

with subsequent analysis of any gaseous products (Wendlandt)

(1962), Therefore the discrepancies in Table 2 may be

the result of faulty experimentation.

X-ray diffraction work has been carried out by

ICatz (1934) and by Katz and Weidinger (1939) on various

starches - potato, wheat, tapioca - that had been heated

at temperatures of 100° - 200° for 2.5 hours. Two

effects /
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effects were found: at ca 180°, the diffraction pattern

lost sharpness; whilst at 210 - 220° an entirely amorphous

structure appeared. These findings were confirmed by

Picon (1953). The temperature at which the first change

occurred is that at which changes are found in the retro-

gradation characteristics of starch. Katz, (1934)

suggested, without any experimental evidence, that an

anhydrisation reaction was occurring.

2. The Internal Effects of Heat on -torch and Cellulose.

Knecht (1930) found that reducing groups ?/ere formed

when cellulose was heated to temperatures above 140°.

This effect, along with increases in copper number values

and alkali solubility, was also observed by Fletcher and

Houston (1940). Decreases in viscosity on heating were

recorded by Lewis (1932). At a later date, Huggeberg

(1952) detected similar phenomena for starch: increasing

the heating time of pyrodextrins led to an increase and

then a decrease in reducing value, and to a decrease

followed by an increase in viscosity. It is perhaps

probable that the observations on cellulose were not

made over a long enough time interval to allow trend- reversals,

similar to those of the starch observations, to be noticed.

These results all indicate that heating causes inter-molecular

or intra-moleeular modifications in the molecules of starch

and cellulose.

At /



At moderately elevated temperatures (100°+), the

breakdown of cellulose ha3 been found to be oxygen-

dependent (Doree, 1932), The literature does not seem

to contain any information on this point with regard to

starch, other than the suggestion by Puddington (1948)

that the above-mentioned pressure effect in dextrinisation

may be due to the removal of oxygen from the system.

Graphite structures begin to appear in the

carbonaceous residues when cellulose is heated to

temperatures in the range 400-500° (Milner, Spivey and

Cobb, 1943); and, if the heating time is prolonged, poly-

nuclear aromatic systems develop (Garten and Weiss, 1957).

A. Starch,

In 1944, the first evidence for structural changes

in pyrolysed starch was obtained by Brimhall (1944), who

reported that p -amylase action gave 55$ maltose from,

starch, but only Z2$ from a British Gum. It was shown

that end-group assay, by methylation and fractionation, gave

one end —group for every twelve glucose residues in the

pyrodextrin; for corn starch the result was one end-group

per twenty-five glucose residues. Using the theory of

Iseyer and imld (1941) , it was then postulated that the

branches of the pyrodextrin must be short, about five

glucose residues each. The ferricyanide reducing value

indicated that the pyrodextrin had an average molecular

size of about 66 glucose residues. Unmodified corn starch,

the /



the amy lose and amylopectin fractions of such, amylo-

dextrin and retrograded starch were dextrinised by

the same author, who followed each conversion by

water-solubility, reducing power J p- aroylolysis, and

end-group estimation. The indications - lack of

rotrogradation, resistance to P -amylase, and the

proportion of non-reducing to reducing end-groups (2:1)

- were that the linear portions of starch became

branched during dextrinisetion. An inter-molecular

or intra-molecular rearrangement mechanism was

suggested for this process.

Since starch contains more than one poly¬

meric entity, its reaction to heat must presumably be

complex. It is simplest to work with amylose as a

model compound. This was done by Kerr and Cleveland

(1955) who dextrinised maize amylose at 175°. A fall

was detected in degree of polymerisation (235 - 54},

in viscosity (65 - 10), in p -araylolysi3 limit (95 -

15}, and in amylose content (99 - 23) over a five-hour

period. In trend these results agreed with those of

Brimhall (1944) for whole starch, Tlie measurements

of viscosity and degree of polymerisation indicated

that there was an initial hydrolysis. That this

was /
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was accompanied by a change in the linear character

of the product was shown by the decrease in the

conversion limit into maltose under the action of

p -amylase, and by the values for apparent amylose

content from the iodine staining results. The

constancy in molecular size following the initial

hydrolysis was thought to be due to transglucosidation,

i.e. the change ot -1:4 to ot -1:6 linkages (in places),

rather than to an equilibrium having been set up

between hydrops!s and repolymerisation. Periodate

oxidation results showed that, with time, there was

a progressive increase in the number of end-groups

per unit weight, but that these were not reducing end-

groups. This also suggested transglucosidation.

Commercial samples of maize and wheat dextrins

were methylated and hydrolysed by Geerdes, Lewis and

Smith (1957) and Christenson and smith (1957), the

component parts being characterised by column

chromatography. The sugars isolated from the maize

dextrin, plus their respective yields, are listed in

Table 3.
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TABLE 5.

Methylatlon Products froxa Dextriris.

Methyl
Derivative
of

Component Glucose Yield Mole Ratio

1 2,3,4,6-tetra- 16.5 35.0

2 2,3,6,-tri- 57.3 123.0

3 2,3,4,-tri 2.6 6.0

4 2,4,6,-tri- 1.2 3.0

5 2,3, -di - 6.3 14.0

6 2,6, -di 10.0 21.0

7 3,6, -di - 3.2 7.0

8 2, — 1.5 3.0

9 3, - 0.8 1.7

10 6, - 0.5 1.0

Since only 2, 3, 4, 6 tetra- P 3, 6, tri- and 2;

methyl glucose were isolated from methylated ordinary

maize starch, the complexity of products from the

pyroaextrin Indicated that a complicated new system

of branching must be created by heating. It is of

interest (below) that derivatives of 1 s6-anhydro- /I -D~

glucopyranose were not present in the hydrolysate.

Further evidence of the nature of the new

linkages formed in dextrinisation was reported by

Thompson /
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Thompson and ^olfrom. (1358), who converted amyloae by

roasting at 185 - B00°, in the absence of acid catalyst,

and then subjected the dextrin to partial acid hydrolysis.

The products of this were separated chromatographically

and characterised chemically. Maltose, isorneltose,

gentiobiose, sophorose and l;6-anhydro-j»-D-glucopyranose

were isolated as their acetates. This evidence showed

that fC -1:4, ot~l;5, p -1:6, and «C -1:2 linkages were

present in the dextrin, although the original anylose

chain consisted entirely of linked mononcrs.

Also, this was the first demonstration of the existence

of l:6-anhydro- £ -D-glucopyranose groups in a dextrin.

These groups necessarily form chain terminals. The

reaction was accompanied by very little liberation of

water, and by little change in reducing power,

suggesting, that hydrolysis was unimportant in dextrin-

isation. A reaction scheme was postulated in which

attack of a Cg-hydroxyl group on the •< -1:4 linkage

(of C^) gave an <^-1:6 anhydro end-group without

dehydration. Attack of a neighbouring Cg-hydroxyl

on the *£-1:4 linkage to give a 1:0 linkage without

branching, and attack by another secondary hydroxy1

to give a 1:6 linkage with branching were also postulated.

Elaboration /
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Elaboration of this scheme was possible after further

work by Wolfram, Thompson and Ward (1961), in which

pyrodextrins were made from amylose both in the presence,

and in the absence of acid catalysts. Measurements

wore taken of the copper reducing number, the acidity,

the periodate uptake, and the amount of formic acid

liberated by periodate oxidation, from samples which

had been heated between 100-200°, With the acid-

catalysed samples, maxim were found in the reducing

number versus temperature, and in the periodate oxidation

versus temperature curves, indicating the occurrence

of two opposing reactions,. Any scission (1, Figure 2}

or transglucosidation reaction (2 and 3, Figure 2)

would form raore ond-groups, and result in an increase

both in periodate uptake and in formic acid liberation.

In the parts of the curve subsequent to the change in

trend, the molar loss in reducing power was less than

the molar loss in periodate uptake, suggesting that

recombination was occurring through 1:6-anhydro-p -D-

glucopyranose end-groups (2, Figure 3) as well as

through reversion reactions (1, Figure 3), Also, in

the case of the dry, unacidified starch, it was

postulated that the hydrolysis reversion mechanism

plays a minor role, and that linkages are altered by

first degradation to lj&-anhydra-P-D-glucopyranose

end-groups, followed by reaction of the end-group with

a hydroxy1 group (2, Figure 5).

B. /
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B. Cellulose.

Chemical investigations of the nature of modified

cellulose, parallel to those on starch dextrins, do not

seem tc have been carried out. In the presence of air,

aldehyde groups were found to dovelope slowly in dry

cellulose at 150°. (Walker, Bass and Boseveare, 1948).

The results showed a development of ca_ three equivalents
of aldehyde per thousand glucose units in twenty-four

hours. Higgins (1958) heated dry cellulose in air,

at temperatures between 150 and 250°, for periods up

to thirty hours, and monitored the production of

functional groups by means of infra-red spectoscopy.

The formation of carbonyl groups with time, coupled

with their greatly decreased formation under vacuum

conditions, indicated the oxidative nature of the

initial stages of thermal degradation. Complete

destruction of the carbohydrate spectrum showed that

the reaction quickly penetrated the crystalline regions

of the cellulose. It appeared that a relatively

stable structure, in which carbonyl groups had largely

replaced aldehyde groups, developed after twelve hours

heating. A decline in the number of carbon-hydrogen

linkages and of hydroxyl groupings, and changes in

the colour and elementary composition of the material,

along with changes in the distribution of carbonyl

stretching bands were noticed. These last facts were

consistent /
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consistent with the development of non-aromatic, but

somewhat unsaturated cyclic structures. By heating

samples of cellulose in a vacuum (10** mm* Hg) 'to

temperatures of 305°, Golova, Krylova ana Ifiteolaeva

(1959) caused decomposition which they measured at 10,

SO, 40, 90 and 300 minute intervals, In these, the

decomposition was shown to be St4, 10, 30, 50 and 80%

complete, respectively, by means of measurements of

the cellulose viscosity and degree of polymerisation

and of its content of carboxyl groups and carbonyl

groups. It was deduced that dehydration and carbon¬

isation were the main reactions occurring in the process,

in the initial 10% and final 50-60% of the decomposition.

Dehydration was more pronounced in the latter stages,

and was accompanied by the formation of l:6-anhydro-P -D-

glucopyranose. Golova and Krylova (1957b) had

previously analysed the products of cellulose decompos¬

ition for the presence of this monomer. A sudden

increase in the amounts present had been found after

the degree of polymerisation of the polymer had fallen

to 200. It had been deduced that instantaneous

depolymerisation had occurred at this point.

1:6 anhydro- 1* -D-glucopyraaooe is the ultimate

saccharide product of the thermal break-down of both

starch and cellulose (Pietet and Sarasin, 1918);

Zemplen /



XI

Zemplen and Gereos, 1931). Originally the production

of 1:6-anhydro- p-D-glueopyranose from these polymers

was thought to prove the presence of this moiety in the

original polymers (Pictet, 1920). Irvine and Oldham

(1921) refuted this, and postulated that, in the course

of dry distillations of these polymers, acids are

produced in considerable quantity with the consequent

formation of glucose, whose J? -form then undergoes

dehydration, and subsequent distillation as l:6-anhydro-jj
-D-glucopyranose. The production of this anhydride

from cellulose and starch was said' to be adventitious.

This may perhaps be supported by the observation of

Golova et aJL (1959) that the main dehydration of

cellulose is accompanied by the formation of l:6-anhydro-

f -D~Slucopyranose. Golova, ralchomov, Andrievskaya and

Krylova (1957a) found that, under vacuum, dry distillation

of equal samples of p lucose and cellulose yielded,

respectively, six parts and sixty parts 1:6-anydro-p -D-

glucopyranose. They further discovered that the

addition of 20> glucose to the cellulose cut the yield

of l:6-anhydro- ft -D-glucopyranose to thirty parts.

Similarly, pure cellobiose gave four parts, while this

material, mixed with cellulose to give a degree of

polymerisation of 150-1,000, gave sixty parts 1:6-

anhydro-p -D-glucopyranose. These results, together

with the observation of Thompson and Wolfrom (1358) on

the /



the thermal liberation of water from starch, are

evidence against the outlined mechanism of Irvine

aid Oldham (1921), which would seem to predict the

production of similar amounts of 1:C-anhydro-p -D-

glucopyranose from both glucose and cellulose; the
o

fact that glucose decomposes suddenly at 140

(Cerniani, 1951) may have some bearing on this point.

Golova et cl (1957a) postulated an alternative

reaction pathway. They suggested that in the isomer-

isation of the cellulose structure, the hydrogen atom

of the hydroxyl group at migrates to the position

oxygen atom, and the anci Cq atoms then unite through
an anhydride bridge (Figure 4), yielding a five-

membered or seven-membered ring, with the preservation

of the six-menbered ring already present in the monomerle

unit. This might occur simultaneously in the chain, or

in a step-wise fashion from the end of the chain.

Golova et a_l (1957a) also suggested that the lowering
of the yield of 1;6-anhydro- p -D-glucopyranose from cellulose,

by the addition of? -D»glucose, might be caused by the

hindering action of active glucose fragments on the

isomer!sation of chain segments. Further, it is

possible that the glucose fragments block the radical

centre whose formation would be the first step In the

production of the 1:6-anhydro--D-glucopyranose unit.

This centre would arise frofa cleavage of the cellulose

chain /



chain at an p -1:4 linkage. Finally, it was

postulated that, in the regions of cellulose in

which the chains are closely packed, the formation

of l:S-anhydro-p -D-glucopyranos© might predominate,
and dehydration and hydrolysis might perhaps play a

minor role. P&khomov (1957) also envisaged a

radical mechanism, involving initial rupture at the

p -1:4 linkage, for the thermal degradation of cellulose.

From the presence of l:6-anhydro~ -D-glucopyranose in

the final products, Parks, Estene, Gollis, Geurcia and

Petrarca (1955) suggested that the initial step in

the pyrolysis of cellulose is chain rupture, with

the formation of a l:6-anhyoro-p -D-glueopyranose

residue ond-group, Dome such mechanism may operate

and so account for the sudden drop, followed by a slow

drop, found in the degree of polymerisation by Golova

et al (1959), The former was ascribed to the breaking

of p-1:4 linkages in the middle of the molecule - i.e.

an initial rupture, perhaps as predicted by Parks et al

(1955) - and the latter to an end-wise scission of the

chains. It is apparent that the theories for the

mechanism of thermal break-down in starch (Thompson and

'volfrom, 1958) and in cellulose (Golova et al, 1957a)

are essentially the same. r.eCloskey and Coleman (1945)

have demonstrated the formation of l:G-anhydro- Jf -D-gluco-

pyranose from phenyl-£ -D-glucoside via the intermediate
1:2/



10

l;2-anhydro- ji -b-glucopj/ranose, but this two-stage
mechanism may or may not have some bearing on the

pyrolysis of these polymers since it was affected in

an alkaline medium. (Figure 5).

The fact that the first major breakdown of these

polysaccharides seems to occur in a carbon-oxygen bond,

rather than a carbon-carbon bond fits the finding of

Madorslcy, Hart and ttrauss (1956) , that polyethylene, oxide

has a lower thermal stability, and a lower activation

energy of thermal degradation than polyethylene. The

greater stability of 1:6 linkages (Moelwyn-Hughes,

1929; Wo1from, Lassettre and O'Neill, 1951) is

reflected In their formation from the ends of broken

1:4 linkages.

Thermal Polymerisation of I;S-anliydro-B -5-
glucopy.rariose.

Pietet and Sarasin (1918) found that, on heating

l;S~anhydro-p -D-glucopyranose for half and hour at
240°, the clear liquid became opaque. Cooling

produced an amorphous mass, whose molecular weight,

from cryscopic measurements, corresponded to the

formula (cQ%o°g)4* 0n hydrolysis with sulphuric
acid, the mas3 yielded glucose; and with oxalic acid

it yielded a biose. Wolfrom, Thompson and Ward

(1959) applied modern chemical analysis to this polymer.

After hydrolysis, they found gentloblose, isomnltose,maltose,

cellobiose, sophoroso and l:6-anhydro- j} -D-glucopyranose,
which /



Figure 5

anhydridisation via 1.2-intermediate (schematic)

ch20h

/ Y_R_
ch20h

v\
Ct?2-0

R=phenyl group or (possibly}
polysaccharide chain

Figure s

pyrolysis apparatus

b



l\

which established the presence of 1:5- p -D-, 1:6-<*-d-,

1:4- °c-D-, 1:4-p -D~, and h2-~< -U linkages, along with

l:6-anhydro-J3-D-glueopyronoso In the polymeric mass.

Further work (Wolfram, Thompson, Ward, Ilorton and Moore,

1981) characterised disacchuride and triseccliaride

portions of these thermal polymers; 1:8 anhydromaltose,

1:6 anhydro cellobiose, l:6-anhydrokojibiose, 1:6

anhydrosophorose and three anhydro tr isac char ides were

found. Periodate oxidation and light scattering

experiments showed the presence in these polymers of

species which had a repeating sequence of twenty

glucose residues, and molecular weights from 20,000 to

50,000 with a few as high as 300,000 (J. da Carvalho,

W4 Prins and G. Schuerch, 1959). It therefore seems

possible that, in the formation of pyrodextrins from

starch and cellulose, 1:6-anhydro-£ -D-glucopyranose
end-groups may indeed be the motivators of the new

branch plants.

3.
__ The Yolatiles Produced from dtayeh and Cellulose

by Heat.

Starch and cellulose evolve water of hydration

over an extended range of temperature and pressure.

At atmospheric pressure, when the temperature is just

above 100°, both polysaccharides react and give off

water above the previous level of loss. For cellulose

this /
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this reaction is endothermic {Tang and TTeill, 1963);

it Is probably also endothermlc for starch (see Table 2).

Puddington (1948) measured the emission of carbon

monoxide, carbon dioxide and water from starch in

the temperature range 180-210°, while similar measure¬

ments for cellulose were made by Murphy (1962) between

160-190°» Picon (1953) noted that at a heating

temperature of 245°, there was a rise in the average

production rate of carbon monoxide, carbon dioxide and

water from starch; and that at 260° yellowish vapours

were given off. Similar vapours are given off, in an
o

exothermic reaction, by cellulose at 270 (Heuser, 1946).

The production of these vapours, from both polysaccharides,

was first reported by Pictet and Sarasin (1918). From

either source, as mentioned previously, they found that

they consisted of 1: G-anhydro-g -D-glueopyranose, Pictet
and Sarasin (1918) also showed that the same anhydro-

glucosc resulted from the dry distillation of glucose

and maltose. More recently, Diramler, Davis and Hilbert,

(1946) further isolated l:6-anhydro- p -D-glucofuranose
from the products of starch pyrolysis. The ratio of the

two anhydrides in products from such pyrolyses was found

to be 2:1, with the pyranoae form in excess (Wolff, Olds

and Hilbert, 1952). Cellulose pyrolysis also yields

the furaaose form of the anhydride in addition to the

pyranose form (Holmes and Shaw, 1961).

The /



The appearance at about 260-270°, of 1:6 anhydro-p
-D-glucose (both forms) seems to indicate the occurrence

of a major breakdown in the polysaccharide molecule, since

thermogravimetric experiments on cellulose showed a sudden

weight loss in this temperature range (Tang and Neill,

1963) (Hofmann, Ostrowski, TJrbanski and Witanowski, 1960),

Madorsky, et al (1956) showed, by mass-spectroscopy,

that a material of molecular weight 144 was produced

from cellulose at a temperature of 240°. It is striking

that this molecular weight is that of compounds which

would be obtained by the abstraction of one molecule

of water from each molecule of l:6-anhydro-JS -D-glucose.
Thermal destruction of cellulose yields less 1:6-

anbydro- |J-D-glucose when affected under atmospheric

pressure- - about 12$ by weight - than when affected

under vacuum - about 40$ (Venn, 1924}. These results

agreed with those of Pietet and Sarasin {1918), who

suggested that l:6-anhydro- (* -D-glucose was an inter¬

mediate in the degradation of cellulose and starch,

since both the anhydride and the polymers yield the

same smaller molecules when heated at atmospheric pressure.

The increase in the amounts of 1:6-anhydro- jt -D-glucose

in the products from experiments dono in vacuo, is

presumably due to its increased volatility under such

conditions, and therefore to its removal from the source

of beat by distillation. Such removal would result in

a /
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a higher rate of weight loss from a polymer under

vacuum pyrolysis, than under pyrolysis et atmospheric

pressure. This effect was noticed for cellulose by

Hofmann.et al (I960).

Starch and cellulose are thought to produce

minor products on pyrolysis, For example, the presence

of acids, aldehydes and furfural among the products

from dry distillation of starch and cellulose was

suggested by Pietet (1920), while harasin (1918)

mentioned furans, and Erdmann and. OchSfer (1910)

formaldehyde from dry distillation of cellulose. The

production of these compounds seems to depend quite

essentially on the heating conditions (Heuser, 1946).

Venn (1924) discovered that the yield of 1:6-

anhydro- R -D-glucose from raw cotton was nil, under

the same conditions which gave a 28£ yield from the

same cotton after extraction. This was thought to

be due to inorganic matter in the unextracted material.

I/'adorsky, et al (1956) demonstrated that admixing of

sodium chloride or sodium carbonate with cellulose

produced the same phenomenon, with resultingly increased

yields of carbon monoxide, carbon dioxide and water.

In the burning of celluloeic material, the substance

which is the seat of flaming combustion is the produced

1:S-anhydro- |2 -9-glueose (Tang and Neill, 1963).
Holmes and Shaw (1961) investigated the effect of

commercial /



commercial flame retardants, such as sodium metaranadate

(HaYO ) , and found a direct correlation between the
3

amounts of 1:6-anhydro-J* -1-glucose produced from
celluloses on thermal degradation and their inflammability.

Mixtures of salts with 1:6-anhydro- j? -i>-glueose and

with cotton gave similar pyrolysis products. Since

the yields of 1:6-anhydro-p -h-glucose fall when salts

arc present, it seems that such salts must destroy

glucosic rings rather than glyeoaidic linkages in

polysaccharide pyrolysis (Golova, hppstein and

Durynina, 1961).

Iladorsky, et al (1956) showed that the chars

remaining after the apparent termination of a vacuum

pyrolysis of cellulose at 200° would still give off

gas, by heating them, in a quartz tube, under vacuum

to 1,000°. A loss in weight of about 50# was

found.
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4. Materials Used in these Investigations.

A. Chromatographic System.
1. Hydrogen; B.O.C* cylinder; dried by passage

over calcium chloride and Linde sieve.

2. "Oxygen-free nitrogen*; B.O.C. cylinder;

similarly dried.

3. Celite; 60 - 80 mesh; Gas Chromatography, Ltd,

This material was coated with the appropriate liquid-

phase for Gas-Liquid Chromatography by immersion, with

stirring, in a solution of that phase.

4. Teflon-"fluoropak F"; F & M Scientific Corpor¬

ation.

5. Linde sieve - sodium aluminium silicate;

"Molecular Sieve 5X", B.D.H, laboratory reagent.

6. Polyethylene glycol 400; B.D.H. laboratory

reagent.

7. p , p -Bis-propionitrile ether; M & B
laboratory chemicals.

8. Squalane; B.D.H, laboratory reagent.

9. Dinonyl phthalate; Griffin and George, Ltd.

10. Silicone elastomer; E301, Griffin and George,
Ltd.

11. Tricresyl phosphate; B.D.H* technical re¬

agent.

12. Butane diol polyester succinate; B.D.H. lab¬

oratory reagent.

B /
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B. Chromatographic Standards,

These were commercial laboratory reagents

(B.D.H. or Light*s) except 2-methyl furan, 2,5-dimethyl

furan, glyoxal, water, carbon dioxide and carbon monoxide.

B.D.H. analar acetone was used for calibration (sec

Section 6).

2-fcethyl furan was kindly supplied by Dr. D. Leaver.

2,5-Dimethyl furan " " " n " «

Glyoxal was made from glyoxal monohydrate by distilling

it with phosphorus pentoxide. A yellow solid, ia.p.

112° - 113° was obtained (theoretical m.p. * 115°)
Water was redistilled and degassed (in vacuo)

Carbon Dioxide was I.C.I. "drikold", degassed and re¬

distilled (in vacuo)

Carbon Monoxide. Becrystallised formic acid, then

analar sulphuric acid were condensed at -192°, degassed

several times in vacuo (using the apparatus of Section 7)

and allowed to attain ambient temperature, when carbon

monoxide was formed. This gas, maintained pure by

passing it through a trap at -192°, was immediately put

into a storage bulb of the apparatus.

C« Compounds pyrolysed.

1. Gtarch.

Isolation and Purification.

Potatoes (var. "Pentland Crown") were thickly

peeled, sliced and then minced into 0.1M. mercuric

chloride solution (to inhibit enzyme action). After

extraction /
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extraction with this mercuric chloride solution for 2

minutes in an "Automix" blender, the pulp was filtered

through mu3lin and the filtrate immediately eentrifuged.

The supernatant liquid was discarded and the starch

washed by repeated sedimentation in 0, HI sodium chloride

solution. The residual pulp was extracted three times

with saline in the blender. After sedimentation, the

crude starch products were combined, suspended in

saline and shaken overnight with toluene (0.1 by volume)

to denature the protein present (Greenwood and Robertson,

1954). The starch was allowed to settle, and the

toluene layer, containing protein, discarded. The

process was repeated and the resultant pure starch

stored in 0.01M. sodium chloride solution under toluene

at 0°,

2. Amylose and Amylopectin.
This fractionation of starch was achieved

by aqueous dispersion, Water was heated to boiling,

under nitrogen, and a starch slurry sufficient to give

a ca. 0,5$ solution added. After boiling for 1 hour.,

the solution was allowed to cool to 60° when powdered

thymol (lgm,/litre of solution) was added. The

solution was held at the ambient temperature for 72

hours, then the aroylose-thymol complex was removed in

the "Sharpies" supercentrifuge and re-crystallised 3

times from a hot n-butanol solution. The supernatant

liquid /



liquid obtained after removal of the thymol complex was

extracted with ether to remove excess thymol. Nitrogen

was bubbled through the amylopectin-containing, aqueous

layer to take off residual ether, then the amylopeetin

was precipitated by addition of ethanol,

3. Cellulose

Finely-divided Whatman No. 1 chromatographic

paper was used.

4. llaltotriose

This was kindly supplied by Dr. W.J. Whelan.

5. l3omaltose

This was kindly supplied by Dr* D.H. Hutson.

6. Maltose

B.D.H. laboratory reagent maltose was used.

7. Glucose

This was the B.D.H. anhydrous form.

8• Jute Hemicellulose

This was kindly supplied by Dr. G.O. Aspinall.

9. Sodium Alginate

This was kindly supplied by Dr. D.A. Bees. To

obtain the parent acid, excess hydrochloric acid was

added to an aqueous solution of this salt and the result¬

ant white, gelatinous precipitate (the acid) filtered

off, washed free of sodium chloride, using water, and

freese-dried.

D. ?re-Drying of Samples.

For the purpose of this work, a starting

material /
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material was necessary which had a constant water

content for each succeeding analysis. This condition

could best be achieved by pre-drying the material.

Drying of starch is a complicated process

which may be attempted using either a conventional oven

or an apparatus employing infra-red radiation. The

process is complicated because of the various ways in

which water is bound by starch. Using infra-red heat¬

ing, Ulmann (1956) showed that potato starch suffered

a slow reduction in weight due to the loss of bound

or absorbed water. Such dehydration was characterised

by discontinuities, exhibiting a step-wise increase in

vapour pressure. At least four kinds of bound water,

which were removed successively by the heating, were

found in this starch. Ulmann and Schierbaun (1958)

similarly heated potato starch containing "77$" water,

and were able to show discontinuities at 35$ and 10$

of this water content. The water content of less

than 10$ was taken as water of "constitution", that

between 10$ and 35$ as absorbed water, and that above

35$ as capillary water. These three bands compare

with three of 0$ to 3$, 3$ to 40$, and above 40$,
which were found by Eamiyoshi and Uipoche (1960).

Schierbaum (1960) also mentioned absorbed and capillary

water, but reported that the transition between them,

shown by tensimetric studies, occurred at about 20$
water /



water content.

Higher values of moisture-content were shown

to be produced by drying using infra-red radiation than

by oven-drying (Sehierbaum and Ulmann, 1957); and it

was found that even at 100°, in air, starch underwent

gradual decomposition without loosing all of its bound

water. Ho sharp dividing line was found betireen

absorbed water and water of "constitution". Schierbaum

and Taufel (1963) further substantiated this finding,

and reported that cellulose absorbed water in a similar

fashion.

In this work, starch samples were dried under

relatively mild, arbitrary conditions (see appropriate

Experimental sections). These were so chosen because

of tbe suggestion that starch may decompose even at

100°, and because of the general lack of agreement in

the above results. Compounds related to starch were

dried in an identical fashion.
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5. QUALITATIVE IDENTIFICATION OF THE VQLATILES
TH ■ • l~°p: Y.'IS jj1

■TAUCH AM) RELATED COMPOUNDS.

1. Introduction.

A description of the products from the thermal

degradation of a polymer is necessary to understand the

mechanisms involved. At the elevated temperatures

characteristic of such decomposition in starch and

related compounds, the processes may possibly become

extremely complex due to intra-molecular rearrangements

and the occurrence of secondary reactions between primary

degradation products. As previously mentioned, these

processes ultimately yield carbon monoxide, carbon di¬

oxide and water Y/ith, it is thought, traces of other small

molecular weight compounds. This section is concerned

with the identification of these trace compounds, using

the techniques of gas chromatography in the main.

The basis of qualitative analysis in gas chrom¬

atography is a comparison of the retention volumes (or

retention times) of known compounds with those of the

unknown. When operating variables are maintained constant,

the retention volume is characteristic of a compound.

The observed retention volume is influenced by, (a) changes

in the column temperature; (b) the kind of carrier gas and

its flow rate; (c) the composition and nature of the column

packing and liquid phase; (d) the length of the column;

and to a lesser extent (e) the size of the sample. Since

it /
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it is difficult to prepare two columns with identical

characteristics, direct comparison of retention volumes

must be made on the same column* James and Martin (1952)

suggested the use of relative retention volume as a means

of eliminating some of the variables in the comparison of

retention volumes. The relative retention volume of a

specific compound is defined as the ratio of the retention

volume of the compound to that of a known compound for the

same column and conditions. This relative retention

volume is independent of column length and flow rate and

the ratio of the liquid phase to the inert support, but is

dependent on the column temperature and the nature of the

liquid phase (as used in Gas-Liquid Chromatography).

Several substances may have identical relative retention

volumes on a single column and positive identification of

such a substance cannot usually be made from retention

data measured on a single column if no prior knowledge of

the sample is available. Relative retention volumes

measured on two columns bearing differing liquid phases

were therefore used to characterise the trace compounds

from the pyrolysis of starch and various related materials.

These compounds were necessarily present in only trace

amounts since, before the inception of gas chromatography,

their presence had only been suspected (Pictet, 1920).

2 /
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2. Experimental Methods.

Anparat us.

Tho Pyrex glass apparatus which was used is

illustrated in Figure 6. The furnace (which was carefully-

cleaned for each run) consisted of a tube, A, wound for

half its length with heating tape. Temperatures at the

middle of the furnace were measured by means of the thermo¬

meter well, B. Pyrolysis products were trapped out at -192°
in a U-trap, C, and were then analysed by differential Gas-

Liquid Chromatography. The products were introduced onto

one column, B, as described below, whilst another reference

stream of carrier gas was passed through a second, identical

column, E. The two gas streams were then simultaneously-

analysed by a conventional katharometer, F, and the changes

in katharometer filament resistance shown on a high speed

potentiometric recorder, G. The needle valve, H, equilibr¬

ated the carrier gas flow rate through the two columns,

which were situated in a thermostated water jacket. The

flow rate was measured using a simple soap-bubble flow meter

(Knox, 1962),

Procedure.

The material to be pyrolysed (200-400 mgm; pre-

dried in vacuo at 70° for 4 hours) was weighed into a

platinum boat, I, which was placed in the unheated extension

of the furnace, J. Thirty minutes were allowed for the

pre-dried nitrogen stream (50ml.minute), passing through

the furnace, to degas the sample. Using the plunger, Kt

the /
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the boat was then pushed into the furnace which had been

pre-heated to 300°. Heating was continued for fifteen

minutes, during which time the condensable pyrolysis

products were removed from the furnace to the U-trap, C,

by the nitrogen stream. By means of the two-way taps,

the trap was then switched into the carrier gas stream

to the column, D. The condensates were immediately

volatilised by heating the trap to 70°, with water, for

two minutes. After this time, the trap was switched out

of the gas flow stream to the column. This stream

continued to flow via the capillary by-pass fitted to the

trap.

Analysis of Condensable Volatiles.

The major part of this was done by Gas-Liquid

Chromatography. The experimental details of the

chromatographic system are outlined in Table 4, and the

various column stationary (liquid) phases investigated

are shown in Table 5.

(Tables 4 and 5 appear on following pages)



TABLE 4.

Conditions for Gas/Liquid Chromatography.

Column Single-U-; Pyrex glass tubing, 4mm.

internal diameter; lengths 90cm,

150cm, and 320cm.

60 - 80 mesh celite.Support

Stationary phase

Column temperature

Carrier gas

Gas flow rate

Detector

Bridge current

Recorder

Chart speed

10$ weight/weight of Celite (see
Table 5),

25°C

Nitrogen (better compound resolution

than Hydrogen).

Column 90cm a 75ml/mln.
150cm « 50ml/min.
320cm as 25ml/min,

MGow-Macrt katharometer, type NHL, at
18°.
150m, A In nitrogen carrier gas; 250m.

A in Hydrogen carrier gas.

"Sunvic" high-speed potentiometric,

type 10 3*

60 inches/hr.
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TABLE
5.

Column

Stationary
Phases

Investigated.

Phase

Composition

Polyethylene
glycol

400:Dibutyl
phthalste

1:6

Polyethylene
glycol

400:Dibutyl
phthalate

1:4

Polyethylene
glycol

40Q:Dibutyl
phthalate

1:2

Polyethylene
glycol

40Q:Dibutyl
phthalate

1:1

Polyethylene
glycol

400:Dit>utyl
phthalate

3:1

Polyethylene
glycol

4G0:Dibutyl
phthalate

6:1

Polyethylene
glycol

400:Dlbutyl
phthalate

9:1

Tricresyl
phosphate

-

Squalane

-

p,p~3is~proplonitrile
ether

-

Penta-erythritol
tetrahis-B-cyanoethyl

ether
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Aldehydes, Ketones and Fnrans.

Relative retention volumes, R, of aldehydes {excluding

formaldehyde), ketones and furans were determined on columns 7 and

10 (Table 5), R being defined as

ft = (TCo2 " ^'unknown^ / ^cog ~ ^(CH3)g®0^
where the retention times of the carbon dioxide peak, the unknown

peak and the acetone peak were TC02, T unknown end ^{CBz)2co*
respectively. This form was used since the carbon dioxide peak was

effectively the start of the recorded trace. The identifications of

the acetone and carbon dioxide peaks on traces from pyrolysis condens¬

ates were made using the 320cm. columns (Table 4). A quantity of the

appropriate gas was introduced into the trapped condensates which were

then chromatographed; the position of the appropriate gas was shown by

that of a peak of outstanding siae. That this standardised compound

had originally been present in the condensates was shown by the equal

numbers of peaks on standardised and unstandardised traces. It was

also demonstrated that the absolute retention times of acetone and

carbon dioxide equalled those of the marked peaks within experimental

error. Identifications of the other compounds in the condensates were

made from comparisons of standard and unknown relative retention volumes.

In a homologous series, the logarithm of the retention times of

the members is linear with increasing carbon chain length (James and

Martin, 1952). This means, that the higher the boiling point of a

compound the longer will it be retained on a given column, and the

more will it tend to diffuse in the carrier gas. Such diffuse

compounds are difficult to detect. To counter this diffusion it is

desirable /



desirable that the retention tiaa of a compound be kept

to the ainlR.ua at which resolution of the various compounds

present can be achieved. Column temperature increase or

column length decrease produce a decrease in compound

retention times, The us© of single column lengths of

both liquid phases at various temperatures for this work

was decided against in favour of the use of a rang© of

column lengths at the sane temperature, because column

lengths were found to be more easily reproducible than

thcriaostated column temperatures. Also, relative retention

volumes are dependant on column temperature, but not on

column length; measurements made on traces from one column

were applicable to traces made from any other column of the

same liquid phase only under isothermal conditions,

Therefore, all analyses in this work were carried through

under iaoiaermi conditions, ^si rug the three column lengths

in Table 4 to facilitate the Investigation of different

sections of the chromatographic spectrum.

Alcohols.

'satisfactory resolution of standard methanol

samples from the aldehydes, 'ketones and furan® in the

pyrolysatos was achieved using a 300ca. length of

XOjS w/w squolane liquid phase celite column in series

with a 120cm. length of column 7 (Table 5), with hydrogen

carrier gas* Relative retention volumes for this

combined column were calculated using the relationship



where the retention times of the furan peak, the unknown

peak and the 2-methyl furan peak were Ijyj , ^unknown 011(3
Tij—n respectively. These furans were conveniently

onC.H3
identified by their known outstanding size and by the

above-described labeling technique. In contrast to the

case with the aldehydes etc. it found that satisfactory

traces, from standard samples of methanol plus the two

furans, could only be obtained when the trapped sample was

volatilised with boiling water. Therefore boiling water

was used to volatilise condensed pyrolysates when the

presence of methanol was being investigated.

Sthanol and propanol standards were readily

resolved from the aldehydes, etc. by column 10 (Table 5).

Fatty Acids.

Columns bearing various liquid phases were

unsuccessfully tried in an attempt to find one which would

allow the elution and separation of standard acid samples.

Those phases included:-

(a) polyethylene glycol 400 (Smith, 1959).

(b) a mixture of stearic acid, silicone oil B.C.550,
and phosphoric acid, 2:18;1, w/w, 50$ of celite
weight (James and Martin, 1952).

(c) tricrasyl phosphate - which separates , oC-dimethyl
acids (Baeyer, 1961).

(d) squalane.

(e) silicone elastomer.

This range of phases was tried since it covers the

variation in phase type from the highly selective polar

type /
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type (polyethylene glycol 400}, which allows the elution

of chemical compounds on a polar basis, to the non¬

selective, non-polar type (silicone elastomer) which

allows the elution of chemical compounds in the order of

their boiling points. It was hoped that the properties

of one of these five phases might enable acids to be

chromatographed.

■Resolution of standard acids, other than formic,

was achieved using the following column, (Hunter,

Ortegren and Pence, 1960):-

Size: 150 cm. x 4 mm.;

Liquid phase: butancdiol polyester succinate; 150$ w/w
on celite;

Temperature: 130° for column and icatharometer;

Carrier gas: nitrogen; 100 ml/minute flow rate.

Standard acid samples could only be readily

detected from this column when sample vaporisation was

made using boiling water.

Samples of formic acid were not detected,

agreeing with published data (3aoyer, 1961).

Ssters.

25 ml. aqueous solutions of the condensates from

pyrolysss of 500mg. samples of material were esterified

by refluxing for one hour with 3 ml. methanol and 0.05 ml,

sulphuric acid. The resultant vapour from this mixture

was examined using columns 7 and 10 (Table 5}.

Formaldehyde.



condensates for the presence of formaldehyde was not

possible since this compound cannot be analysed by this

technique using conventional experimental methods. It

is probable that formaldehyde is polymerised by the

heating required to volatilise trapped samples.

The most widely used test for formaldehyde was

employed (Sen and t'est, 1956) : five parts of a 1$

sulphuric acid solution of chromotropic acid and one part

of an aqueous solution of the condensates from pyrolyses

of 500 mg. material samples were mixed. A volume of

concentrated sulphuric acid in excess of 86$ was immediately

added to this mixture. when formaldehyde is present this

last solution has a deep violet colour.

Furfural.

An attempt was made to analyse the pyrolysates

for this compound by Gas-Liquid Chromatography, Since

the compound has a high boiling point (162°), the leads

from the furnace vessel to the trap, the leads from the

trap to the column, the column and the katharometer were

all heated to 95° using electrical heating tape. 95°
was the highest temperature at which column 7 (Table 5)

could be operated without decomposing. hamples were

vaporized from the trap using a glycerol bath at 120°.
Under these conditions, fractions of standard furfural

could not be detected using 90 cm. lengths of either

column 7 (Table 5) or a column of 10$ w/w dinonyl phthalate

on celite.

Colorimetric /
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Colorimetric analysis for furfural, based on the

method of Lampitt, Hughes and Trace (1927), wa3 used. An

aqueous solution of furfural gives a scarlet colour in the

alcohol layer when shaken with a mixture of aniline in

acetic acid and amyl alcohol. 1$ aqueous acetic acid

extracts of the furnace pyrolysis exudates (viscous con¬

densate) were so shaken.

Viscous Condensate.

This appeared on the exit leads of the furnace

vessel during pyrolyses. It v;as dissolved in aqueous

methanol and chromatographed on Whatman Ho. 1 paper

(solvent:4:1:5, v/v, butanol-ethano1-waterj 18 hours at

10°). Five minutes after treatment with an aqueous

solution of sodium periodate (2>S), the paper was developed

with an aqueous solution of potassium permanganate (1$)
and sodium carbonate (3$>) (Holmes and Shaw, 1961), An

authentic sample of 1,6-anhydro- -D-glucopyranose (in.p.

181-163°j = ~S7°in water) was used as a reference

sugar.

Analysis of Non-condenaable volatilea.

Samples of the permanent gases produced during

pyrolysis were obtained by physically enclosing them within

the trap, using the taps, and then switching them into

the column flow stream as before. Analysis was achieved

using Gas-Solid Chromatography rather than Gas Liquid

Chromatography since columns employing the latter type

do not resolve mixtures of such gases. Columns of

silica gel /
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silica gel and B.D.H. activated charcoal (Knox, 1962)

were found to be of little use. The analysis was made

using hydrogen carrier gas (50ml./minute) and a 90 cm.

length of Linde sieve column at 25° (Kyryacos and Boord,

1957).

5. Besults.

Selection of Suitable Chromatographic Columns.

The resolutions of the pyrolysate components

achieved, on columns bearing the liquid phases listed in

Table 5, were investigated. The number of peaks resolved

by each column under optimum conditions vras employed as

a criterion of column suitability for such an analysis.

Table 5 shows the numbers of peaks resolved by the columns.

The liquid phases listed are the usual one for the separ¬

ation of polar organic compounds (Tenney, 1958). Extens¬

ive investigations of the combinations of polyethylene

glycol 400 and dibutyl phthalate were carried out because

polyethylene glycol is thought (Tenney,1958) to be the

most useful liquid phase for the separation of oxygen-

bearing organic compounds, which it seemed likely that

pyrolysis of starch and related compounds would produce

(Greenwood, Knox and Milne, 1961). Dibutyl phthalate

also resolved oxygen-bearing organic compounds. The

numbers of peaks separated by this type of combined column

supported the view that the compounds under investigation

were oxygenated. Up to the ratio1!. 9:1, polyethylene

glycol 400:dibutyl phthalate, the number of peaks resolved

per column increased. Columns /
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Columns of pure polyethylene glycol 400 were of lesser use.

Although the resolution of the 9:1, polyethylene glycol

400idibutyl phthalate column was little better than that

of the 6:1, polyethylene glycol 400:dibutyl phthalate

column, if consideration was made only of the numbers of
minor peaks resolved, it was developed because such poly¬

ethylene glycol columns show a tendency to retard water,

whose presence was already certainly known, to an extent

which varies directly as the polyethylene glycol content

of the liquid phase. Columns with less than 9:1 poly¬

ethylene glycol 400 excess over dibutyl phthalate in the

liquid phase showed peaks which, while perhaps resolvable

from each other by alteration of the carrier gas flow

rate, or the column temperature, were not resolvable from

water. Use of the 9:1, polyethylene glycol 400:dibutyl

phthalate column allowed the water peak to be retarded

sufficiently to prevent it interfering with the other

peaks on the recorded traces. Another method used to

cause this water retardation was the incorporation of

8 cm,, 20'/' w/w glycerol celite columns in the carrier gas

flow stream before the separating column (uwoboda, I960).

This modification made all three columns with polyethylene

glycol 400 excess in the liquid phase yield parallel

results. The absorption of water by the glycerol was

reversible and this water tended to come off in time. It

interfered with subsequent analyses more than such water

coming off the 9:1, polyethylene glycol 400:dibutyl phthal¬

ate column did. This interference could only be eliminated

by /
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by renewal or the glycerol column prior to each analysis.

Such renewal was tedious and so the technique was not

employed.

Table 5 shows that the two mo3t suitable columns

were those with the 9?1 polyethylene glycol 400:dibutyl phthal-

ate (column 7), and the p, JJ-bispropionitrile ether (column 10}

liquid phases. The former proved to be the more versatile

since on the latter aldehydes and furans were less easily

separated, and water, in the middle of the trace, caused

interference.

Identification of Condsensable Yolatiles from Otarch Pyrolysis.

Table 6 lists the relative retention volumes for

the condensable voletlies, from the pyrolysis of starch at

300° in nitrogen, which were resolved by column 7 and 10

(Table 5).
T&3L2 G.

Relative Retention Volume, R, or, Columns 7 and 10" for
Condensabies"~frbm u^arcirpyrblysis. ~ """"

Column Column 7 olumn 10
Lengths (cms) Peak Number jR Peak Number R

320 1 0.0 1* 0.0
320 2 0.31 2* 0.15
320 3 0.38 3* 0.20
320 4 0.64 4* 0.31
320 5 0.71 5* 0.53
320 6 1.00 6' 0.59
320 7 1.16 7 ' 0.84
320 8 1.25 8* 1.00
150 9 1.54 9* l.oy
150 10 2.05 10* 1.22
150 11 2.54 11* 1.75
150 12 2.94 12* 2.20

90 13 3.85 13* 2.30
90 14 4.0 u 14* 2.82
90 15 9.00 15* 2.87

*
3ee Table 5.
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The ehromatograra from column 7 is illustrated in Figure 7,

while that from column 10 is illustrated in Figure 8, The

numbers on the peaks correspond to those in Table 6.

Gaseous samples of standards, of suitable volume between

2 ml.s and 5 mis,, plus 1 ml. acetone vapour and 1 ml,

carbon dioxide, were analysed in the same fashion as the

condensates. The relative retention volumes of the range

of standards examined are given in Tahle 7,

TABLE 7,

Relative Retention Volumes, Rt on Columns 7 and 10^
for 3tahdar<rcbmp'ouhds,

Compound

Aldehydes

Formaldehyde

Acetaldehyde

Propionaldehyde

i-Butyraldehyde

n-Butyraldehyde

Valeraidehyde

Crotonaldehyde

Acrolein

Glyoxal

Ketones

Acetone

Methyl ethyl ketone

Diethyl ketone

Methyl n-propyl ketone

Methyl i-propyl ketone

Biacetyl
Esters /

JI on
column 7

R on

column 10

N.D.

0.30

0.70

0,86

1.53

2,94

6.23

1.13

N.D

XX
N.D.

0,30

0.58

«•»

1,09

2,05

0.83

xx N.D.
xx

1.00 1.00

2,04 1.75

4.00 2.87

3.85 2.82

2.63 2.05

3 . 44 3.74
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TABLE 7 {Continued}

Compound
R on

column 7
R on

column

Esters

Methyl formate 0,51 0.39

Ethyl formate 0.93 0.81

Methyl acetate 1.06 0.79

Methyl propionate 2.00 1.41

Furans

Furan 0.63 0.28

2-Methyl furan 1.24 0.52

2s5-Dimethyl furan 2.53 1.17

Tetrahydrofuran 1.42 •

Alcohols

Methanol 3.15 0.78

Ethanol 4.54 1.20

n-Propanol * 2.18

Ethers

Diethyl ether 0.16 0.07

1,2-Epoxyethane 0.29 im

1,2-Epoxypropane 0.49 -

Other Compounds

Benzene 2,20 m-

Methane N.D.** N.D.a

Water 9.00 2.30

Hexene <*» 0.04

8 See Table 5

88N.D. as not detected.

Table /
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Table 8 shows the compound identifications which were made

from comparison of the relative retention volumes set out in

Tables 6 and 7.

identification of Volatilea in Condensate

from Jtarch Pyrolysis

Peak number Peak number
on column 7*' on column 10** Compound

1 1* Carbon dioxide

2 4* Aeetaldeliyde

3 2* ?

4 31 Furan

5 6* Propionaldebyde

6 8* Acetone

7 7f Acrolein

8 5* 2-Methyl furen

9 9' n-Butyralaehyde

10 111 Methyl ethyl ketone

11 10* 2,5-Dimeth.yl furan

12 - Valeraldehy&e

13 14* Methyl n-propyl ketone

14 15* Diethyl ketone

15 13' Water

IB1 Propanol

*
see Table 5.

Pyrolyses of starch done in air, oxygen and hydrogen, as

well as in nitrogen, yielded the same aldehydes, ketones and

furans /
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furans.

It has been shown (Hay, 1954; Lev#is, Patton and Kaye,

1956} that If the different members of any homologous series

of organic compounds are examined on two columns of differing

liquid phase then the graph of log (retention time on one

column) versus log (retention time of the other column} is

linear. When the values for the retention times of peaks

obtained from the condensables from a starch pyrolysis were

plotted in this manner (Figure 9} it was found that those

which had been identified as belonging to homologous series

fitted such a relationship. This plot could not have been

constructed if isothermal analyses had not been, made since

both the retention volumes and the relative retention volumes

of two homo .Vogue s differing by one CHo -unit vary with

temperature (James and Martin, 1950}.

Formaldehyde, glyoxal and methane are listed in Table 7,

but no chromatographic trace of them could be obtained using

these columns. The possibility of polymerisation occurring

with formaldehyde samples on heating has already been mentioned,

and it seems likely that a similar polymerisation may be the

reason for the non-detection of glyoxal. Methane was not

detected on these columns as it is not retained at all by such

liquid phases; it probably passed through the columns along

with the carbon dioxide.

Standard methanol had a relative retention ratio of 5.15

on column 7 (Table 5). A volume of vapour of the order of

10mls. was required to produce a (negative) peak of reasonable
size /
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size with nitrogen carrier gas. Since the trapped sample

was subjected to the saiae treatment as the aldehydes, ketones

and furans this small response must on consideration of the

volatility of methanol, have been due to its having a thermal

conductivity near to that of nitrogen. To increase the

katharometer response hydrogen was used as the carrier gas.

The absence of a detectable methanol peak, without the absence

of methanol from the condensates, could readily be explained

by low katharoxaeter response, and by probable peak diffuseness

(R = 3.15). Further, there was no certain check for methanol

on column 10 (Table 5} since the relative retention volume

did not correspond to a clear part of the trace because of

the presence of acrolein. The properties, with respect to

methanol, of celite columns bearing other liquid phases were

therefore investigated. 10% w/w dinonyl phthalate was tried

and rejected because of overcrowding on the condensate traces.

Analyses using 10% w/w squalarie were more encouraging as no

large peak lay in the methanol position, but standardisation

- via relative retention volumes based on methyl ethyl ketone

and 2-methyl furan in the usual fashion - showed methanol to

be inseparable from propioaaldehyde. 8in.ee column7(see Table

5) was known to resolve methanol and propionnldohyde (sea Table

7) combinations of various lengths of this column were tried

in series with 300 eras, of the squalen® column until a trace

was obtained of the condensates plus methanol which had a

discrete methanol peak. This was the combination of 300 cms.

of /
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of the squalane column with ISO cms. of column 7 {Table 5)

whose use was described in the section on experimental

methods. A very small amount of methanol was detected in

the condensates from a starch pyrolysis. Ethanol and pro-

panol were not generally present in large enough amounts to

be detected, but in some analyses on column 10 (Table 5)
there was evidence of a small peak corresponding to propanol

from starch.

As described in the section on experimental methods, a

butane-aiol polyester succinate column was constructed which

did resolve standard fatty acids. However, after the con-
■

< \-}y' ........... *' "
densates from starch pyrolyses had been introduced onto this

column, the only eluent which could he detected was water.

As a result of the poor acid-water resolution of the column,

this water peak presumably swamped any acid peaks which

might have been present. After the introduction of the con¬

densates onto the column much water remained in the U-trap.

Because of the relatively low vapour pressure of fatty acids

and their high water solubility, such water might therefore

have been the cause of only a small portion of the acid

content of the trap reaching the column. It seemed feasible

that direct injection of a liquid sample of the condensates

onto the butane-diol polyester succinate column might allow

the presence of acids to be demonstrated. This was tried

without success, again due to the excessive yields of water

it seemed,since the presence of acids in such solutions was

indicated by their pH values (4 - 5).

The low vapour pressure of the acids in conjunction with

their /
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their high water solubility, and the relatively great amount

of water in the condensates could be overcome by esterification

since esters are highly volatile and were easily separated

from water on columns 7 and 10 (Table 5). Examination of

the vapour of the esterifled mixture allowed the identifications

shown in Table 9 to be made, i.e. formic, acetic and propionic

acids were present in the condensates.

TAB IE 9

Identification of Esters.

ft, Column 7S Ester ft, Column 10g
Unknown Standard Unknown standard

0.50 0.51 Methyl formate 0.36 0.39

1.06 1.08 Methyl acetate 0.81 0.79

1.95 S.0Q Methyl propionate 1.37 1.41

s See Table 5,

formaldehyde was tested for by the colorimetric method

previously de-scribed. Sen and West (1956) state that the

only compound which interferes with this test is acrolein.

This interference occurs when aliquots of the 1f» sulphuric

acid solution of ehromatropic acid and the aqueous formaldehyde

solution are mixed, but can be eliminated if a five-fold excess

of reagent over aqueous formaldehyde solution is used. Ouch

an excess was therefore used, a deep violet colour being

obtained. Qualitative tests were made with the reagent of

some of the other compounds present in the aqueous solution,

in an attempt to guard against unforeseen colour effects. The
results /
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results of these tests are listed in Table 10.

TABLE 10

Reactions of Possible Interference Substances
with Formaldehyde' iWagent.

Conpound Colour

Furan

2-Methyl furan
2,5-Diraethyl furan
Acetaldehydc

Brown
Whisky yellow
Orange brown
Brown

It can be seen that none of the colours obtained was near to

violet, and so the presence of formaldehyde in the condensates

from starch pyrolysis was confirmed.

The method of Lampitt, Hughes and Trace (1927) gave a

positive identification of furfural in such condensates.

An analysis of the viscous condensates on the furnace

exit leads was made in outline only because the extensive

investigations by Dimmler (1956) have shown these products

to be 1,6-anhydroglucoses (see page 3 2L).

Paper-chromatographic examination of the aqueous methanolic

solution of the condensates showed the presence of only one

component, corresponding to the standard 1,6-anhydro- -D-

glucopyranose, (see Experimental Methods), This was to be

expected from the work of Diramler (1956) which showed that

1,6-anhydro-p-D-glucofuranose, which was presumably also

chromatographed, was not susceptible to periodate attack,

and would therefore not be affected by the developer used.

Identification /



 



Identification of Non-condensable Volatiles from Starch
fcyrolyala.

Samples of the permanent gas mixture from starch pyrolyses,

analysed on the Linde sieve column, were shown to contain three

fractions as illustrated in Figure 10, This type of column

produces peaks in the order oxygen, nitrogen, methane and

carbon monoxide. A determination of the standard retention

times of these four indicated that the three fractions were

probably nitrogen, methane and carbon monoxide. These are

the major constituents of coal gas, a sample of which was

analysed, A trace was obtained in which the ratio of the

difference in retention times between nitrogen and methane

and between methane and carbon monoxide corresponded to the

ratio of the difference in retention times between peaks 1

and 2 and between peaks 2 and 5 from the condensates. There¬

fore peak 1 was assumed to be nitrogen, peak 2 to be methane

and peak 3 to be carbon monoxide. The nitrogen peak came

from the pyrolysis flow gas, Nitrogen was substituted for

hydrogen as the column carrier gas: traces showing only two

peaks were obtained, indicating that hydrogen was absent

from the products of starch pyrolysis.

Pyrolysis of Compounds Belated to Starch.

Qualitatively, the chromatograms of aldehydes, ketones

and furans produced from analyses of the condensates from

pyrolyses of potato stareh were identical to those arising

from pyrolyses of various amylose, commercial amylose

{"Superlose"), amylopectin, cellulose and alginic acid

samples /
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samples, as well as those arising from pyrolyses of various

glucose, maltose and isomaltose samples. However, pyrolyses

of other polysaccharides gave different volatile products.

Figures 11 and 12, respectively, illustrate traces from

analyses of the condensates from pyrolyses of jute hemi-

cellulose and sodium alginate. It is apparent that for

the hemicellulose methyl formate, ethyl formate, methanol

and ethanol are produced in addition to the species listed

in Table 8. In the case of the sodium alginate, the pro¬

ducts appeared to be the same as for starch and alginic

acid, except that more carbon dioxide and acetaldehyde were

produced and the furan3 were minor products.

When mixtures of aliquots of starch with sodium chloride

and with sodium carbonate were pyrolysed, it seemed that in

the former ease these was qualitatively no change in the

nature of the volatile products, whereas in the latter ease

acetaldehyde became the major product. Also, in the latter
.•j*.

case the amounts of furan derivatives became drastically

reduced, and there was a striking decrease in the amounts

of viscous condensate on the furnace leads.

4» Discussion.

Examination of Table 8 shows that peak number 3 on

column 7 (Table 5) and peak number 2» on column 10 (Table

5) have not been identified. Presumably these are caused

by the same compound, but it is difficult to suggest what

this might be. As the earlier members of all the common

homologous series of oxygenated organic compounds have been

lysed, it is unlikely that the compound is oxygenated;
possibly /
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possibly it might be a higher member of a series, such as

the paraffins or olefins, which is hardly retained by these

columns.

Since this section of the investigation was completed,

two relevant papers have appeared in the literature.

Schwenker and Beck (1963) utilised Gas-Liquid Chromatography

to study the decomposition products of pyrolysed cotton

cellulose, while Tai, 2Jowers and Protsman (1964), also using

Gas-Liquid Chromatography, described how the acetaldehyde

produced in the pyrolysis of hydroxyl-ethyl starch ethers

could be used to give an estimate of the extent of hydroxy-

ethyl substitution. In addition, the latter authors analysed

the gaseous pyrolysis products from unsubstituted corn

starch. It should be stressed that the present work depend¬

ed on the use of isothermal Gas-Liquid Chromatography, in

conjunction with colorimetric methods, while that of

Schwenker and Beck (1963) involved the use of temperature-

programmed Gas-Liquid Chromatography, and that of Tai et al

(1964) the use of Gas-Liquid Chromatography alone. Column

temperature-programming is a technique whereby the column

temperature is raised during an analysis with a resulting

decrease in compound retention times. This is a more

effective method of analysing the complete chromatographic

spectrum than that used in the present work. Table 11

gives a comparison of the products here identified from

starch and cellulose pyrolyses with those found by Schwenker

and Beck (1963) and by Tai, et al (1964) (for unmodified corn

stare h).

Table 11 /
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TABLE 11.

Comparison of Besults with those of Other Authors.

Starch3-
Cellu- Cellu¬

Compound Starch^ losel lose^

Liquid phase column 7(Tabled) polyethyl¬ column 7 polyethyl¬
ene glycol (Table 5) ene glycol

Light gases
Carbon monoxide D. H.R. D. D.
Carbon dioxide D. H.R. D. D.
Methane D. N«R« D. N.I.

Aldehydes
Formaldehyde D. H.I. D. D.
Acetaldehyde D. D. D. D.

Propionaldehyde D» D, D. D.

n-3utyraldehyde D. N.I. D. D.
Valeraldehyde D. H.I* D. N.I.
Acrolein D, N.I. D. D.
Glyoxal N.D. K.I. N.D. D.

Alcohols
Methanol D. H.I. N. A. D.
Propanol D. N.I. N.D. N.D.

Furans
Furan D. D. *' D. N.D.J
2-Methyl furan D« D. D. N.D.J
2,5-Dimethyl furan D. H.I. D. N.D.
Furfural D. H.I. D» D.
5-Uydroxy furfural N.A. N.I. N.A. D.

Ketones
Ice tone D. D. D. D.
Methylethyl ketone D. D. D. D.
Diethyl ketone D. N.I. D. H.I.
Methyl n-propyl ketone B, N.I. D. N.I.
Biacetyl N.D. D. N.D. N.I.
Methyl-l-butene-3-one N.A, D. JS.A# N.I.

Acids 4.
D.Formic D» N.I. N.A. *

Acetic D. N.I. N.A.J D,
Propionic D. N.I. N.A,4 H.I.
Lactic N.A. N.I. N.A, D.

Other Compounds
'"afcer D. D. D, D»
Laevo glucosan D. D. D. D.

Total identified 24 10 19 ie

Total unidentified 1 ? 1 + 34 196

(See following page for ^'^'etc.)



TABLES II (Continued)

^ Results obtained in this work.
2

Results obtained from starch by Tai, et al (1964),
s

Results obtained from cellulose by schwenker and
Beck (1963).

4
Aqueous solutions had an acid pH.

5
Ascertained from published chromatograms.

Detected using a total of three columns.

D » detected.

L»D,s= not detected.

II.A.= not analysed,

H.R.a not resolved.

N.I.- no information available.

It v#ill be seen that the compounds identified in the four

cases are similar, although it is striking that the

furans, other than furfural, ?/ere not found in the cellu¬

lose investigation of Schwenker and Beck (1963), The

only noted difference in the celluloses was that the one

used here was Whatman No. 1 chromatographic paper, while

that of Schwenker and Beck (1963) was cotton fabric,

On heating, small-molecule glucans, such as glucose

itself, initially polymerise (Puddington, 1948), whilst

polyglucgns such as starch, become more ramified

(Christensen and- Smith, 1957). The compounds identified

in Table 11 must arise from the subsequent degradation of

such thermal polymers. The most striking feature

(Table 11, columns 1 and 3) of these compounds is that
none /
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none of them contains more than six carbon atoms. It is

also apparent that ether linkages are absent. If peak

3 (column 7, Table 5) and peak 21 (column 10, Table 5)

are produced by the same compound, Figure 9 shows that it

is unlikely to be an ether since the point from this com¬

pound and that from diethyl ether do not lie on a line

parellel to the other lines. Such a plot, if of ether

homologues, would be expected to give a straight line

parallel to the others (James and Martin, 1956; Lewis,

Patton and Eaye, 1956), schwenker and Beck (1963) and

isJt ah (1364) were also unable to detect ethers, or

compounds with more than six carbon atoms per molecule in

the condensates. The former authors, with a refined

analytical system, were able to detect nineteen other,

unidentified compounds in the condensates. This implies

that other compounds may have been undetected in the

present work and that of Tai et al (1964), The compounds

identified here tend to belong to homologous series, so

that it is possible that other, undetected compounds would

belong to the same series. By this argument, higher

members of the ether series are unlikely to be present

since the smaller members are absent. Therefore, although

the possible presence of unidentified compounds in the

condensates from pyrolyses of starch and cellulose implies

that types with more than six carbon atoms per molecule

may be present, it does seem that ethers are absent.

Since /
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Since there are no ethers in the products, the glycosidic

linkages in these polymers must decompose either simultan¬

eously, or singly in a step-wise fashion, Random decomp¬

osition would be expected to giyo pome dioaccharide-

residue species which could be detected by Gas-Liquid

Chromatography. Such species would contain ether linkages.

Polymeric decomposition of this type implies that all of

the minor products originate within anhydroglucose residues,

i.e. such minor products are unlikely to contain more than,

six carbon atoms per molecule. These findings lend support

to the postulated starch and cellulose decomposition mech¬

anisms of Thompson and Wolfrom (1958) and Golova at al

(1957a), respectively, (see page 3.S) which predict that

the initial polymeric breakdown yields anhydroglueose

residues.

It does not appear to be possible to deduce from the

results obtained how the Individual minor products are

formed, although it does seem that oxidation is not

involved at any stage in these decompositions since

pyrolyses done in air, oxygen and hydrogen, as well as in

nitrogen, yield parallel qualitative results, A similar

conclusion, regarding oxidation, was reached for cellulose

by schwenker and Beck (1963).

The minor products are of two general types: cyclic

and straight chain. The cyclic furans presumably origin¬

ate in 1,6-anhydro-Ji-D-gLucofuranose residues, while the

straight chain types may be decomposition products of the

furans /
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furans or may originate in an independent decomposition

of the polymers. The effect of sodium carbonate in

pyrolyses of starch is to reduce yields of cyclic products

and to increase the yields of straight chain products.

Tliis gives no information about the relation between the

cyclic types and the straight chain types, since there is

no indication of the stage of the decomposition at which

the cyclic species are attacked by the salt. If there is

one reaction pathway, from the polymer via the furans to

the straight chain types, the salt simply speeds it up;

if there are two reaction pathways from the polymer giving

alternatively the furans or the straight chain types, the

salt .makes the latter more favoured.

The decrease in the yields of furan and anhydro-

sugars when starch is pyrolysed in the presence of sodium

carbonate corresponds to the known decrease in the yields

of such sugars when inorganic salts are added to pyrolyses

of cellulose (Holmes and Shaw, 1961). The same type of

effect also seems to occur when a3.ginic acid is converted

to its sodium salt.
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6, Quantitative Estimation of the Minor Voiatlles
""from tHe

Pyrolyals of Starch and delated Compounds,

1. Introduction.

Characterisation of the materials produced

in the pyrolysis of starch and related compounds was

outlined in Section 5. This section describes a

quantitative analysis of the materials, other than

carbon monoxide, carbon dioxide and water, made using

the same techniques as before. The materials were

obtained from pyrolyses at 300° in vacuo.

The temperature dependence of the pyrolytie

breakdown of starch between 175° and 400° has also

been determined, by means of a study of the volatiles

and the pyrolytic residues produced. Using such

residues, this temperature dependence has been com¬

pared with those of the other related compounds,

2. Experimental Methods.

Apparatus.

A static system was employed rather than a

flow system (Section 5), since flow systems may not

allow efficient quantitative product-trapping to be

achieved; static, vacuum systems also facilitate

quicker removal of products from the reaction zone

than do flow systems, and so the occurrence of

secondary reactions is minimised.

The /
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The apparatus used for pyrolysis in vacuo

is shown in figure 13, 18-hour pyrolyses of 2Gmgm.

to 50mgm, samples (pre-dried jLn vacuo at 65° for 15

hours) were carried out in a Pyrex-glass vessel, A(1.5
x 10cm.), which was renewed for each succeeding

pyrolysis. Samples, weighed in situ, were introduced

into such vessels, using a long-necked tub© capable of

reaching the closed end of the vessel, where samples

were uniformly distributed to counter the effects of

poor thermal conductivity among the pyrolysed com¬

pounds, Thus the whole weight of a sample was sub¬

jected to pyrolysis, none of it being adhered to a

subsequently-unheated part of the furnace vessel

(see below). The vessel was then sealed onto the

vacuum system which was wholly of glass, except for

the taps which were brass "Wade" valves, Glass taps

were eliminated from the original apparatus because,

on calibration, the lubricant associated with them

was found to absorb acetone, and therefore probably

the other volatile products also, to a significant

extent. Using a rotary oil pump, pressures of 5 x

10"um.m.Hg, measured on a "Vaeustat", could be obtained

within the system. After thirty minutes out-gassing

of the sample, pyrolysis was initiated by sliding an

electrically-heated furnace, 3, at the appropriate

thermometer temperature (- 1,0°) over the pyrolysis

vessel. With an initial pressure of 5 x 10

the /
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the system was isolated from the rotary pump during

pyrolysis. Volatile products were trapped by distill¬

ation to -132° either in the U-trap, G, or the eight-
•

vessel sampling system, Dj the latter enabled the

production of volatiles to be studied on a time basis.

To improve distillation, the manifold of this sampling

system was maintained at 90°, using electrical heating

tape which was thermally insulated with asbestos rope.

After pyrolysis, the vessel A was detached from the

apparatus. Individual samples from the sampling

system, D, were transferred to the U-trap, C, at -192°,
by pumping and were then analysed differentially by

the water-thermostated gas-chromatographic columns, E

and F, the katharometer, G, and the high-speed

potentiometric recorder, H, as in Section 5, Before

entering the U-trap, the carrier gas passed through

a baffle system of alternating capillary and wide-

bore tubing to eliminate any fluctuations in flow rate.

The characteristics of the chromatographic apparatus

used are shown in Table 12.

TABLE 12.

Characteristics of Chromatographic Apparatus.

Column Single-U; Pyrex glass, 4m.m. x 150cm.,
4m,m. x 90cra.

Support 60 - BO mesh Celite.
Stationary phase Polyethylene glycol 400:dibutyl phthal-

ate (9:1,v/v); 10# w/w of Celite.
Column temperature 18°C
Carrier gas Hydrogen.
Gas flow rate 50 mis./minute.
Detector "Gow-Mac" katharometer, type 13RL.
Bridge current 250 m A.
Recorder "Sunvic" high-speed potentiometric

recorder /
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TABLE 12 (Continued)

Recorder (contd.) recorder type 10 S.

Chart speed 60 inches/hour.

The volume of the U-trap, C, which was

required for calibration purposes, was determined

from the weight of the volume of mercury required to

fill it,

Estimation of Aldehydes, Ketones, Furans and Fatty Acids.

In view of the large number of these volatile

compounds, and the difficulty in obtaining pure samples

for standardisation of peak areas, the gas chromato¬

graphic traces were analysed by the "Area normalisation

Method" (Dal Nogar and Juvet, 1962), This method

depends on the assumption that the ratio of the area

under the peak of a given substance to the summation

of the area under the peaks of the chromatogram,

multiplied by one hundred, is equal to the percentage

of the substance present, i.e,:-

^ a = Aa /(Aa + Ab + Ac + .,,) X 100

where Aa is the area corresponding to component ia, etc.

It is thought that results obtained thus are more

accurate as weight percentages than as mole percentages.

(Browning and Watts, 1957): weight results so obtained

were therefore converted to moles before use. The

error Involved in this technique is discussed later (page

8y.
The assumption in the equation would be exact

nnl v /



77

only if all of the components had the same theiml

conductivity, Even, 4km this is not so, useful results

mm obtained afoaa them la a imp",© difference- In t&onaol

conductivity betvetft tb© otrp&ar cius and tho esmpoaonts

of the mixture. 9© the method is generally confined

to application© using hydrogen or helium as carrier

gas, since the thermal conductivity of these is approx¬

imately a factor of ten greater than that of most

organic compounds* Juch compounds have a thermal

conductivity close to that of nitrogen which therefore

cannot bo used m a carrier gas la this method with, a

katbaro-uoter detector* Because of these strictures,

hydro-gen rather than nitrogen was used as carrier

gas in this quantitative work. Column resolution

la not as efficient in hydrogen as in nitrogen; it

now proved to be difficult to resolve completely peak

5 (column 7, Table 5) from acetaldehyde, prcpionald©-

hyd© from furan, and n-btityrcldahyde from S-aethyl

fura&»

Tho, area of a peak or, the #bromUH.&m, vm

defined by carofully draulne a ouimo-otion hcttoea the

portion.® of the "base-line" (zero teatharoaoter signal)

at either extremity of the peck* Hals area una

measured using a commercial planimetor rather than by

any geometrical mean©, oince the accuracy of the

farmer is not so dependent on peak symmetry as is the

accuracy /
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accuracy of the latter (Williams and Murray, 1963}

Scott and Grant, 1964).

Calibration of the above summation was made

from the acetone peak; this peak was selected because

analar acetone was readily available. Using the mano¬

meter, I (Figure 13), read by means of a cathetometer,

a known pressure of degassed acetone vapour was diluted

to a known pressure with oxygen-free, dry nitrogen, in

the convection mixing vessel, J. Equal volumes (i.e.

the U-trap, C) of this known mixture at various press¬

ures were then analysed on the chromatographic columns

and the resultant-trace peak areas measured. Figure

14 shows the linear relationship between these areas

and the corresponding amounts of acetone, obtained

from two separate standardizations. The nitrogen

dilution was made a3 it was found that direct measure¬

ment of the pressures of acetone required was not

satisfactory; nitrogen diluent was used because the

columns readily separated it from acetone.

Before estimation by the Area Normalisation
\

Method, fatty acids were esterified. Direct ester-

ification with methanol and sulphuric acid as in Section

5, yielded a mixture giving a chromatogram which was

too complicated for quantitative analysis. The

pyrolysis products were condensed therefore at -193°
in /'
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in one of the sample vessels, D# before the mere

volatile components were removed by distillation whilst

the contorts of the vessel were held at 0° for thirty

minutes; formic acid (n.p, 8.4°) end acetic acid (sup.

16.6°) would be retained under those conditions, although

propionic acid (mup» -19.7°) and most of the other

volatiles would bo lost, The ronidue was then eater-

ifled after transference by vacuus* distillation into a

second scrapie vessel containing methanol and sulphuric

acid (SOil, volume/'volume; 0.1ml.), Keterification

was allowed to proceed at 4<f for 24 hours before the

contents of the vessel were pumped into the II-trap, C,

and analysed chromatographicelly as before.

Estimation of Formaldehyde.

Standard formaldehyde eolations were made

up using an adaptation of the work of Friaall, lleech

and WacKensic (1954), in which erythritol le oxidised

quantitatively to formaldehyde with sodium metaperiodate,

i.e.!—

CTJgOH.CirOH.CHOH.CilgOK + 310 * 4-»2HCQOH+2!ICH0-»3IO»3+II20
A suitable amount of erythritol (0,04130ns*} was dissolved

in water (bmln.), the solution was wade slightly ba3ic

with 3?* ooditaa hydroxide, and an appropriate amount

(0.073gm.} of sodium netaperiodato was added, plus,

after five mirmtea, 1 ml. of 10/ aqueous sodium sulphite.

The contents of the flask were allowed to cool before

the /
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the addition of 2mls. of a half-saturated aqueous

solution of thiourea was made. (The sulphite stops

the action of periodate, while the thiourea prevents

the subsequently-added sulphuric acid from reducing

the periodate to iodine). This solution was made

up to a standard volume which was subsequently diluted

in a derivative fashion to give four standard solutions.

0.4mls. samples were taken from each of these four

standard solutions and together with 2 ml., portions

of chronotropic acid solution and more than CG>i excess

of sulphuric acid (See Section 5) were made up to

25ml» standard volumes with water (Sen and West, 1956).

The absorption intensities of these four solutions

at 5700A° on an MEelrt spectrophotometer were used to

construct the calibration graph shown in Figure 14.
o

Pyrolysis condensates were trapped at -192

in one of the vessels of the sampling system, J).

After the requisite time, a suitable volume of water

was distilled into the sample vessel, -which was allowed

to attain room-temperature, and was then removed from

the apparatus. The solution was transferred and made

up to 5Qmls. volume. 0.4mls. of this volume was

treated in the same manner as the standards to obtain

an estimate of the formaldehyde in the condensates.

Estimation of Furfural.

This estimation was made using the method of

LampItt /
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Lamp it t, et al (1927). The reagent was a mixture

of freshly-redistilled aniline in glacial acetic acid

and aiayl alcohol (1:4:5, v/v). A technique of pre¬

paring standard solutions similar to that indicated

above for formaldehyde solutions was used. The

solvent employed throughout was a mixture of water

and glacial acetic acid (10:1, v/v). An appropriate

amount of freshly-redistilled, dried furfural (0.3867

gins.) was dissolved in this solvent and the dilutions

shown in Figure 14 finally obtained. These quantities

of furfural were initially contained in lOmls. volumes

of the solvent, to each of which was added a further

lOmls, of the solvent, plus lOmls. of the reagent and

20mls. amy! alcohol. After shaking, these solutions

were placed in the dark for 15 minutes to allow the

colour to develope. The scarlet colour that is

specific for furfural appeared in the alcohol layer,

and so the furfural concentrations were calculated

in terms of this layer (25nls.), The absorptions

of these five standard alcohol layers at 5200A0 on

the "del** spectrophotometer were used to construct

the calibration graph of Figure 14.

An aqueous glacial acetic acid solution of

the pyrolysis condensates was obtained in the same

way as the aqueous formaldehyde solution above. An

extract of the viscous condensates made using the same

acid /
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acid solvent was added to this and the total made up

to lOOmls. 20mls, portions of the mixture, with lOmls.

of reagent and EQmls. of amyl alcohol were treated as

were the standards to give an estimate of the amount

of furfural present.

Two factors detract from the efficiency of

this analytical method: (a) the instability of the

coloured complex; and (b) the fact that the quantities

of furfural present are calculated on the basis of

a 25mls. volume amyl alcohol layer. The former was

eliminated (Lampitt et al, 1927) by taking all readings

immediately after the 15 minute colour-development

period; the orror in the latter depends on the fraction

of the aqueous layer which is raise ible with the alcoholic

layer, but this would be the same for the standards

and the unknowns, and so should have been negligible.

This method was originally developed to

analyse the furfural content of coloured vinegar

solutions, an instance in which it was advantageous
to measure the developed colour Independently of the

original colour, i.e. measurements were made on the

alcohol layer which preferentially contained the

colour due to furfural. Similarly, it was thought

advantageous to measure the colour due to furfural in

the pyrolysis condensates in a phase separate from

that of the already-coloured condensates.

Examination of the ?yrolytic "Residue.

The pyrolytic residue was the solid material

remaining /
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remaining in the furnace vessel, A, at the conclusion

of a pyrolysis.

Infra-red spectroscopic examinations of nujol

mulls of such residues taken from the disconnected

vessel, were made using a Perk in-"liner "Infracord"

recording double-beaixi spectrophotometer with sodium

chloride plates.

Estimates of the weights of such residues

were obtained by immediately weighing the newly-

disconnected vessel, then reweighing it after inciner¬

ation of all adhering residues.

Examination of the Viscous Condensates.

This material vias deposited in two almost-

discrete bands on the exit tube of the furnace vessel,A.

The tube wa3 removed from the vessel after pyrolysis

had been completed and the two bands separated by

carefully breaking the tube between them. The

weights of condensate deposited on these two sections

were determined by suitable weighing and incineration.

Samples were analysed by infra-red spectro¬

scopy, as above, and by paper chromatography as in

Section 5.

Accuracy of the Work.

The probable errors involved in the determin¬

ation of the yields of the pyrolysis condensate con¬

stituents are listed in Table 13.

TABLE /



TABLE 13.

Estimated Experimental Errors (^)

Source Error

1* Zx 3s 4* 5* 6h

in original
weighing

in volume of
U-trap

in planimetering

flow rate &
bridge current
fluctuation

in Direct Area
Formal!sation

in pyrolysis
initiation

in weighing

in dilutions

x
1 = acetone
2 = other compounds analysed by Gas-Liquid

Chromato graphy
3 = foriaeldehy&e
4 = furfural
5 = viscous condensate
6 = pyrolytic residue

+0.25 +0.25 +0.25 +0.25 +0.25 +0.25

-0.50 -0.50 •

*1.00 -*1.00

*2.00 *2.00 «?

- *7.00 — — — «*

*3.00 *3.00 ±3.00 ±3.00 *3.00 *3.00

±0.30 ±0.03 ±2.00 ±2.00

±0.50 *0.50

The error arising from the use of the Area normalisation Method

of analysis was estimated from a comparison of such errors

found /
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found by several authors (Littlewood, 1962), It is

known that katharometer response to a homologous

series is directly proportional to the number of

carbon atoms per molecule. Therefore, since the

response must have increased, the yields of the higher

members of the series detected are likely to have been

overestimated in the Results.

The estimated error from pyrolysis initiation

was based on a consideration of the non-reproducibility

of the weight of the pyrolysis vessel subjected to

heating. These variations in weight would cause vari¬

ations in the heating rate of the material pyrolysod:

this rate nay control the course of the decomposition

reaction, and so the relative amounts of the various

products,

5, Results.

.Product Yields.

The products which were analysed from pyrolyses

of starch and related compounds at 300° {see Table 14)

were qualitatively the same as those produced in

pyrolyses of these compounds in differing atmospheres.

(See Section 5).

It was demonstrated experimentally that any

product emission from the various compounds after 10

hours was too small to be measured by the apparatus:

Table /



Table 14 lists the amounts of these products which were

produced in 18 hour pyrolyses. Utilising the results

for starch given in Tablesfe3-S(Section. 7) to obtain

figures for the probable production of carbon monoxide,

carbon dioxide and water, in conjunction with those of

Table 14, the percentage product yield, calculated on

a weight basis, was:-
Carton

Minor Viscous lion- Carbon
Voiaflies Residue Condensate oxide Dioxide hater Total
—g— jjp- T ? —^ 5^

The excess of 4# is within the probable experimental

error*

By means of the sampling system, I), and the U-

trsp, C (Figure 13), the emission of the 7 major products

- among those analysed by Gas-Liquid Chromatography «

over the first 18 minutes of pyrolysis of the various

compounds, was studied. Each sample vessel was opened

for 2 minutes. T1 3 results are shown in Tables 15 -

21, It will be seen that all of the compounds give

products in a similar fashion, and that the only vari¬

ation, for starch, is caused by the addition of inorganic

salts. For starch and a starch:sodium carbonate {1:1,

w/w) mixture, Figure 15 illustrates the changes which

occur with time in the production rates of the volatiles.

As mentioned above, the viscous condensates

were formed in two bands immediately at the mouth of

the /
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the furnace. Because of the work of Dimmler (1952),

it was suspected that these two bands corresponded to

the pyranose and furanose forms of 1,S-anhydro-p>-D-

glucose. From starch pyrolysis, the least volatile

band was present in largest amount (ca 2:1, w/w)j

chromatographic examination showed it to contain 1,6-

anhydro-^-D-glucopyranose, which could not be detected

in the more volatile condensate.

Table 22 contains a list of the characteristic

infra-red absorption frequencies of starch and the

various pyroiytic residues and viscous condensates

obtained from starch.

The Effect of Temperature.

(a) starch.

Twenty minutes pyrolyses of starch were made

over the range 175° to 400°. The weights of viscous

condensate produced are shown in Table 23, while Table

24 details the corresponding pyroiytic residues.

The contents of these Tables are Illustrated in Figure

16. The temperature dependence of starch was further

outlined by analyses of the same 7 products (of Table

15) produced in these 20 minute pyrolyses. Table ^3

shows these results and includes others from a pyrolysis

of glucose at 200°.

(b) Compounds Belated to Starch.

The v/eights of the residues from pyrolyses of

amylose /
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araylose, amylopectin, cellulose, maltotriose, maltose,

isomltos© and glucose obtained using the apparatus of

Section 7 are also listed in fable 24 and illustrated

in Figure 16. "Results for starch pyrolysis in this

apparatus are similarly given as it may not have been

strictly comparable to the apparatus of this current

Section.

Tables 14 - 24 appear on the following pages.



TABLE
14.

Amounts
of

Volatilea^'1
Produced
from

Starch
and

Belated
Materials

after

Pyrolysis
at

300°
for
18

hoursTSaccharide
Pyrolysed

Product

Analysis™"'
1*

2*

3*

4*

5*

6*

Acetaldehyde

G

400.2
462.4
236.4
431.3
479.0
246.8

Fur
an

G

393.0
207.9
224.0
350.0
258.9
228.0

Acetone

G

231.2
335.1
86.5

253.3
394.8
132.1

Acrolein

G

16.3

13.0
21.2

27.7

27.7

19.6

2-Methyl
furan

G

231.4
184.7
134.6
290.3
373.7
133.5

n-Butyraldehyde
G

11.4

12.7

13.9

8.9

2.5

2.5

Methyl
ethyl

ketone

G

83.6

62.1

12.7

50.8

101.6
15.2

2,5-Dimethyl
furan

G

36.1
20.0

10.5

50.4

106.4
13.3

Valeraldehyde
G

25.1

34.2
-

-

13.0

3.5

Methyl
n-propyl

ketone
and

Diethyl
ketone

(unresolved)
G

31.0

17.3
-

-

60.7

12.0

Formaldehyde

C

1313

1360

1630
-

-

-

Formic
acid

E

2607
-

-

—

-

-

Acetic
acid

E

311.4

-

-

-

-

Furfural

A

2735

2673

3456
-

-

-

%

as

pyrolytic
residue
W

24.9

30.3

10.4

30.2

40.7

16.5

%

as

viscous
condensate
w

60.4

67.2

74.8

54.3

313«4

68.5

*1
«

starch,
2=

amylopectin,
3

»

amylose,
4

=

maltose,
5

*

isomaltose,
6

=

glucose.

-

Signifies
not

analysed.

Amount
expressed
as:

(moles
of

compound
x

107)/gm.
of

saccharide.

G

=

Directly
by

gas

chromatography.

C

=

Colorimetrically
with

chronotropic
acid

reagent.

E

=*

Esterification
followed
by

gas-chromatography.

A

»

Colorimetrically
with

aniline
reagent.

W

a

Directly
by

weighing.



TABLE 15.

Time-Dependence of Volatlles Production"^.
Starch.

Sample
Number 2)

1* g* «Yield.
3 4* 5* 6* 7*

1 m ■mm mm

2 4.0 9.2 4.8 0.4 5.7 0.4 0.6
3 14.3 67.2 18.4 0.2 36.2 0.6 7.8
4 17.8 77.6 17.2 0,3 29.2 0.6 12.5
5 18.6 47.6 12.2 0.1 14.8 0.2 10.6
6 15.0 29.7 9.1 0.1 9.6 0.6 6.0
7 14.9 21.6 7,7 0.1 7.2 - 5.7
8 15.8 20,5 6,9 - 6.2 0.2 4.2
9 11.8 13.5 7,0 - 4.6 #» 2.7

Tot al 112.2 286.9 83.3 1.2 113.5 2.6 50.1

^ Expressed asj (Moles of compound x 107)/gm. of
» pyrolysed material.

Sampled for two-minute intervals; yield per sample
vessel given.

1 = r.cetaldahyde, 2 => furan,3 » acetone, 4 = acrolein,
5 = 2-methyl furan., 6 » methyl ethyl ketone, 7 = 2,5-
dimethyl furan.

Signified not detected.

TABLE 16.

Time-Dependence of Volatiles Production3-^.
Amy lose.

Sample
ifumber 1)

l1* 21*
Yield

31)
i,

41 ^ 5^ 61} 71)
1 0.9 0.3 0.3 mm • - -

2 2.8 4.3 2.0 - 0.3 - mm

3 5.8 8.2 5.0 mm 8.2 0.3 -

4 8.1 24.9 5.6 0.3 16.7 mm -

5 9.4 37.8 7.7 2.8 22.1 - mm

6 10.8 38.0 6.8 2.5 18.9 -

7 9.2 32.9 4.8 1.8 13.6 - -

8 10.9 27.2 6.2 0.3 11.1 - -

9 11.9 17.2 3.1 0.3 8.8 mm -

Total 69.8 190.8 41.5 8.0 99.7 0.3 —

^ Compare Table 15.
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TABLE 17.

Time-Dependence of Volatlles Production^.
Amylopectin.

Number1)
I1* sl> 31) 5I) g1) iyl)

1 0.7 m> 4m

2 4.4 9.9 4.8 4.1 *

3 6.1 42.6 12.6 3.8 29.3 - -

4 8.8 58.8 11.7 5.7 34.3 2.0 5.8
5 11.4 47.3 10.5 3.8 24.1 <P* 1.9
6 13.1 26.7 6.0 1.5 14.3 - 4.1
7 11.8 19.3 4*2 0.6 8.3 - 4.4
8 10.7 16.1 3.5 7.0 0.9
9 9.2 12.6 3.1 • 3.2 — 0.3

Total 70.2 231.3 52.4 15.4 124.6 2,0 17.4

Compare Table 15.

TABLE 16,

Time-Dependence of Volatiles Production ;

Maltose.

Sample Yield.Number1) ll) gl) gl) ^1) gl) gl) rp X)
1 1.9 1.9 2.7 •*» 1.5 -

2 13.8 34.7 25.4 11.8 49.3 - 4.4
3 15.9 62.5 18.2 4.0 34.1 0.8 3.2
4 18.2 58.0 15.2 5.7 44.3 0.4 6.1
5 21.8 45.1 13 • 0 1.5 24.5 • 5.7
6 17.8 36.6 14.2 0.8 21.0 — 3.0
7 15.2 28.2 10.4 0.4 15.9 «. 1.9
8 17.3 19.9 9.6 11.9 1.1
9 15.9 19.1 8.0 • 8.5 - 0.6

Total 137.8 306.0 117.3 24.2 211.0 1.2 26.0

^ Compare Table 15



TABLE 19.

Tine-Dependence of Volatile^ Production1)

Gluco ae.

Sample-, \.dumber
iD 81> 31)

Yield.

4*1 gl) gl) 7D
1 1.2 1.4 1.0 - 0.4 mm •

2 10.2 33.6 17.3 4.1 21.4 - 2.1
3 13.3 48.3 19.6 5.8 39.9 — 1.3
4 16.1 50.4 16.9 4.0 32.0 0.4 3.8
5 17.4 42,0 12.0 1.4 19.7 • 3.0
8 14.5 34.4 12.6 2.3 16.6 0.4 2.0
7 12.4 22.7 8.6 0.4 9.5 - 2.0
8 14.1 25.8 9.5 0.2 9.7 — 0.4
9 13.3 17.4 8.1 - 1.0 — 0.4

Total 112.5 276.0 105.6 18.2 150.2 0.8 15.0

■L) Compare Table 15

TABLE 20.

Tine-Dependence of Volatiles Production1)

Starchi sodium carbonate (1:1, w/w).

Sample Yield
Number-1-'

I1* 2X^ 31* 4.1) gl) 61) 71)
1 87.4 1.6 51.8 — 14.0 — 11.3
2 64.2 2.2 41.8 _ 3.5 7.1
3 75.6 2.4 44.9 - 6.3 — 6.0
4 28.0 2.1 32.4 — 1.5 - 2.9
5 44.1 1.5 34.3 ~ 2.8 2.6
6 44.6 1.2 21.2 - 2.2 — 0.6
7 43.3 1.2 25.3 - 1.0 - 0.6
8 29.4 0.9 14.9 - 0.3 — 0.6
9 27.5 0.6 10.0 mm 0.9 mm 0.9

Total 444.1 13.7 284.6 - 32.8 - 33.4

1) Compare Table 15.
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TABLE 21.

Time-Dependence of Volatiles Production3-).

Starch :sodium chloride (1:1. w /%}.

Sample
*1)

Yield.

S1' 61* 71'Humbert) ll) M
& iP

1 imm >p»
'

2 19.4 8.6 11.2 « 12.2 - -

3 35.5 23.6 31.7 0.8 43.5 • m

4 33.5 17.6 27.1 1.6 29.1 2.8 4.4
5 33.1 15.G 25.0 1.2 26.5 0.4 -

6 25.1 12.4 20.2 4.0 26.9 1.6 4.0
7 22.6 18.1 19.0 1.6 21.4 0.4 -

8 25.9 11.0 24.8 1.2 24.6 'MK -

9 24.4 12.0 1G.2 0.8 15.6 - -

Total 219.5 118.9 175.2 11.2 199.8 5.2 8.4

Compare Table 15.



TABLE
22.

Characteristic
Infra-Red
Absorption

Frequencies
1)

-J-<r

yrolysls
z)

Temperature
'

180200220250250300350400

"Residue
3400,
2900,
1645

3400,
2900,
1645

3400,
2900,
1700,
1610

3400,
2900,
1700,
1610

Frequency
(cm**̂)

More

Volatile
Condensate
Less

Volatile
Condensate

3400,
2900,
1700,

1670,1610

3400,2900,1700,1610

^

See

Discussion;
Temperatures

given
in

°C;
-

denotes
not

analysed



TABLE
23.

•j

v

2
\

Temperature
'

Dependence
of

Volatiles
Production"

Pyrolysis
2)

Yield.

erature
1*

2K

3*

4i€

5H

g*

Q*

175

0.8

0.3

200

1.2

0.6

0.6

-

1.2

-

220

3.8

39.8

8.4

-

23.7
-

-

10.0

230

13.6

220.6
24.9

-

88.3
-

9.6

17.4

250

40.0
245.9
30.7

4.3

112.2
11.4

16.4

58.2

300

221.7
302.1
129.8
10.2

200.7
8.2

49.4

60.4

350

271.7
321.7
155.1
25.0

202.3
41.5

65.1

68.7

400

418.1
347.1
204.9
37.1

269.1
46.1

71.1

76.9

20Q3)

6.2

11.1

8.3

-

10.5

...

11

o

'

Temperatures
expressed
in

C.

Amounts
expressed
asj

(moles
of

compound
x

107)/gm.
of

starch.

3)

Glucose
pyrolysis.

*

1

a

acetaldehyde,
2

a

furan,
3

=

acetone,
4

=

acrolein,
5

=

2-methyl
furan,

6

=

methyl
ethyl

ketone,
7

*

2,5-dimethyl
furan,
8

=

viscous
condensate
(as

percentage
of

original
sample
weight).



TABLE
24.

Temperature
Dependence
of

Weights
of

Pyrolysis
Residue1^.

CompoundPyrolysedStarch2^
150°100

188°

219o""SB"

250060

277°

Residue^300°

329°

T2

~ir

337°IS

Amylopectin
-

-

98

56

40

16

12

11

Amylose
-

mm

95

50

19

9

13

10

Cellulose
-

-

95

97

74

13

6

9

Kaltotriose
100

72

33

48

30

27

-

-

Maltose
77

28

42

40

23

17

-

-

Isomaltose
83

69

49

41

27

27

-

-

Glucose
27

26

25

16

9

10

am

mm

Starch3
^

200°

220°

230°

250°

300°

350°

400°

100

98

71

36

25

24

23

Expressed
as

percentage
by

weight
of

original.

Using

apparatus
of

.Section
7.

Using

apparatus
of

this

Section.



4. Discussion,

The initial assumption (page *^lv) that the

amounts of these various condensate volatiles must be

snail has been justified by the results for vacuum

pyrolysis at 300° which are listed in Table 14; with

starch, the total is about 5^ of the original by weight.

Considering the probable experimental error, it can be

deduced from this table that starch, amylopectin, maltose

and isomaltose give similar amounts of the aldehydes,

ketones and furans; and that these amounts are greater

than those given by amylose and glucose,

Examination of Table 24 shows that after

vacuum pyrolysis at 200° for 18 hours only 25-27^ of

the original weight of glucose remained as solid.

This demonstrates that glucose suffers major decomposition

under these conditions. Such decomposition was found

to produce acetaldehyde, acetone, furan, and 2-methyl

furan in similar amounts (Table 23). Therefore, it

would seem that such similarity of yield is a feature

of general decomposition throughout a glucose sample.

18-houx pyrolysos of starch at 175° and 200° also gave

these four compounds, but Table 23 shows that the acet¬

aldehyde produced was in excess. The conclusion reached

in Section 5 (page 71 ) was that these small molecular

weight products originate within anhydro-glucose

residues. Therefore, since a small amount of such

products can be detected from pyrolytic decomposition
of starch at 175° and 200°, some such residues in the

starch /



starch dextrin must decompose at these temperatures.

Table 23 indicates that at pyrolysis temperatures of

220° and upwards, starch gave minor products in which

acetaldehyde, acetone, furan and 2-methyl furan were

in similar yield. Since this was found to be

indicative of general decomposition throughout a glucose

sample, it must be inferred that at this temperature

(220°) the starch dextrin molecule breaks down into

small molecular weight species such as may be given by

glucose itself. The results in Table 23 also show that

at 220° there is a considerable increase in the amounts

of the volatiles from starch pyrolysis, and that this

increase continues with rising pyrolysis temperature.

This is further evidence that 220° is close to the
l

temperature at which polymeric decomposition commences

in starch pyrolysis.

The infra-red spectroscopic results of Table

22 indicate that the unmodified starch contained group¬

ings with characteristic absorptions at approximately

3400 cm""1, 2900 cm and 1645 exa \ The first two of

these were due to oxygen-hydrogen bond stretching and

carbon-hycrogen bond stretching, respectively, (Bellamy,

1958) while the third resulted from the presence of

water In the sample (Greenwood and P.ossotti, 1958).

It will be seen that the oxygen-hydrogen and carbon-

hydrogen stretching frequencies were common to all of the

spectra which were examined. Their presence is readily

understandable /



understandable for the undegraded starch and the viscous

condensates, but for the pyrolytic residues it must mean

either that the residues themselves contained such group¬

ings or that viscous condensate contaminant was present.

This latter was unlikely because of the conditions of

temperature and pressure in which the residue was main¬

tained for many hours, and so it may be inferred that

the residues contained such groupings as 4n integral part

of their molecular systems. The pyrolytic residues also

showed a characteristic absorption at 1010 cm"*1 which was

possibly due to the presence of molecules containing

ethylenic linkages, and another at 1700 cm*"1 which

perhaps indicated the presence of compounds having a

ketonie group in a saturated system (Bellamy, 1958).

By the same argument as above, the residues must there¬

fore have contained both of these groups as part of

their molecular systems. Absorptions at 1610 cm*1 and

1700 em""1 were also present in the infra-red spectra of

the viscous condensates. As these absorptions are not

given by 1,6-anhydro-p-D-g.lueose, the condensates must

have contained contaminant. The more volatile condens¬

ate further showed an absorption at 1680 cm"*1. This

is an absorption frequency which was shown to be charact¬

eristic of furfural, probably being due to the carbonyl

part of the aldehydic grouping. (Bellamy, 1958).

for the residue, the absorption at 1645 cm**1
disappeared, and those at 1700 cm"*1 and 1610 cm"1
appeared /



IfcO

appeared between pyrolysis temperatures of 200° and 220°.

Since it was the only one which was noted over the temp¬

erature range examined, this modification in the absorpt¬

ion spectra must signal the decomposition of the original

polymeric system. It is striking that the temperature

found for this decomposition (220°) agrees with that

found by examination of the temperature dependence of

the production of the aldehydes, ketones and furans.

Table 23 shows the weights of viscous condens¬

ates produced from starch pyrolyses at the various temp¬

eratures, and it is noteworthy that the production of

these condensates began to rise sharply at pyrolysis

temperatures in the region of 220 - 230°. This rise

in production must result from the decomposition of the

polymeric system. That the weights of the residue

remaining after starch pyrolysis varied approximately

inversely as the weights of viscous condensate produced

is illustrated by Figure 16. It vri.ll be seen that

these two sets of results indicate a decomposition temp¬

erature (220°) similar to that found above.

Assuming thermal stability to be directly

proportional to the temperature dependence of the weight

remaining after pyrolysis, further examination of the

results illustrated in Figure 16 suggests that the

various materials pyrolysed probably have thermal stab¬

ilities which decrease in the order, cellulose starch

(both apparatuses), amylase, amylopectin > maltotriose

maltose, isomaltose> glucose. On this basis,

decomposition /
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decomposition of cellulose commences at a temperature

which is approximately 30° higher than that for starch;

such a temperature (about 250 - 260°) is close to that

found therraogravimetrically for the decomposition of

cellulose by Tang and Neil (1963) and Hofman et al (1960).

The previous deduction (page "71 ) that the

thermal decomposition of starch is non-oxidative in

nature is further substantiated by the finding that the

materials produced in vacuum pyrolysis are qualitatively

the seme as those produced in pyrolycos in air, oxygen,

nitrogen and hydrogen. Also, the results shown in

Tables 14 and 15 prove that the decomposition is not

spontaneous, and can be followed over an extended period

of time.

Since the pyrolysis products from starch and

the various related compounds are qualitatively and

essentially quantitatively similar, it seems that the

decomposition mechanisms must be similar. The sudden

appearance of such large amounts (Table 23) of 1,6-

anhydro-£-D«gluco3e (i.e. viscous condensate) from starch
when a pyrolysis temperature of 220 - 230° is utilised

indicates that the main point of primary cleavage in

the molecular chain of the dextrin occurs at a glycos-

idic linkage. This implies that the oxygen atom of

the anhydro-glucose residue ring system is held by

stronger bonds than those of the main glycosidic linkages,

and /
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and is evidence for the correctness of the previous

conclusion that the small no1ocular weight compounds

must originate within these ring systems*

As thermal dextrinisation involves the formation

of many new glycosidic linkages {Christensen and amith,

1957), it is not possible to deduce, v/ith any certainty,

at which linkage the main point of primary cleavage occurs.

The increase in the yields of 1,6-anhydro-p-D-glucose

coincides with the increase in the yields of the alde¬

hydes, ketones and furans (Table 25}, and so it can be

assumed that the production of these minor compounds

is facilitated by the same bond-breaking which produces

the erhydro sugars. The production of such minor

compounds must therefore require prior freedom at the

points'of glycosidic linkage in the ariliydroglucopyranose

residue. As an example of such a requirement -

presuming the furans to be produced from the gluco-

furanose ring system - it is apparent that this production

would be easier if the position of the glucopyranose

ring system were unoccupied; then the species migrating

to the Cr position, to allow the furanose ring to form*)

by intramolecular rearrangement, would be a hydroxy! ion,

whereas if the CA position of the glucopyraaose ring

system were occupied the migrating species would be a

much larger polymeric residue. "Rearrangements of this

type do take place under the experimental conditions

since 1,6-anhydro-Ji-D-glucofuranose is found in the
viscous condensate while only glucopyranose residues are

found /
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found in the original polymer.

Table 25 shows the inter-relation of the four

major pyrolysis products of Table 14, and it can be seen

that while the acetaldehyde values remain approximately

constant, those for acetone and furan seem to be inversely

proportional.

TABLE 25.

Inter-relationship1^ of Acetaldehyde. Furan,

Acetone and 2-Meth yl Furan.

Material Pyrolysed^
Product 1 2 3 4 5 6

Acetaldehyde 31.9 38.9 34.6 32.5 31.3 33.3

Furan 31.3 17.5 32.9 26.4 17.2 30.8

Acetone 1C.4 28.1 12.7 19.2 26.2 17.9

2-Methyl furan 18.4 15,5 19.8 21.9 24,8 18.0

^ Expressed as a percentage
2)

1 = starch, 2 = amylopectin, 3 = amylose, 4 = maltose,
5 = isomaltose, 6 = glucose.

The decrease in the amounts of furan occurs when the com¬

pound pyrolysed contains 1,6-glycosidic linkages. For

acid hydrolysis, HoeIwyn-Hughes (1929) and Yjolfrom et al

(1951) showed that 1,6-glycosidic linkages are stronger than

1,4-glycosidie linkages. Such a relation may hold in

thermal degradation. Assuming that it does hold,it could

be used to explain the relation between furan and acetone,

and so perhaps that /
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that betwoon t?ts> cyclic straight chain types la

these minor confounda. If the 1, 3-, 1, 53- and 1, 4-

glyeosidio linkages of the thermal dextrine were to

break at a similar temperature of 330° - 330°, then

the part of the material {the major part) which is not

retained by slower-breaking* 1, 6-glycosidlc linkages

would distil out of the reaction vessel, mainly as 1,6-

«rihydro-p -jJ-glueose, but partly as smaller molecular

weight species, which would be for the most part cyclic,

.loweror, those anhydroglucosc residues which are linked

by 1,6-glycoeidie linkages would be retained longer in

the furnace and so would be subjected to further degrad¬

ation which would have to be of the ring system and so

would yield straight-chaln oorpotmds e.g. acetone*

These polymer segments remaining in the furnace would

be the sain material subsequently undergoing modification

to form the pyrmlyiie residue. iuoh an argument

predicts that the nMran&a of vieco.ua ccMmsati# should

be inversely proportional to - and the amounts of pyro-

lytic residue directly proportional to - the occurrence

of 1, e-glycosidle linkages in the material which vtm

pyrolysed. The results in Table 14 show that this is

approximately true* Consideration of the starch

dextrin raethylnticm results of Table 3 (Chrlstenaen and

amitit, 1957} indicates that at the most only 10$ to 15#
of the anhyflroglucoso residues in these polymers are

likely to be bound by 1, 8- or 1, 3-gXycosldie linkages.

Therefore /
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Therofore, by the above hypothesis, the breakdown at
o o

S&O - S50 would bo mainly in 1, 4* glycosidle bonus,

one so it would be implied that freedcm is required in

positions Cj_ and of the anhydrogluoose residue# for
the format tern of minor products to occur.

This postulated mechanism require# two pathways

for the production of volatilea; one giving those with

email cyclic molecules, the other giving those with

small otraight-ehaia wolocales, and both eventually

.•living -irbon iw.oxide, carbon dioxide and rater,

Because of the required retention of residues in the

furnace, the second of these pathways would be expected

to he slower than the first. Comparison of the result*

vf ";-bln 11 (11 r.i.nuton} ?i " 11" a for starch of Table

14 (for 10 houra) shows that there tc a «wdler imoroease

in this furan-yioid than, in thr ueet»no~ytal& between IS

minutes and If hour# pyrolysis title, i.e. the production

of the cyclic furan is qui©her than the production of

the straight chain acetone. Also, the completion tin®

of a • lower reaction would be expected to be ;xw notice ably

affected by temperature increase than would that of a

faator reaction. It will be observed from Table S3

that tb© yields of furan reach a figure which is fairly

constant•for 230°, 300° ami 400° eighteen minutes

pyrolyees, eh-ma© the yields of acetone and acetaldehyde
continue to increase with these rises in temperature.

Therefore the last two compounds ore produced'in a re¬

action /
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reaction which is more affected by temperature increase

(and so is slower) than that producing furan. If there

were two decomposition pathways as postulated, it would

not be possible to separate them in time, and the results

of Tables 15 - 21 show that this is indeed the case.

The production of minor products from starch

pyrolyses at 175° and 200° was found to be very small

(Table 23), and to be characterised by the production

of no viscous condensate and little furan. Such could

perhaps be the result of decomposition of the ring

system of non-reducing end^groups of the dextrin via

their unoccupied C4 position.
Tables 20 and 21 illustrate quantitatively

the effects of Inorganic salts in pyrolyses of starch

and related compounds which were described in section

5 (page tb). It now seems that there nay be two

decomposition pathways, of which the one producing

straight-chain intermediates is favoured by the presence

of inorganic salts in the pyrolysis.

It has to be stressed that the above mechanism

of thermal degradation in starch and related compounds

is hypothetical; only passing account has been taken of

changes occurring in the solid, while it has not been

possible to deal in detail with the specific aldehydes,

ketones, furans and acids detected, or with the processes

whereby carbon monoxide, carbon dioxide and water are

produced*
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7. quantitative Analysis of the IJajor Yolatiles
"Produced in the

Pyrolysis of Starch and 'Related Compounds.

Introduction.

Gas-Liquid Chromatographic analyses of the

production of carbon monoxide, carbon dioxide and water

from the pyrolysis of starch and related compounds are

described in this Section. From the results so obtained,

It has been possible to calculate activation energies for

the degradations which give these products. Further, a

gravimetric study of the production of the viscous con¬

densates from the same compounds has been made.

Experimental Method s.

A, Analysis of Carbon Monoxide. Carbon Dioxide and Water.

Development of Apparatus.

The errors involved in the use of the apparatus

ana techniques of Section 6 are listed in Table 13.

These include an error of -3.0$ which arose from variations

in succeeding analyses in the weights of the furnace vessels

which were heated. To overcome this error it was decided

that pyrolyses for this Section would have to be carried

out in the same furnace vessel, situated permanently within

the furnace.

Resort was made to a gravity injection system

operating in a vertical furnace vessel, because no plunger

injection system, comparable to the type used in Section 5,

was available that would withstand high-vacuum. Originally,

this /
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this system consisted of a spindle arm - utilising a B14

socket and closed-off "air-leak" - set in the head of

the furnace vessel, outside the furnace. This arm supported

a glass bucket, containing an amount of sample (weighed

in situ), over the central axis of the furnace. Injection

- by tipping the bucket above the furnace mouth - could

be achieved on rotating the spindle; the size of the

injected sample was determined from a re-weighing of the

bucket. This apparatus did not yield sufficiently reproduc¬

ible results, due, it was thought, to error in the re-Y?eigh-

ings caused by the presence of viscous condensate on the

outside of the sample bucket. Though this condensation was

eliminated by the use of a protective jacket, there was no

material improvement in the reproducibility of the results.

Another possible cause of this limited reproduc¬

ibility might have been variations in the layer thickness

of the sample material after introduction to the furnace

vessel. Thickness of sample directly affects the rate

of heat transfer within the sample, and the rate of sub¬

sequent product effusion (Grassie, 1956). In an attempt

to eliminate this source of error, a furnace vessel was

constructed in which the injected sample fell onto a sloping

surface and so became very thinly distributed. The results

were not satisfactory, and, further, it was not possible to

remove the pyrolytic residue for weighing.

The /
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The injection system was then modified to include

weighings of material directly into a platinum bucket which

was itself dropped into the furnace vessel from the B14

spindle. This system had two advantages; (1) use could

be made of a bucket with a large enough base area to allow

samples to be thinly spread; and (2) the whole of the pyrol-

ytic residue, within the bucket, could be re-covered and

weighed, since the walls of the bucket could be made high

enough to prevent possible spurting of material during

pyrolysis. The disadvantage of this system was that

catalysis of the degradation became possible (Grassie,

1956), but it seemed that such catalysis did not occur

in this instance since examination of the minor products

- those described in Section 5 - showed them to be qualitat¬

ively unaltered.

Using this last injection system in conjunction

with an apparatus similar to that of Section 6 (Figure 13),

but having glass taps instead of "Wade" brass valves,

reproducible production of carbon monoxide, carbon dioxide

and water could still not be obtained from the pyrolysis

of starch and related compounds. The Intention was to

condense the carbon dioxide and the water produced in the

sample vessels (D of Figure 13), and to obtain an estimate

of the amount of carbon monoxide by analysing samples

trapped in the vessels, Ds and then to correct for the

"sharing ratios" of the sampling system and the furnace

vessel. /



\\o

vessel. It was found that the amount of carbon monoxide

contained in the system initially increased with pyrolysis

time, but that it then decreased. This latter effect may

have been due to the water-gas reaction, possibly catalysed

by the active carbon of the pyrolytic residue. Neuman and

Kohler (1928) showed that the required equilibrium - CO +

H20 —»C02 + H2 + 10,090 cals. - did occur at a temperature
of 300°, using an iron oxide catalyst, and so it is not

unreasonable to suppose that it may have occurred over act¬

ive carbon at such a temperature; though exothermic, the

equilibrium would tend to go to the right because of the

removal of carbon dioxide by condensation. (This removal

would be quicker than a similar removal of water from the

other side of the equilibrium because carbon dioxide would

diffuse much more readily to the vessels, D, at -192° than

would water)♦

Whatever may have been the cause of the disappear¬

ance of the carbon monoxide from the furnace vessel system,

it was decided to pump the furnace vessel system during

pyrolysis* Samples of carbon dioxide and water were then

obtained by pumping them through traps at -192°, while

samples of carbon monoxide were obtained on the low-vacuum

side of the mercury diffusion pump. As a result, pyrolyses

were made in a higher vacuum than they would have been had

the carbon monoxide been allowed to remain in the furnace

vessel system. Initially the production of carbon monoxide

was /
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was followed using a "Piranirt pressure gauge, but this

was not satisfactory since (1) the scale of the gauge was

logarithmic and so could not be read accurately at high
i

pressures, and (2) the gauge could not discriminate between

carbon monoxide and possible contaminants (i.e. oxygen and

nitrogen if a small leak developed in the system during a

pyrolysis), To overcome these difficulties, the gauge

was replaced by a system of sample bulbs into each of which

was collected the appropriate carbon monoxide sample during

a pyrolysis. These camples, and those of the carbon di¬

oxide and water, were subsequently analysed as described

below (Experimental Procedure).

A brass platform was placed in the bottom of the

furnace vessel to speed heat transfer to the platinum

bucket.

With these various modifications, it was found

that reproducible results could be obtained, using samples

less than lOOmg. in size (Samples above this size were not

examined)•

Besoriptlon of the pyrolysis and Sampling system.

The Pyrex glass apparatus used is shown schemat¬

ically in Figure 17. The furnace vessel, L, consisted

of a 40 cms. long tube, of which 25 cms. - suitably sheathed

in copper to prevent thermal gradients arising - was in the

furnace (Table 26) ; contained in the bottom of the vessel

was a length of polished brass rod (J, lOcms. x 2 cms.) onto

which the platinum bucket (2 cms. diameter base; 2 cms. walls;
0.005 inch sheeting) was dropped, using the B14 spindle with
a copper extension arm. The platinum bucket was placed on
this /
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this arm via an access tube consisting of a B34 socket

and stopper which formed the top of the furnace vessel.

TABLE 26.

Particulars of Apparatus.

Column (1) for carbon monoxide Pyrex glass tubing,
0.4 x 90 cms.

Column (2) for carbon dioxide Pyrex glass tubing,
and water 0.4 x 480 cms. f )

Hydrogen

"Linde" sieve: 47mls/minute
"Chromosorb-Ww:49,5 mls/ "

"Gow-Mac" katharometer,
type NHL

250mA.

"Linde" sieve

18°

106°

" Chromasorb-lF*

"Teflon"

Detector

Bridge current

Recorder "Sunvic" high-speed potent-
iometric, type 108.

Chart speed

Furnace

60 inches/hour.

Electrically heated, metal
cylinder with suitable lag¬
ging; temperature measured
with thermometer.

Furnace power Supplied via "Variac" trans¬
former; controlled by a re¬
sistance thermometer controll¬
er, type BT2 ("Gunvic'1) giving

The head of the furnace vessel, the manifold

between taps E and CI to C12, the upper-parts of the U-trap H,

and /
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and the leads to the chromatographic columns were maintain¬

ed at about 80° - using asbestos-lagged, oloctrical heating

tape - to facilitate the transfer of water within the

system. All taps and sockets in the apparatus were lubri¬

cated with Edwards* Silicone High "Vacuum Grease.

The sampling system for carbon dioxide and water,

CI to C12, consisted of conventional cold-finger, pump-

through traps. Each of the sample bulbs N1 to N10 was of

250ml. volume, while bulb Nil was of 2000 mis. volume, as

was bulb I-Fj the storage bulb, V, was of 1000 mis. volume.

As in Section 6, the volume of the TT-trap, H,

between the taps IJ1 and U2, was found by weighing a contain¬

ed volume of mercury.
*

Description of the Chromatographic System.

The carrier gas flow path which was used in this

apparatus (Figure 17) was slightly different from that which

was used in the apparatuses of Section 5 and 6, In this

instance, the hydrogen gas, whose flow-rate was controlled

by a needle valve, was passed through a glass baffle system,

and dried in the previous fashion, but it was then led

through one arm of the katharometer without having gone

through a dummy chromatographic column. On leaving the

katharometer, the gas picked up samples from the TJ-trap, H,

and transported them through the required chromatographic

column to the second arm of the katharometer which measured

them. In this system, the tap 3 was closed when the carrier

gas was passed through the IJ-trap. Two different columns

were /



l\l*

were used, for carbon monoxide and for carbon dioxide and

water; these columns were switched as required by means

of two two-way taps, one before and one after the columns.

As before, carrier-gas flow rates were measured using a

simple soap-bubble flow-meter (Knox, 1962).

The recorder {Table 26) was modified so that full

scale deflection corresponded to a Im.V. signal from the

katharometer. Occasionally the signal became too large

for this sensitivity and so a signal-attenuator was

incorporated in the recorder circuit to enable such large

signals to be measured. Set in parallel across the recorder

terminals, this attenuator was a shunt consisting of resist¬

ances of approximately 160, 70, 70, 30, 25 and 10 ohms which

gave tap-off full scale deflections of 1.00, 1.82, 2.93, 7,31,

15.08, and 36.46 times that of the unattenuated recorder.

These full scale deflections were measured using a "Cropico"

portable D.C. potentiometer.

Carbon monoxide samples were analysed on a "Linde"

sieve column {Table 26) which was calibrated using pure

carbon monoxide from the sample bulb, V, in a manner similar

to that described for the acetonernitrogen samples in Section

6. The resultant graph is shown in Figure 18. Chromato-

grams required 5 minutes to complete.

Water samples were measured on the "Chromosorb-W"/
"Teflon" column {10%, w/w) described in Table 25. Powdered

"Teflon" support was used in this column rather than the

celite support of previous columns because those using the

former support do not cause water to tail to such an extent \

as /



 



as do those using the latter support. (Tailing of water

peaks from eelite columns results from excessive retention

of the water by the highly porous eelite; tailing of water

peaks from "Teflon" columns is less than that from eelite

columns because "Teflon" is less porous than eelite).

Calibration standards were measured into the TJ-trap, H, in

the usual fashion, frozen down to -192° and injected onto

the column using a glycerol bath at 140°. The resultant

calibration graph, and another obtained for carbon dioxide

using the same column and techniques, are shown in Figure

10. Each sample of carbon dioxide and water was chromato-

graphed in about 8 minutes.

Carbon monoxide, carbon dioxide and water recorder-

trace peak areas were measured using a commercial planimeter

(compare Page 77 ).

Calibration of Carbon Monoxide Sampling System.

This system was defined by the closed taps D, I and

G (Figure 17) and the operating mercury diffusion pump,

Each of the bulbs 111 to 1310 was filled with carbon

monoxide at uniform pressure, then the defined manifold was

evacuated. The sample in bulb HI was allowed to equilibrate

with the manifold, after which the bulb was closed and the

gas in the manifold transferred to the U-trap, II, using the

Toepler pump (as described below in "Experimental Procedure").

This gas was chromatographed in the usual way. The gas

remaining in the bulb HI was similarly transferred and

ehromatographed: the ratios of the areas of the two resulting
recorded /
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recorded peaks corresponded to the ratio of the volumes

of the bulb Ml (25 units) and the manifold (22.5); and

the summation of the two areas was a measure of the volume

of the bulb (47.5), The samples which were isolated in

bulbs 112 to 2210 were each transferred whole to the U-trap,

In the same fashion, and chromatographed. Thus the ratios

of the volumes of the bulbs HI to N10 were known, and, using

these ratios in combination with that of the first two areas

measured, the ratios of the volumes of each of the bulbs

to that of the manifold could be calculated. These ratios

of bulb volume to manifold volume enabled factors to be

obtained from which the analysed amounts of carbon monoxide

(see "Experimental Procedure") could be interpreted in

terms of actual carbon monoxide production. For example,

the amount in bulb HI, when multiplied by the appropriate

factor (47.5-1- 25) gave a measure of the production of

carbon monoxide in the appropriate tine interval. To

obtain the corresponding result from the sample in bulb 2T2,

a parallel operation was carried out and then a fraction

(22.5 -t-47.5) of sample HI was subtracted since at the time

when bulb 212 wa3 opened this amount of carbon monoxide was

already in the manifold. The amounts of carbon monoxide

produced in the time intervals represented by bulbs 223 to

H10 wore calculated by similar addition and subtraction

processes.

In analyses (see "Experimental Procedure"), the

sample /
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sample isolated in bulb Nil was equilibrated with the

empty bulb HI and the manifold to tap B, and the fraction

in bulb Ml and the manifold measured. To measure the

sample in Nil from this equilibration, the ratio of the

volume of the bulb Nil to the volume of bulb N1 plus the

manifold to tap B had to be known. This ratio was found

by filling bulb Nil with carbon monoxide and then allowing

this gas to eapand into the empty bulb N1 and manifold.

The gas in bulb N1 and the manifold was then transferred

to the U-trap and chromatographed. The remaining gas in

Nil was again allowed to expand into tbe empty bulb N1 and

manifold, and the process repeated. Calculation of the

ratio of the volumes was then made from the following

reasoning

Let x = amount of sample in bulb Nil at equilibrium.

Let y ax amount of sample in bulb N1 and manifold to
tap B at equilibrium.

.*» fraction in N1 at first equilibration »
(i.e. first peak area)

fraction in N1 at second equilibration » (=¥7) (JJw)
(i.e. second peak area) *

.g
(first-second) peak area = ,-Z-4Q(x+y)B

•\ first peak area/(first-second)peak area = 2E±2L_

was a measureable quantity, and so the ratio of the

volume of bulb Nil to the volume of bulb Ml plus the mani¬

fold to tap B could be found.

As /
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As before, the product increment represented by

the carbon monoxide sample in bulb Nil was calculated by

subtraction of a fraction of the total in bulb N1Q from

that measured in Nil.

The ratio of the volumes of the U-trap, H, between

taps U1 and U3, and the tube between taps P and U3 was also

required since only the portion of each carbon monoxide

sample in the U-trap was analysed when the Toepler pump

was used. This ratio was found by the above reasoning,

the relation measured being

first peak area/(first-second)peak area
tube volume + trap volume

31

trap volume

This correction factor was incorporated into

all calculations of carbon monoxide yields.

This whole calibration was repeated and the

average values of the two sets of results used as calibr¬

ation factors for the sampling system.

Experimental Procedure.

Experiments were made with the apparatus oper¬

ating under the conditions outlined in Table 26; compounds
rz

to be pyrolysed were dried at 65° in vacuo (10" mm.Hg) for

15 hours.

The platinum bucket, containing the appropriate

compound was suspended on the copper spindle-extension

(A, Figure 17) and the furnace vessel closed to the atmos¬

phere. With the evacuated Toepler pump isolated, and

all taps except B, C, D end U2 open, the system was pumped

out /
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out until the requisite pressure of 10 - 10 m.m.Hg -

measured on a "Vacustat" - was readied. Vessels CI to

C12 were then immersed in liquid air (-192°). Taps C2

to C12 and N2 to fill were then closed, along with taps

E, F, G and those on the U-trap, H; tap B was opened.

After a short interval, bulb I (which lowered the pressure

on the low vacuum side of the mercury diffusion pump)

was closed at tap I, and the pyrolysio started by dropping

the platinum bucket onto the pre-heated brass block, J.

At the appropriate time, vessel CI was closed and C2

opened; 10 seconds after the closing of vessel CI, vessel

HI was closed and N2 opened. This procedure was repeated

for each of the succeeding vessels C2 to C12 and M2 to

Nil, at times suitable to the stage of pyrolysis.

Pyrolyses were terminated after 18 hours, when

taps C12, IT11 and T1 to T12 were closed, and air allowed

into the furnace vessel, L, via taps M and N and the U-trap,

H. The platinum bucket was then removed from the vessel

and the weight of the pyrolytic residue,removed by incin¬

eration, determined directly.

After closing taps IT, B and M, the manifolds of

the system were evacuated by opening taps E, F, G and I,

followed by tap D. Tap I was then closed and the carbon

monoxide sample in bulb HI allowed to equilibrate into

the Toenler pump, with tap ? open between leads 2 and 3.

This tap was closed and the carbon monoxide in the pump

restricted /
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restricted to the volume between the valve Q and the tap

by means of the mercury which was driven up to the valve

by atmospheric pressure applied through tap B. Using

the alternative position of the two-ray tap B, the mercury

was then drawn back to the equilibriuia position. This

Toepler-pumping was carried out ten times so that effectively

all of the carbon monoxide in bulb N1 was transferred to

the restricted volume of the pump. Tap P was then opened

between leads 1 and 3 and the carbon monoxide driven into

the volume between taps P and U1 via taps U2 and U3. The

sample between taps U1 and US was chromatographed. With

tap ? open between leads 1 and 2, and the mercury returned

to the original position, tap I was opened and the Toepler

pump and U-trap system evacuated. The samples in bulbs

N2 to NIG were treated in the same fashion as that in bulb

Kl. The sample in bulb Nil was equilibrated with the

empty bulb Ml and manifold to tap 3, and the fraction in

bulb N1 plus the manifold analysed as before. On completion

of this analysis, taps F and U2 were shut and tap U3 opened

between the chromatographic columns arid the U-trap, H.

Vessels 01 to C12 were allowed to reach room

temperature, and each of the contained, combined samples

of carbon dioxide and water transferred in turn to the U-

trap, H, and chromatographed. This transfer was made via

taps CI to C12 by ten-minute pumping through the U-trap

(at -192°) and taps U2 and C. Volatilisation with the

glycerol /
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glycerol bath was carried out for one minute.

Accuracy of the .ork.

The probable errors in the use of this apparatus

were comparable to those listed in Table 15, except that

errors in "pyrolysis-initiation" had been considerably

reduced. As a result, the estimations of the amounts

of carbon dioxide and water are thought to be reliable

to - 4$. Estimations of carbon monoxide are, however,

less precise in view of the large number of calibration

factors involved. The size of this additional error

(±5$) was estimated from the experimental spread of the

calibration factors. This error would only be of con¬

sequence in considerations based on absolute totals of

carbon monoxide, since it was present in all calculations;

for instance, it would not affect values of the activation

energy of the decomposition in the various compounds which

produces the carbon monoxide, but it would affect the

corresponding values of the Arrhenius constants.

B. Analysis of the Viscous Condensates,

Apparatus and Technique.

When the above-described apparatus {Figure 17}

was used, it was noticeable that some viscous condensate

deposited on the cold, outward leads of the taps CI to C12.

Using an apparatus vfcich had a furnace vessel and heated

manifold CI to C12 as in Figure 17, an attempt was made

to sample the production of the viscous condensate with

time. This apparatus was unsatisfactory since, on removal

of /
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of the asbestos lagging, some of the condensate was

shown to have remained within the manifold.

It was then decided to collect samples of the

viscous condensates on cold surfaces, and for this purpose

the Pyrex glass apparatus which is schematically illust¬

rated in .Figure 19 was devised and constructed. This

apparatus basically consisted of a furnace vessel, A, and

a parallel sample-tube tower, B. The vessel, A, had a

lower section of SO x 2,5 cms. size, containing a 10 x

2.3 cms, length of polished brass rod - to facilitate

heat transfer to the platinum bucket, as before - and

an upper section of 25 x 6 cms. size, the two sections

being joined together eccentrically so that they had one

uninterrupted side in common. The neck of the bottom

section was formed from a B24 socket. Set high up in

the top section of the furnace vessel was a B14 socket and

closed-off "air leak" spindle which hod two diagonally

opposite copper arms, C and D, The socket was set so

that when the arm C was vertically above the bottom sect¬

ion of the furnace vessel, the arm 13 was vertically above

the shoulder formed by the eccentric joint. This should¬

er was designed in such a way that a B24 stopper, I, sus¬

pended from the arm D, could be retained within the

shoulder and still allow a clear 2,5 cms. diameter vertical

passageway into the bottom part of the furnace vessel.

Access to the top section of the furnace vessel was gained

via a 334 socket and stopper, F.

The sample-tube tower, B, which was opened by
means /



Figure 19

pyrolysis apparatus:

viscous condensates

mU
yok

.a
e

VJ

sample

tube

n (

\=J

/

b

furnace

©
h

©
b



13l3

means of a B55 socket and stopper at the top, was connected

by a right-angled bend and a T-joint to a point in the

furnace vessel, A, that was 2 cms. above the top of the

brass rod, and 2 cms. below the bottom of the B24 socket.

This tower was also formed from two sections; a lower one

which was 21 x 2.5 cms. in size, and an upper one which

was QO x 5,5 cms, in size. These two sections were again

joined eccentrically so that they had one vertical face in

common. The parts A and B of the apparatus were connected

with both complete vertical faces au jaueitr. A side am,

C, (0.7 x 5 cms.) was placed at a point 75 cms. diroctly

above the shoulder of the eccentricity in the tower, B,

while an identical arm, H, was placed diagonally opposite.

B19 sockets and "air-leak" spindles were attached at right-

angles to the extremities of both of these arms, and lengths

of string were suspended, in the tower B, from each of the

spindles. An 0.8 x 2 cms, chimney, I, was internally

sealed within the 2.5cms. diameter length of the tower, B,

at a point level with the eccentricity in the furnace vessel,

A. Six concentrically-fitting 23cms. long sample tubes,

the smallest of which had an internal diameter of 0,9 cms.

and the largest of which had an external diameter of 2.4cms.

were placed over the chimney in a 1 cm. deep bath - when

heated « of soft solder, A copper eye was joined to the

top of each of these six tubes with "Araldite", and was

used to connect each tube, via a copper hook, to one or

other of the two suspended strings. The three smallest

tubes were attached to string G, and the three largest to

string /



string,H, in such a way that suitable withdrawal of the

appropriate string, by spindle winding, lifted each tube

as required from within its neighbour. When all six

tubes were together over the chimney, I, the lengths of

string between the various copper hooks were loose. To

prevent such loose lengths of string catching onto rising

sample tubes, the lengths were weighted with small pieces

of lead whose weight forced them to hang outside the outer

sample tube, beyond the path of rising tubes.

The apparatus was situated inside an electrically

heated furnace whose temperature was stabilised using a

resistance-thermometer controller "Sunvie", Type "RT2.

Heating was applied to the furnace vessel, A, to a point

far enough up the top section to allow the suspended 324

stopper, E, to be maintained at the same temperature as

the B24 socket. This heating also insured that the

chimney, I, and the surrounding sections of the six tubes

were hot enough to prevent subsequent deposition of the

viscous condensates, and that the solder bath was molten.

In practice it was found that some of this solder was

occasionally spilled down through the chimney, I, into the

furnace vessel where it reacted ?/ith the platinum bucket.

Subsequent heating then caused the bucket to disintegrate.

The reservoir, J, was therefore connected to the bottom of

the sample-tube tower, B, to prevent any spilled solder

reaching the furnace vessel,

MYacustatrt /
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"Vacustat" pressures of 10" - 10 dm# Bg.

could be maintained in the system during pyrolyses using

a mercury diffusion pump, backed by a rotary oil pump, via

a connection to tube G, All sockets, etc, in apparatus

were lubricated with Edwards* Silicone High Vacuum Grease.

Pyrolysis samples (pro-dried at 65° in vacuo

(10 m.rn, Hg.) for 15 hours) v/ere placed in a platinum

bucket fe>.f the same dimensions as that used above) which

was then suspended on the spindle-arm, C, until the re¬

quisite vacuum was reached in the system# By rotation

of the spindle, the bucket was dropped past the stopper,

E, onto the brass rod# The stopper was immediately

dropped into the socket to prevent any escape of viscous

condensate to the cold, upper part of the furnace vessel,

A. This insured that all emission of viscous condensate

from the heated ptrt of the furnace vessel occurred through

the chimney, I, and, as a result, that all of this condens¬

ate was deposited on the surrounding sample tubes. The

production of the condensate could be followed with time

by raising each of these six tubes in turn, using the

spindles G and H, since when the first (innermost) tube

was lifted the condensate deposited on the second tube,

and so on. The solder bath was necessary since experiment¬

ation showed that in its absexice leakage of the condensate,

while in the gaseous state, took place under the bottoms

of the sample tubes. For the first three sample tubes,

lifting was carried out using string G, so that when the

third disengaged they moved under the action of gravity

into /



into the shoulder of the eccentricity, and so were clear

of the vertical passageway of tubes 4, 5 and 6, At the

termination of a pyrolysis, which was continued for 20

minutes, estimates of the viscous condensate samples were

obtained by weighing the six tubes before and after clean¬

ing with an aqueous methanolic solution. Again, the

weights of the pyrolytie residues were found directly, the

residues being removed from the platinum bucket by inciner¬

ation.

Accuracy of the Work.

-The errors involved in the use of this apparatus

were few in number because of its great simplicity, Sample

weighings probably gave rise to an error of -0.25$, while

weighings of the viscous condensates probably gave rise to

an error of $ 2,50$} the previous error in "pyrolysis

initiation" (-1$) must also still have been present in

experimental results obtained from this apparatus. In

the determination of production rates, another source of

error was probably given by inaccuracies in the sampling

time. These arose because of the finite interval required

to lift each sample tube from within its neighbour.

3. Results.

Units used in this Soction.

In the tables of results in this Section, the

yields of carbon monoxide, carbon dioxide and water have

been expressed as (moles of product x 10 )(g, initial weight

of material pyrolysed)"1, while the yield of the viscous
condensates /
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condensates has been expressed as (g. condensates x 108)
(g. initial weight of material pyrolysed)"*1. The various

Arrhenius plots were constructed from rates expressed in

these units multiplied by (minutes)'1. The amounts of

residual material calculated from the carbon dioxide and

viscous condensates productions are given as percentages.

For the various Arrhenius plots the rates derived from

these values are in {minutes}*"1.
To obtain the logarithms of the relative

Arrhenius factors listed in Table 77, the intercepts from

the Arrhenius plots were measured and the values modified

to give the factors the units of (seconds)",L.
Arrangement of Results.

The compounds which ?/ere pyrolysed were glucose,

isomaltose, maltose, maltotriose, amylose, amylopectin,

starch and cellulose, and the results from each of these

are given here in the same order.

Particular emphasis has been placed on the

carbon dioxide results as they were more reliable than

those for carbon monoxide (see Page 111); and as they were

more reliable than those for water because of the

difficulties in distinguishing between absorbed and con¬

stitutional water, (cf. Section 4),

Glucose.
^

Table 27 contains results which were obtained

for the pyrolytic production of carbon dioxide with time
o

from glucose at temperatures between 156.0° and 300.3 •

The /
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The totals were obtained by summing the fractions in the

vessels CI to C12. The rates of production of carbon

dioxide given in Table 28 calculated from the maximum

slope of graphs of time against the total carbon dioxide

produced with time. These graphs were all of the same

general shape, and are illustrated by that for the

pyrolysis at 276.9° (Figure 20}.

The results obtained for the parallel production

of carbon monoxide and water from these various pyrolyses

are listed in Tables 29 and 20, respectively, and the rates

of production of carbon monoxide, obtained as before, are

given in Table 28. Over the range of temperatures in

which glucose pyrolysis was examined, the productions of

these two compounds followed the same pattern as did that

of carbon dioxide; these productions are illustrated in

Figure 20 for the pyrolysis at 276,9°.
When the total production with time of carbon

dioxide, and of carbon monoxide from each of the pyrolyses

was plotted against the corresponding total production of

water, graphs were obtained such as that illustrated in

Figure 21 for the pyrolysis at 276,9°. It can be seen

that both curves became straight lines after a period.

For each of the pyrolyses, the ratio water:carbon dioxide:

carbon monoxide corresponding to this linear portion is

given in Table 31.

Figures 22 and 23, respectively, show the rates

of production of carbon monoxide and carbon dioxide plotted

In the logarthimic form against the reciprocal of pyrolysis

temperatur®# Using the simple Arrhenius relationship
(K /
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-a
(K = Ae RT) , where K is the rate constant, A is the

frequency factor (Arrhenius factor), S is the activation

energy and R is the gas constant, the Fig Tires gave the

activation energies which are listed in Table 77 (see

Page IS'Ij). Hie values quoted are the best which could be

obtained from the experimental points, while the ranges

take account of the possible extremes.

To test for a first-order reaction, it was

assumed that the production of carbon dioxide was proportion-
k:*

al to the extent of degradation of the glucose. The

calculated percentage amounts of glucose which remained

with time in the various pyrolyses are shown in Table 32.

The general shape of plots of the logarithms of these per¬

centages against time is shown by that for the 276.9°

pyrolysis (Figure 24), It can be seen that the curves

consist of two straight line sections, the gradients of

which (i.e. the first-order rates of removal of material)

are given in table 28. Arrhenius plots of the two sets

of rate constants (Figure 25) gave activation energies of

14-2 K,cel./mole for the fast, primary degradation, and

3-0.5 K.cal./mole for the slow, secondary degradation.

First oraer plots for the calculated decomposition

of glucose, from the production of carbon monoxide and water

were of the same general shape as those obtained from the

production of carbon dioxide. Those from the 276,9°

pyrolysis are illustrated in Figure 24.

The production of viscous condensates from glucose

was followed at pyrolysis temperatures of 326,0°, 315,1° and



 



fwg£
25.

glucose.-CO2
first-0rder

rates
asarrhenius

plot

-

02-303

log.(rate;x

-2•-4

fast

-s

+

-—_+
5L0W

"8--10
1-6

1-8

10~

20I

2
2

Figure
26

glucose
(313-1°3.

starch
(313-1°):

production
of

✓

IS

cpus
co
n

den
sate
s

mg/mg



Uo

290,8°. The results obtained are shown in Table 33 and

illustrated by the graph of total produced against time

at 313,1° (Figure 26), The rates of production of

viscous condensate (Table 28) were obtained from the

maximum gradients of those graphs in the same manner as

those for carbon dioxide and carbon monoxide. Activation

energies derived from Arrehnius plots of these results

(Figure 27) are set out in Table 77,

Again, assuming that the extent of degradation

is proportional to the production of viscous condensates,

and therefore that the total produced corresponds to the

amount of glucose removed, calculations of the weight of

glucose remaining with time were made (see Table 34),

First-order rate constants for the fast degradation wore

derived as before and are shown in Table 28, Arrhenius

plots of these results are given in Figure 28, and the

derived activation, energies for the degradation which

produces the viscous condensates are listed in Table 77

(see ?age I5M .

Table 77 also gives logarithmic Arrhenius factors

where were derived from the various Arrhenius plots.

Pyrolysis of Compounds other than Glucose.

The results obtained from the other compounds

were considered in the same manner as wore those from

glucose.

Throughout the temperature range in which pyrolysis

was examined, each of the compounds produced carbon monoxide,

carbon /
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carbon dioxide and water In the same fashion as did glucose

(Figure 20), Plots of carbon monoxide, and of carbon di¬

oxide production against corresponding water production

were also of a constant general shape which is illustrated

by Figure 21, All rates measured in the work are listed

in Table 28; all waterjcarbon dioxide:carbon monoxide ratios

found are listed in Table 31, while all activation energies

and logarithmic Arrhenius factors which were derived are

set out in Table 77,

For all of the compounds which were pyrolysed,

Arrhenius plots that were constructed directly from the

production of carbon monoxide and carbon dioxide are

respectively illustrated in Figures 22 and 23; the Arrhenius

plots from the two expressions of the viscous condensate

results are illustrated in Figures 27 and 28.

The other results for each of the compounds

listed below are contained in the given Tables in the order:

1) carbon dioxide production; 2) carbon monoxide production;

3) water production; 4) percentage of solid remaining (as

calculated from the production of carbon dioxide); 5)

viscous condensates production (illustrated by starch

313.1° results in Figure 26) and 6} percentage of solid

remaining (as calculated from the production of viscous

condensates). In each case, the percentage solid remain¬

ing (carbon dioxide) from one pyrolyses find the Arrhenius

plots from these percentage results are illustrated in the

given /
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given respective Figures.

Compound Tables Figures

Isomaltose 35 to 38 29 and 30

Maltose 39 to 44 31 and 32

Maltotriose 45 to 50 33 and 34

Amylose 51 to 56 35 and 36

Anylopectin 57 to 62 37 and 38

otarch 65 to 68 39 and 40

Cel lulose 69 to 74 41 and 42

Effect of Glucose in Pyrolyses of Cellulose.

It was mentioned in Section 3 (page 3L7) that

Golova et al (1957a) have reported that glucose mixed

with cellulose causes a decrease in the production of 1,

6-anhyuro- -h-glucose on pyrolysis. The results of

experiments made to verify this are shown in Table 75.

It can be seen that the experimental yields of viscous

condensates (effectively, 1,6-anhydro-p-D-glucose) from

the cellulosejglucose mixture were slightly below the

calculated yields, and that the difference increased with

decreasing temperature. However, a decrease of the order

reported by Golova et al (1957a) was not found.

A similar trend was found in the production of

viscous condensates from starchiglucose mixtures (Table 76).

Tables 27 to 70 appear on succeeding pages.
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TAHLB S834
Rates treasured in this Work.

to(In the first four columns succeeding figures refer
pyrolysis temperatures of 156.0°, 108.lu, 218.6°, 250.9W,
276.9° and 300.3 ; in the last two columns they refer to
pyrolysis temperatures of 290.8°, 313.1° and 326.0' )•

Glucose.

C02 CO 1st Order CO?. Viscous Condensates
Direct Direct Fast Slow Direct 1st Order

0.3 0.1 - mm 9xnr 180.0
2.8 0,3 - m 76.0 177.0

32.0 2.0 241.0 12.0 55..0 217.0
90.0 2.3 578.0 11.0 .

37.0 11.0 650.0 16.0 — •

280.0 5.0 545.0 20.0 - -

Isomaltos©.
7.1 - - — -

19.5 1.0 — _ - —

38.0 2.8 106.0 6.7 - ~

110.0 6.1 333.0 6.9 - -

250.0 24.0 775.0 10.1 • •

1640 54,0 600.0 8.1
Maltose.

mm —

0.1 - - • 23.0 34.0
2.3 1.3 - - 60.0 107.0

36.0 1.3 106.0 8.0 54.0 143.0
90.0 3,0 500.0 8.3 mm mm

157.0 6.7 533,0 11.4 - -

34.0. 0 25.0 500 . 0 16.7 - -

I laltotrios e .

0,5 0,2 14.3 0.3 -

6.0 1.1 26.0 1.3 39.0 250.0
60,0 7.1 16.0 0.4 57.0 330.0

120.0 14.5 211.0 5.6 mm -

260.0 24.0 388.0 11.9 - -

680.0 88.0 650.0 7.1 mm -

(From this point, in the first four columns succeeding figures
refer to pyrolysxo uwiyciavuj oo w - ,

500.3°, 328.8 and 336.7°; in the last two columns they con¬
tinue to refer to pyrolysis temperatures of 290.8°, 313.1°,
and 326.0°}

3.0
4.1

10.3
29.0

130.0
195.0

0.1
0.2
1.3
4.5

44.0
104.0

5.6
57.0
24.0

144.0
556.0
702.0

Amylo se.
""

2.1
21.0
25.0
11.0
10.4

14.2 17.2
32.0 30.0
53.0 56.0

mm

Amylopectia /
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TABLr, 28* (Continued)

Amylopectln.
C02 CO

Direct
1st Order CQ2 Viscous Condensates

Direct Fast low uir jet 1st Order
0.6 0.2 0.5 o.i 5.5

'

4.5
4.9 0.9 5.7 2.2 7,3 23.0

11.0 4.6 32.0 20.0 23.0 31.0
73.0 18.0 262.0 15.3 - -

220.0 112.0 1115.0 10.0 - —

275.0 140.0 1333.0 10.1 -

Gel lulose.
5.3 — 2.4 072 0.2 0.21
7.4 0.1 21.0 1.9 0.5 0.80
6.6 1.2 22.0 18. G 2.0 0.47

27.0 2,4 95.0 25.0 — —

68.0 9.0 107.0 13.0 - —

80.0 10.3 222.0 17.3 - -

(For Starch, in the first four columns succeeding figures
refer to pyrolysis temperatures of 155.0°, 188.1°, 218.6°,
250.9°, 276.9°, 500.3°, 328.8° and 336.7°; in the last two
Columns they continue to refer to pyrolyeis temperatures
Of 290.8°, 315.1°, and 326.0°).

Starch.
0.9 — — 3.0 4.4
1.2 - - - 8.1 13.6
1.4 0.2 1.8 0.3 16.7 28.0
5.5 O.Q 6.5 3.3 -

12.0 4.4 31.0 22.0 -

67.0 16.0 106.0 10.3 - -

149.0 84.0 64.0 13.7 - -

490.0 115.0 1400.0 9.4 - -

signifies no value available.
Compare "'Unit a used in this Section". Columns 1
and 2 aro expressed in (moles compound produced x
10°)(gm. pyrolyscd material)-! (minute)"!; columns
3 and 4 are expressed in 10/c x (min)-l, column 5
is expressed in (gins, material produced x 10^) (gms.
material pyrolyged)"j- (minute)"! and column 6 is
expressed in 10s x (rain)""!.
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TABLE 29.

Production of Carbon Monoxide from Glucose,

(total to)
Sample No,

2
3
4
5
6
7
8
9

10
11

156.0 188.1
temperature, WC.

- 2
m Li

o.i (
0.2
0.3; ^

0.5V
0.8 it
1.1
1.2
1.5
6.4

-

0.3 I
0.5 i
0.7 tf
1.4 b
2.6li
4.9 Ji
5.8 <0
6.3
7.4

35.4

218.6

0.1
2.2
3.4
6.2

10.1
17.1
20.3
22.1
24.5
43.6

250.5"
0.6
2.9
5,2
7.1

10.5
19.9
20.9
24.7
25.7
26.9
50.1

276.9

13.3
19.4
21.0
28.5
33.4
39.6
42.9
45.2
47.2
81.1

Samples-minutes: same as Table 27.

TABLE 30.

Production of Water from Glucose.

(total to)
Sample No. 156.0 188.1

1 —ZT ~~32~
2 63 64 1
3 99 182 v

4 126 321 ;
5 145 633 ^
6 214 1117 J
7 495 2244
8 834 2489 ^
9 1171 2701

10 1330 2756
11 1504 2859
12 3003 4195

temperature, °C.
218.6
nr
1093
1849
2289
2769
3152
3467
5542
3664
3705
4096
4642

250.9
"1554

3114
3510
3692
3865
4081
4347
4448
4572
4634
4672
5443

276.9
3144
3917
4019
4152
4330
4542
4812
4940
5061
5138
5546
6618

300.3
oTT
3.6
4.3

12.5
24.6
33.7
37.1
39.2
43.1
47.1
64.0

300.3
2053
3087
3270
3483
3670
3784
3883
3995
4111
4145
5019
5180

Samples-minutes: same as Table 27.
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TABLE 51.

Production Batios.

Water:Carbon Dioxide:Carbon Monoxide.

temperature, °C.

Compound 156.0 188.1 218.6 250.9
starch — 183.4:3.5:1 20.0:2,6:1 20.0:4.3:1
cellulose — - 83.3:5.2:1 86.2:3.8:1
amylopectin - - 29.7:4.0;1 14.2:3.5:1
amylose - - 110.9:2.4:1 72.4:4.0:1
maltose 212.5:11.5:1 241.7:14.7:1 37.5:5.2:1 31.6:7.5:1
isomaltose 400.0:16.3:1 260.4:17.2:1 50.0:6.0:1 17.0:7.5:1
maltotriose 225.0:5.0:1 15.2:0.9:1 88.2:7.5:1 30.4:5.1:1
glucose 1087.0:18.5:1 209.3:32.2:1 38.5:5.6:1 40l8:6,0:l

temperature .To
Compound 276.9 300.3 328.8 336.7
starch 17.9:4.4:1 13.9:3.0:1 8.8:3.3:1 14.8:3.1:1
cellulose 53.2:5.3:1 28.1:3.2:1 13.6:4.7:1 12.5:3.4:1
amylopectin 16.1:3.5:1 18.6:3.8:1 9.6:3.2:1 8.9:2.7:1
amylose 21.6:4.2:1 17.4:3.4:1 9.9:3.4:1 4.6:2.3:1
maltose 22.9:5.7:1 15.4:6.2:1 - -

isomaltose 22.7:4.2:1 13.0:4.3:1 -

maltotriose 33.5:5.0:1 21.0:4.6:1 #•» -

glucose 35.0:5.7:1 20.0:3.9:1 *

TABLE 52.

Glucose;Pereentase Beraaining (276.9°)«
calculatedfrom-

Sample No. Carbon Dioxide Carbon Monoxide Water.
86.4 100 '5(5.9

£ 71.1 85.1 46.3
3 66.1 78.3 45.0
4 62.8 76.6 43,1
5 58.7 68.1 40.7
6 53.5 62.7 37.8
7 46.4 55.6 34.1
8 42.4 52.0 82.3
9 39.5 49.5 30.7

10 37.3 47.2 29.6
11 34.4 9.3 24.0
12 9.3 9.3

calculated /
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TABLE 52.(C oatinued)

calculated from Carbon Dioxide.

temperature, °C.
■ample No. 156.0 188.1 218.6 250.9 300.3

1 100 98.9 98.0 94.2 92.0
£ 100 98.1 94,9 78.1 75.2
3 99.4 97.7 87.0 68.7 68.1
4 98.7 97.3 81.8 65.4 61.3
5 98.4 96.1 75.0 59.8 55.1
6 97.7 92.2 63.9 52.7 51.7
7 93.6 81.2 53.8 44 . 2 48.2
8 89.2 75.8 49.9 40.6 42.8
9 85.1 71.9 48.7 38.2 39.5

10 81.8 69.6 45.7 36.2 36.4
11 79.3 66.4 42,8 35.5 10.4
12 27.4 25.5 24.7 15.6 9.8

Samples-minutes: same as Table 27.

TABLE 33.

Production of Viscous Condensates from Glucose.

(total to) temperature, °C.
Sample No. 290.8 31S.1 "526. 0

1 17.5 26.7 7.6
2 63.1 64.8 38.0
3 65.3 66.7 38.5
4 65.7 67.2 38.5
5 65.8 67.2 38.5
6 65.8 67.2 38.5

oamples- 3—1,1-lvr, 3-f, 1-Ti",
minutes 1-17, i - 2hrs» 1-17,1 - 2hrs. 1-17, 1 -2 hrs.

TABLE 34.

Glucose percentage Bema ining
calculated from Viscous Condensates.

temperature, °C.
Sample No. 290.8 313.1 326.0

1 74.3 62.0 81.1
2 7.4 7.8 5.8
3 4.2 5.0 4.4
4 3.6 4.3 4.4
5 3.4 4.3 4.4
6 3.4 4.3 4.4

Samples-minutes: same as Table 33.
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TABLE 55.

Production of Carbon Dioxide from Isoraaltose.

(total to) temperature, oC
Sample 1x0 . 156.0 188,1 218.6 250 • 9 276.9 300.3

1 12.8 3
"

3.1 t 18.2 105.4 97.8 821.4
2 33.2 i 21.0 if 56.2 218.0 248.9 968.0
3 62.5 3 32.8 V 88.4 281.9 328.8 0 1047
4 77.8 43.0 119.8 323.9 439.9 1148
5 86.7'* 51.4 * 171.1 375.5 528.9^ 1237
6 96 * 91^ 72.3 IV 246.3 449.9 608.97 1322
7 116,0^ 124.6 ^ 341.6 542.1 720.0 1456
8 127.5 159,5 5> 380.9 590.7 780.4 1518
9 136.5 188.3 408.2 623.0 821.4 1561

10 144.1 205.4 431.3 648.2 855.8 1598
11 164.5 232,3 470.2 679.8 919.0 1646
12 319.5 416.4 701.2 1000 1306 2043

Samples- 2-3,3-4, 5-2,1-6, 4-1,1-2, 4-1,1-2, 3-£,l-l£, 3-i,i~iy,
minutes 1-•6,5-20, 5-20, 1—6,5—20, 1-6,5-20, 1—5,1—6 , 1-3,1-6,

1 - lBhrs. 1 - 18hrs .1 - 18hrs. 1 - IShrs. 5-20, 5-20,
111 X if X 1, - 18fcrs. 1 - 18hrs.

TABLE 36.

Production of Carbon Monoxide from Isomaltose,

(total
Sample

I

o

o

-P
£5 156.0 188.1

temperature, °C.
2ll8.6 250.9 276.9 500.3

I - o.b- - -

'

1.3 2.6
2 «•» 2.6 , 1.3 7.3 1.3 30.6
3 mm 3.0 4.3 11.7 sc. a 49.9
4 m. 4.7 6.8 14.5 42.2 70,9
5 mm 5. 2 "3 12.4 21.4 68.2 106.8
6 - 6.8 o 20.9 31.7 101.8 118.8
7 3.3 10.9 - 37.6 48*6 119,4 139.4
8 4.1 12,9 43.8 57.0 130.9 156.0
9 5.2 14.5 43.8 57.9 139.1 159.0

10 6.2 15,9 53.7 66.5 147.3 166.0
11 26.9 46.5 100.6 97.7 218.1 284.3

Samples-minutes: same as Table 35.
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TABLE 37.

Production of Water from Isomaltose.

(total to) temperature°C
Sample No. 156. 0 188.1 216.6 250.9 276.9 300.3

1 439 561 879 1624 1860 2909
2 664 728 1529 2577 3171 3428
3 890 961 2195 2913 3681 3710
4 1096 1176 2675 3155 4294 4036
5 1335 1425 0 3299 3369 4809 4291
6 1569 1972 4027 3666 5221 4554
7 1922 2964ft 4644 3973 5718 4886
8 2277 3394-0 4895 4075 5934 5001
9 2720 3896 5249 4218 6283 5249

10 3042 4113 5448 4308 6418 5300
11 3295 4393 5721 4532 7052 5613
12 6170 5637 7294 6292 9700 7345

Samples-minutes: same as Table 35.

TABLE 36.

Isomaitoset?ercentage Remaining

calculated from Carbon Dioxide

Sample temperature °C.
276.9No. 156.0 188.1 218.6 250.9 300.3

1 99.3 99.4 98.7 93.7 94.5 70.6
2 98.2 98.5 95.9 87.1 86.0 65.3
3 96.7 97.5 93.6 83.3 81.5 62.5
4 95.9 96.8 91.3 80.8 75.2 58.9
5 95.4 96.1 87.6 77.7 70.2 55.7
6 94.9 94.6 82.1 73.3 65.7 52.7
7 93.8 90.6 75.2 67.8 59.5 47.8
8 93.2 88.0 72.4 65.0 56.1 45.6
9 92.8 85.8 70.4 63.0 53.8 44.1

10 92.4 84.5 68.7 61.5 51.8 42.8
11 91.3 82.5 65.9 59.7 48.3 41.0
12 83.0 69.7 49.1 40.7 26.5 26.8

>amples-ainutes: same as Table 35.
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TABLE 39.

Production of Carbon Dioxide from Maltose.

total to)
Sample Ho. 156.0 188.1

temoerature,
218.6 250.9

c.
276.9 300.3

'

I 0'. 1,7 > 12,7 33.6 13V 420.0
2 0.3 3.o; 49.3 128.0 301.0 534.0
3 0.8 4.3 p 61.6 204.0 369.7 571.5
4 1.5 6.0m 82.2 251.1 408.7 609.0
5 2.0 10.8 5 108.6 324.8 453.3 660.9
6 2.6 23.5 s 170.5 410.3 527.6 691.2
7 5.5 64.9'p- 258.8 507.5 631.6 740.2
8 8.6 101.2H 289.5 569.3 687.5 819.8
9 12.3 126.4 309.9 625.3 722.7 819.8

10 12,3 145,2 325.0 676.2 756.2 902.3
11 28.1 159.4 347.3 714.2 705.8 1210
12 146.4 272.5 524.0 1099 1094 -

"Samples- ,3-4, 4-1,l-"£,
minutes 1-6,5-20, 1-6,5-20,

1 - 18hrs.l - 18hrs

4-1,1-2,4-1,1-2
1—6,5-20,1—6,5—2 0

1- IBhrs, 1- 18hrs
5
1

__X-—
1-2,
1-6,

-20,
- Bbrs

""4-1,1-27
1-3,1-6,
3-20,

1- 18hrs.

TABLE 40.

Production of Carbon Monoxide from Maltose,

(total to)
sample No.

£
2
3
4
5
6
7
8
9

10
11

156.0

0.3
0.4
0.6
1.0
1. 3
1.5
1.5
6.8

168.1
7, "u f

1.7?
3.2 \
3.8 v

5,0 ^
6.9 *

10.51?
14.3 \l
15.1
15.9
54,9

temperature,
218.6 250.9

°C.

1.6
3.1
4.8
7.0

12.4
19.8
26.1
23.5
31.0
62.9

0.3
4.7
7.2

10.1
16.6
30.1
46.5
56.5
59.4
60.1

111.8

"276.9

9.1
16.5
21.2
32.2
41.8
58 . 5
65.0
67.6
72.5

143.9

300.3

49.3
64.5
65.3
72.5
80.2
88.2

102.1
107.0
111.0
152,0

Samples-minutes; same as Table 39.

TABLE 41,

(total
Sample

to)
No.

2
3
4
5
6
7
8
9

H
12

Production of Water from Maltose.

156.0 188.1
w Viuy V,

218.6 £50.9 276.9 300.3,
14 106 97 548 "2o2V 4860
52 220 662 1913 3110 5260
84 324 1053 2744 3479 5385

118 489 1349 3191 3651 5507
151 633 ^ 1845 3720 3847 5645
191 967 A 2600 4175 4130 5700
266 1786 V3' 3480 4588 4487 5840
323 2164 3641 4787 4645 6009
416 2664 3847 4981 4837 6140
452 2828 3917 5162 4920 6187
632 3117 4167 5341 5455 7662

2288 4301 5220 7154 6857 -

to
SB P

I ^CD H
CD

P 0)
05

-3
1-3 H-
P P
o* p
H c+
© ©

a
03 «
<0
«
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TABLE 42.

Maltose : p erc entage Bema in inr. •

calculated from Carbon jio:;i..e.

temperature. °C.
Sample no. 156.0 188.1 218.6 250.9 270.9 300.3

1 100 99.6 98.6 98.2 0'6.4 11.3
2 100 99.2 94.5 93,0 79.9 63.5
3 99.9 98.9 93.2 88.8 71.3 60.9
4 99.8 98.4 90.9 86.2 74.1 58.3
5 99,7 97,1 88.0 82.1 68.2 54,8
6 99.6 93,8 81.1 77.4 63.0 52.7
7 99.1 82.3 71.3 72.1 55.7 49.4
8 98,7 73,1 67.9 68.7 51.7 43.9
9 98.1 66.4 65.7 65.6 50.3 43.9

10 98.1 61,4 04.0 62.8 46.9 38.3
11 95.6 57.6 81.5 6C.7 44.9 17.2
12 77.1 27.5 42.0 39.5 23.2 -

Sample-minutes: same as Table 39.

TABLE 4-3.

Production of Viscous Condensates from Maltose.

(total to) temperature
sample No. 290.8 313.1 326.0

1 22.6 7.4 11.1
2 39.8 37.6 37.4
3 43.7 45.0 38.6
4 44.6 45.7 39.3
5 i 4o . 0 46.2 39.3
6 1 45.0 46.2 39.3

Samples - 2-1, 2-2,1-14, & ~ £» 1 - !??» 3 - ;> 1 * !§.
minutes 1 - 2 hrs. 1 -17, 1 - 2hrs, 1 - 17, 1 - 2 hrs,

table 44.
Maltose : Percentage Remaining.

calculated from Viscous Condensates.

temperature
o

> c
Sample No. 290.8 313.1 326.0

1 59.3 85.4 74.8
2 28.3 26.3 14.8
3 21.3 11.7 12.2
4 19.7 10.4 10.6
5 18.9 9.5 10.6
6 18.9 9.5 10.6

Samples - minutes: same as Table 43.
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TABLE 45.

Production of Carbon Dioxide from Kaltotriose,

(total to) temperature, C.
Sample No. 156.0 188.1 218.6 250.9 276.9 300.3

I 5.9 5.9 2 14.7 96.9 287.6 299.7
2 7.9 16.8 ft 64.5 230.8 483.5 594.4
3 9.4 20.7 118.7 287.5 563.1 690.8
4 11.4 35.6 X 161.2 349.2 611.0 814.6
5 13.3 41.5 225.7 420.5 672.3 935.3
6 15.3 48.4 >£# 335.6 517.7 763.2 1053
7 21.7 56.3 V. 460.1 621.3 904.0 1263
8 39.0 59.8 & 504.2 670.0 976.7 1389
9 47.8 65.2 552.7 702.5 1038 1480

10 57.2 72.6 580. 4 725.2 1117 1568
11 68.3 127.0 732.8 772.2 1174 1831
12 271,3 274.7 1098 1160 1672 3245

samples- 2- rf 1 rr /
'

y j 5-2,1-6, 4-1, 4-1,1-2, 4-1,1-2 , S - */3
minutes 1-6,5-20, 5-20, 1-2, 1

1 - IShrs.l - lGhrs.1-5, l
5—20,

1 -183ir

-6,5-20 1-6,5-20, l-l£,l-3,
- IChrs 1 - 18hrs 1-6,5-20,

1 - lOhrs
s.

TABLn 46.

(total to)
Sample No.

Production of Carbon Monoxide from Halt per iose.
o

2
3
4
5
6
7
8
9

10
11

temperaturc,
156.0 188.1 218.6 250.9 276,~9~

20.6
0.7
1.5
2.3
4.4
5.7
8.8

11.1
11.8
13.0
32.8

I

5.2
5.3 a

5.3 £

8.4 q

14.1
24.2 >

29.1 ;
36.1
36.8
85.8

1.1
5.4

13.0
24.7
36.3
63.6
70.0
77.3
83.4

161.0

15.
22.
25.
30.
52.
80.
93.
97.

104.
175.

45.3
60.8
70.9
87.2

106.8
126.2
145.5
153.4
153.4
254.4

C.
300.3

372
51.8
70.0

112.1
139.0
184.1
208.4
234.9
252.7
289.0
578.9

samples-minutes: same as Table 45.
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T .BIS 47.

Production of Water from Maltotriose.
o

(total to) temperature, C.
Samole Ho. 156.0 188.1 218.6 250.9 275. 9 300.3

1 pJm m m 600 C- j y lG20
2 476 407 1281 1479 3993 2800
5 688 670 5 1913 1701 4654 3428
4 835 799 2575 2118 5049 3879
5 1111 951 10 3432 2558 5518 4524
6 1397 1051 ft, 4706 3031 6160 5072
7 1645 1196 5833 3579 7002 5944
8 2598 1265 6496 3913 7442 6420
9 3044 1363 7259 4282 7992 7067

10 3434 1432 7334 4575 8342 7527
11 3857 1697 9015 •4899 10050 6423
12 7259 3366 16030 6761 14790 13650

Samples-minutes: same as Table 45.

TABLE 48,

Maltotriose : ereentare Remaining,
calculated from Carbon Dioxide.

temperature OA
1 m •

Samole Ho. 156.0 188.1 218.6 250.9 276.9 300.3
1 99.8 vv«4 99.9 95.7 08.1 S3.3
2 99.7 98.3 99.6 89.7 79.9 86.7
3 99.7 97.1 99.3 87.1 76.6 84.5
4 99.6 96.4 99.0 84.4 74.6 61.0
5 99.5 95.8 98.6 81.2 72.1 79.0
6 99.4 85.1 97.9 76.8 68.3 76.4
7 99.2 94.3 97.2 72.2 63.3 71.7
8 99.1 93.9 96.9 70.0 59.5 68.9
9 98.9 93.4 96.6 68.6 56.9 66.8

10 98.7 92.6 96.4 67.5 53.7 64.8
11 98.4 87.1 95.2 65.4 51.3 58.9
12 90.0 72.1 93.3 48.1 30.2 27.2

Samples-minutes ; same as Table 45.

tab is 49.

.'reduction of Viscous Condensates from TaLtotriose.

(total to) temperature, °C.
Sample No. 313.1 526.0

1 IS.3 27.4
2 39.8 30.1
3 42.0 30.1
4 42.1 30.1
5 42.1 30.1
6 42.1 30.1

Samples- 3 -
■ £» i - 3 - f, 1 - 1^,

minutes 1 - 17, 1 - 2hrs. 1-17, 1 - 2hrs.
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TABLE 50.

Maltctriose:Percentage Remaining.
calculated from Viscous Condensates.

Aampie No.
temperature^ C,

313.1 526.0
1 58.0 5.6.6
2 13.4 8.2
3 6.5 8.2
4 8.5 8.2
5 8.5 8.2
6 8.5 8.2

Samples-minutes• s ane as Table 49.

TABLE 51.

Production of Carbon Dioxide from Amylose
(total to) temperature, °C.
Sample No. 218.6 250.9 270.9 300.3 328.8 336.7

1 8.3 5.6 4.3 17.6 60.0 11.3
2 12.0 11.8 10.8 45.0 202.6 104.0
3 13.0 15.1 20.3 80.2 312.2 218.7
4 14.0 18.9 26.9 115.4 399.0 443.3
5 14.3 22. G 36.4 174.1 525.1 624.0
6 15.6 24.0 59.5 246.6 659.6 702.0
7 17.1 34.2 131.4 352.0 734.0 772.6
8 10.5 42.9 191.0 535.8 760.9 800.0
9 19.9 50.2 246,0 612.0 700.9 819.8

10 21.7 58.9 292.4 655.2 794.8 834.6
11 45.5 77.0 341.2 948.5 824.6 847.4
12 78.1 476.3 640.0 960.3 1036 1038

Samples- 5-2,1-6, 5-2,1-6, 1-2,3-1 ,4-1,1-8,4-1,1-2, 3-ir,l-ti
minutes 4-20, 5-20, 1-2,1-4 ,1-3,1-6,1-6,5-20, 1-3,1-6

1-200, 1- 18hrs 5-20 3-20, 1 -18hrs 5-20,
1 -18Lrs • 1-lGiirs l-18hrs. i-18hrs

TABLE 52.
. roduction of Carbon Monoxide from Amy lose.

(total to) terarereture » Uc*
328 .8Sample Do. 218. 6 250. 9 276. 9 300.3 336.7

i 0.3 0 0 • 3 1.4 2.6 0 '
2 0.8 0.6 3.1 6.6 51.8 13.5
3 0.8 0,6 3.1 9.8 85.0 55.0
4 0.9 0.9 3.4 13.0 116.1 181.9
5 1.0 1.2 4.5 26.2 156.8 276.8
6 1.5 2.4 7.3 44.1 186.9 295.8
7 2.1 3.6 21,6 74.4 207.7 308.8
8 2.7 6.7 39.4 119.5 213.3 313.9
9 3.2 7.4 47.3 134.6 213.3 317.3

10 3. 6 8.5 56.9 144.8 217.0 321.2
11 12.5 61.6 131.9 168.6 248.1 360.1

Samples-minutes: same a3 Table 51 •



Iltb

TABLE OS.

Production of Water from Anylose.

(total to) temperature, °C.
Sample No. 218 .6 250. 9 276.9 300.3 328.8 336.7

I 62 206 194 0t32 (300 294
2 125 329 294 876 1219 822
3 167 374 400 1070 1616 1254
4 206 493 407 1444 1864 1814
5 246 596 605 1657 2253 2221
6 295 630 852 2028 2558 2339
7 382 813 1309 2575 2724 2462
8 427 948 1557 3270 2795 2502
9 487 1183 1889 oG38 2880 2562

10 528 1256 2020 3738 2930 2600
11 824 1821 2435 5540 3023 2678
12 1255 6307 4162 6162 3735 3558

Sample s-minutes: same as Table 51.

TABUS 54.

Amy lose : Percentage Pemainlng
calculated fro:I Carbon Dioxide.

temperature, C
Sample No. 218.6 250.9 276.9 300.5 328.8 536.7

\ 99.5 99.4 99.3 98.3 95.1 99.0
2 99.2 98.8 98.7 95.7 83.3 91.0
3 99.2 98.4 97.5 92.4 74.3 81.1
4 99.1 98.0 96.7 89.1 67.1 71.7
5 99.1 97.6 95.5 83.5 56.7 46.1
6 99.0 97.4 92.6 76.6 45.6 39.4
7 98.9 96.4 83.6 66.6 39.5 33.3
8 98.8 95.5 73.2 49.2 37.3 30.9
9 98.7 94.7 69.3 41.9 35.6 29.2

10 98.6 95.8 63. 6 37.8 34.5 27.9
11 97.0 91.9 57.5 10.0 32.0 26.8
12 94.9 49.8 19.2 8.9 12.9 10.4

Samples-minutes: same as Table 51.

TALL: 55.

production oP Viscous Condensates from Amylose.
(total to) temperature, C.
Sample Ho. 290.8 81371 326.0

1 15.4 10.8 A O"
2 41.7 43.1 3.5
3 49.1 54.9 26.8
4 51.0 64.4 40.4
5 52.9 67.0 47.2
6 55.2 67.0 47.2

Samples-rainutes S-E,' 2-7,1 3-1/ 1-3» l-laV
1-2 hrs. 1-14, 1 - 2hrs. 1-17, 1 - 2hrs.
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TABLE 56.

lose ; Percexitape Bernining,
calcula ted from Viscous Condensates.

temperatur e, °C.
Sample No. 290.8 313.1 326.0

1 77.1 84.9 98.4
2 28.6 39.4 93.2
3 16.0 22.9 47.9
4 12.7 9.6 21.5
5 9.5 5.9 8.4
5 8.9 5,9 8,4

Sample-minutes: same as Table 55.

TABLE 57.

Production of Carbon Lioxidei from Amylopectin.
( total to) temp•erature, °c.
Sample No. 218.6 250.9 276.9 3 0.3 328.3 336.7

I 7.1 22.6 15.1 26.7 158.5 0.7
2 8.4 27.8 15.1 101.4 384.2 158.1
3 9.5 31.6 32.0 170.8 558.8 289.9
4 10.2 34.9 58.4 213.5 647.3 559.1
5 10.6 38.4 84.8 288.1 703.8 646.2
6 12.2 50.4 84.8 370.0 763.0 690.9
7 17.3 84.0 346.5 503.4 324.8 757.0
Q 31.9 115. C 553.9 626.2 858. G 766.8
9 26.7 145.7 733.5 670.8 882.0 800.8

10 31.5 175.7 832.3 605.5 001.0 624«4
11 76.1 214.7 906.3 942.7 226.3 858.6
12 181.2 1332 1406 967.2 1262 1161

T-g- 4.1}1_2 j 4-1,1-2 r S-^TT-o,
5-1, 1-3,1-6, 1-6, 1-6,5-20,
1-6, 3-20, 5-y20, 1 - 18hrs •

.5-20, 1 -lBhrs.l -leiirs
1 -lGbrs

ininutss 4-20,1-2X, 1-2,1-5,
1 - 18hrs. 5-20,

1 -18hrs

TABLE 58.
Production of Carbon IPonoxiae from

(total to}'
Amylopectin.

temperature, "^C.

4
5
6
7
8
9

10
11

Samples - minutes:

216.6 250.9 276.9 300.3 328.8 336.7
«• 0.1 7.5 2.0 12.4 -

0.5 0.7 12.4 16.6 127.9 30.0
0.7 1.5 15.1 32.0 186.6 95.3
1.2 2.4 18.2 53.1 207.0 174.9
1.8 4.8 32.5 76.2 233.9 238.0
2.7 9.7 40.7 114.5 247.8 254.3
6.6 21.7 123.e 134.2 264.4 269.3
8.3 31.4 140.4 163.9 268.4 278.5
9.6 36.3 164.3 166.3 276.3 282.5

11.6 43.2 196,2 183.6 277.5 285.1
54.7 166.3 317.9 226.9 345.2 379.3
utes: same aa Tab lc 57 •



\w*

(total to)
Sample No.

1
2
3
4
5
6
7
8
9

10
11
12

TABLE 59.

Production of Natcr from Amy lope ct i n.
t r ■ jperature, C.

218.6

146
191
248
307
378
471
537
613
676
997

1689

250.9 276.9 300.3
140
210
243
274
322
374
558
523
329
901

1026
4771

Samples-minute3: same as

1G5
185
268
403
595
595

1655
2448
5581
3609
4347
6379

Table 57.

120
461
851

1103
1505
1911
2530
2849
3000
5056
4457
4890

328,8
712—
1587
2124
2411
2527
2652
2758
3210
3302
3356
3472
4573

536.7
-53—
702

1253
2132
2568
2480
2648
2733
2856
2924
3050
4090

j. 4JJ3LL 60.

-■miylopcctln : ::,.r0entup,e Pomaininr-.
calculated from Carbon" Dioxide.

ample No. 218.6 250.9 276.9
temperature

300.3 328.8
.c,

356.7
1 99.9 99.3' 99.4 97.7 20.0 93.5
2 99.9 99.1 99.4 91.2 73.3 87.9
3 99.9 99.0 98.6 85.2 61.1 77.8
4 99.9 98.9 97.5 81.5 55.0 57.2
5 99.9 98.8 96.4 75.1 51.0 50.5
6 99.9 98,4 96.4 68.0 46.9 47.1
7 99.8 97.3 85.2 56, 4 42.6 42.1
8 99.8 96.3 76 A. 4 45.8 40.2 39.8
9 99.7 95.3 69.2 41.9 38,6 38.1

10 29.7 94.4 64.6 39.8 37.3 36.2
11 99.2 93.1 61.5 18.3 35.6 34.3
12 96.0 55.5 40.1 16.2 12.2 11.1

Samples-minutes: same as Table 57.

TABLii 61.
Production of Viscous Condensates from ,j;:ylopoctin.

(Total to)
Sample No. 290.8 315.1 326.0

1 5.S b 0
2 0.0 4.8 1.6
3 7.8 12.0 4.1
4 31.9 33.9 39.0
5 42.3 35.5 48.2
6 43.0 35.5 48.2

Samples- 3 - 2, 2 - 7, 3 - 1, 1 - 3, 2 - *» X - lit
minutes 1 - 2br s. 1-14, 1 - 2iirs« 1-17, 1 - 2 to.
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TABLE 63.

Amy lop ect i n : P ere ent w e "eraai ni :vx .

calculated from Viscous Condensate.

temperature, C.
'313.1Carrole No. 290.8 326.0

1 99.6 160 loo
2 98.5 88.0 97.3
3 85.7 69.6 93.1
4 41.5 14.3 34.1
5 22.6 10.3 18.7
6 19.9 10.3 18.7

Samples-minutes: same as Table 61.

TDBLE 63.
Production of Carbon Dioxide from atarch.

(total to)

Sample L'o.
2
3
4
5
6
7
8
9

10
11
12

ile s-

minutes.
Samo.

156,0
4.6
6.9
8.1
8.5
8.7
8.7
8.8
8.8
9.0
9.1

11.3
18.3

1-5,5-10
5-20,
l-13hrs.

188.1
6.1

11.4
16.1
20.1
24.0
26.6
27 .9
28 • 9
28.9
29.3
34.2
41.7

^75™

210.6
3.5
6.1
9.0

11.0
13.3
16.5
21.2
25.5
30.0
34.1
75.8

163.3
TPFT

temperature, p
257)79 276.9
11.1
17.4
20.4
23.5
27.3
36. 0
61.3
81.0

114.6
141.9
187.8
1017

T^T
4-10,
5-20,
l-iahrs.

1-6,
4-20,
1-250,
1-lShrs

3-1,
1-2,
1-6,
5-20,
1-lOhrs

11.3
20.3
29.3
40.6
64.3

134.3
343.0
506.6
653.0
733.5
801.2
1197

"T^TTjrr;
1-2,1-6,
5-20,

l-iehrs.

300.3
1373
70.2

121.6
164.8
228.2
308.7
455.5
557.1
601.3
626.6
1226
1583

■xrrr

328.8 336.7
116.6 12.7
269.5 265.6
269.5 436.1
668.0 760.9
758.2 877.7
311.4 941.0
881.7 1018
920.3 1049
953.5 1069
953.5 1086
1015
1374

1-2,
1-3,
1-6,
3-20,

l-18hB.

T-
1-
1-
5-
1-

:17
■ 2,
•6»
■20,

1117
1362

"3=1:1-1J,
1-3,

. 1-6,
28ftrs 5-20,

l-lfSlTS
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TABLE 64.

'Tooujtion of Carbon Sonoxide from tarch.

(total to) temperature 0,*.
j V •

Sample ho. 156.0 188.1 218.6 250,9 270.9 g o • 03 328.8 336.1
1 0.1

...

—j...,U. £ — 0.1 2.4 1.7 11.6 *.8
2 0.3 0.6 0.5 1.5 7.4 19.2 101.9 54.0
5 0.3 0.8 0.8 1.9 13.0 35.5 120.3 124.1
4 0.7 1.1 1.1 2.6 15.7 49.3 192.7 215.9
5 0.8 1.6 1,5 4.7 23.2 74.9 234.6 283.9
6 0.9 1.9 2.8 8.8 42.9 110.6 255.3 284.7
7 1.2 2.4 5.9 20.8 92.9 134.4 275.9 306.1
8 1.3 2.7 8.4 29.0 124.2 183. 0 200.3 314.9
9 1.6 3.0 10.2 33.4 144.0 191.1 203.1 317.1

10 1.8 3.4 12.5 40.3 162.2 191.1 203.1 320.2
11 9.5 15.7 55.5 157.0 228.1 224.1 359.0 876.0

Samples-minutes: same as Table 65.

TAAL-: 65.

Production of ?:ater from Starch.
(total to) temperature . °c.
Samnle No. 156.0 188.1 218.6 250.9 276.9 300.3 32e.Q 336.

1 7o> Us . . .

466 $31 75 1078 543
2 136 271 118 633 563 333 1420 2015
3 204 436 164 748 403 656 1420 2807
4 272 575 200 840 480 870 2628 3952
5 340 714 238 951 505 1173 2970 4335
6 399 818 301 1093 925 1508 3052 4557
7 463 990 377 1294 1745 2174 3160 4839
8 463 1019 415 1427 2412 2420 3217 4969
9 538 1116 467 1655 3079 2503 3514 5178

10 575 1156 49 7 1744 3272 2527 3314 5250
11 624 1242 835 4515 3819 3124 3996 5505
12 1034 1774 1350 7824 5182 3480 4962 7109

• Sample s-minnt es: same as Table 63.

TABLE 65.

."•tarch : .'ercentage Remaining.
calculated from Carbon LioxIda.

'tigxap er atuir'e 7sC .
Sample So.156.0 108.1 218.6 850.9 276.9 300.3 328.8 336.7

i 100 99.9 99.3 99.4 99.2 93.1 99.2
2 99.9 99.8 99.3 93.9 96.1 90.1 82.8
3 99.9 99.7 99.2 98.4 93.3 89.7 71.8
4 99.9 99.7 99.1 97.7 90.9 88.3 50.8
5 99.8 99.6 90.9 96.4 87.3 86.2 43.3
6 99.8 99.5 98.6 92.5 83.0 80.9 39.2
7 99.0 99.4 97.6 80.7 74.3 70.7 34.2
8 99.8 99.3 96.6 71.5 68.6 65.2 32.2
9 99.8 99.1 95.3 63.3 66.7 61.4 30.8

10 99.8 99.0 94.5 58.8 65.3 59.1 29.8
11 99.0 97.6 92.7 55.0 23.0 54.1 27.8
12 99.7 95.3 60.4 32.7 12.3 6.1 12.0

Samples-minutes: same as Table 65
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TABLE 67.

Production of Viscous Condensates from Starch.

(total to) temperature
o_

, c.
Sample No • 290.8 313.1 326.0

1 0 0 0. §
2 2.7 7.2 2.9
3 6.9 14,7 7.7
4 28.1 37.4 32.6
5 35.7 45.2 41.6
6 39.4 45.4 42.3 -

Samples- 3-2, 2-7, 3 - 1, 1 - 3 » 3 - J, 1 - li,
minutes 1 - 2 hrs. 1 - 14, 1 - Ehr s. 1-17, 1 - 2hrs.

TiU3LS 68,

Starch : percentage -euaining.
calculated from Viscous Co licenseten.

Sample No. temporatur c, °C.
290.8 0X0 • X 326.0

1 100 100 98.2
2 95.4 86.0 93.9
3 85.6 71.7 84.0
4 41.4 27.7 32.1
5 23.5 12.7 13.5
6 17.9 12.4 12.1

Samples-minutes: same at Table 67.

TABLE 69.

Production of Carbon Dioxide from Cellulose,

(total to) temperature, °C.
Sample No. 218.6 250.9 276,9 300,3 328,8 336.7

i 27,1 12.3 8.3 35.9 74.4 10.8
2 36.2 19.5 15.1 42.1 106.4 49.3
3 45.0 26.4 24,8 78.8 110.2 77.8
4 52.7 32.3 35.2 115.4 125.2 130.6
5 54.8 39.3 42.1 154.8 147.5 216.0
6 55.8 50.7 56.0 183.6 205.1 331.5
7 56.5 66.6 79.5 230.9 .314.3 499.5
8 56.9 78.0 95,1 343.6 372.8 563.7
9 57.5 85.9 109.0 443.2 413.5 599.3

10 58.1 94.4 109.0 532.4 438. a 620.7
11 67.9 107.8 140.4 1088 492.0 681.6
12 124.0 218.9 484,5 1122 1007 985, 0

Samples- 2-5,9-10, 1-2,3-1, 1-2,3-1 , 4-1,1-2 , 4-1, 3-£,l-l£,
minutes 1 - 18hrs 1-2,1-6, 1-2,1-6 , 1-3,1-6 , 1-2, 1— o, 1—6 ,

5-20, 5-20, 3-20, 1-6, 5-20,
1 -18hrs l-18hrs 1-lBhrs 5-20, 1 - IShrs.

1-lOhrs
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TJL3LI2 70.

Production of Carbon Monoxide from Cel lulose.

(total to) mperature, °C.
Sample Ho. 218.6 250.9 276.9 300.3 320.8 336.7

1 ' "X 2'.'3' " - 5Y6 ~T75~ 4.0 -

2 3.4 0.3 6.6 5.2 15.5 4.0
3 3.4 0.3 6.6 7.0 20.0 9.2
4 4,1 0.4 6.6 6.8 23.1 20.1
5 4.4 0.5 7.6 12.9 28.3 43.1
6 5.0 0.8 9.5 16.8 45. S 69.9
7 5.7 4.1 14.3 23,1 81.8 105.8
8 6.1 5.7 17.0 41.2 96.0 143.2
9 6,3 6.8 20.6 46.6 97.7 145.2

10 7.0 8.4 20.6 61.2 109.3 156.6
11 25.0 38.8 141 ..2 216.9 202.7 206.4

Samples-minutes: same as Table 69.

TABLE 71.

. reduction of Water from Cellulose.

(total to)
Sample Ho,

2
3
4
5
6
7
8
9

10
U
12

218.6
3r<r~
476
617
760
059
934
992

1039
1097
1141
1260
221b

350,9
244
421
578
832
993

1185
1400
1529
1735
1875
2106
3230

276.9
Vo9
261
305
418
516
671
881

1041
1206
1262
2082
5597

tecipe
500,5
206
233
353
461
629
724
856

1120
1523
1833
6402
7192

rature,
~3Fe78
Wq
967
1020
1187
1332
1642

2056
2180
2333
2449
2609
4229

C *

556,7
71
242
352
565
922

1367
1989
2154
2307
2377
2540
3649

Samples-minutes: same as Table 63.

72.
Cellulose : 'ercent'ag'c Pemc.1 nine;,
calculated from Carbon ioxidc.

temperature
U r<

J &*•
Sam.nle No. 218.6 250.9 276. S 300.3 328.8 336.7

1 38.8 -gsrs* 99.6 "3T.T 93.1 99.0
98.4 98.2 99.1 26.7 90.1 95.4

3 98.0 97.6 98.7 93.9 82.7 9218
4 97.7 97.1 98.1 31.0 00.3 87.9
5 97.6 26.4 97.7 87.9 86.2 80.0
6 97.5 95.4 97.0 85.7 80.9 69.3
7 97.5 93.9 95.7 82.0 70.7 53.8
e 97.5 92.9 94.9 73.4 65.2 47.8
9 97.5 92.2 94.1 66,2 61.4 44.5

10 97.4 91.4 94.1 58.6 59.1 42.5
11 97.0 90.2 92.4 15.3 54.1 36.9

12 94.5 80.0 73.8 12.7 6.1 8.8

Samples-minutes; same as Table 69.



TABLE 73.

Production of Viscous Condenaates from Cellulose.

(total to)
Sample Ho.

2
3
4
5
6

290.8
s
o
o
0

2.3
13.3

temperature, °C.
"

313*1
'0
0
0

0.6
7.8

42.7

326.0
0
0

0.5
1.8

30.3
34.9

Gamp1es¬
timates.

3-3, 3.-5,1-11,
1-2 hrs.

3-1, 1-3, 1-14,
1-2 hrs.

- 3.
4= f 1 - if

If 3, 1 — 14,
1 - 2hrs,

74.

Cellulose : percentage Ber.alnlag.
calculated from Viscous Condensatee,

Sample No,
1
2
3
4
5
C

290.8
Too"
100
100
100
92.5
67.4

temperature, °C.
i.

100
100
100
98.8
84.6
13.5

526.0
100
100
98.8
95,2
21.1
9.2

Samples - minutes; same as Table 73.

(total toT
Sample No.

TABIS 75.
Production of Viscous Condensates from

Cellulose""; oTuuo'se "("44.08;55.42") Mixtures.
temoeratur e, '°C,

r>

3
4
5
6

Sample a-
minutes

cellulose
glucose
total

290.8 313.1 326.0
3.6 6. 4.7

15,5 27.0 22.8
19.8 24.2 25.1
23.4 39.0 27.1
23.4 42.5 30.0
24.2 46.3 31.5

-1h Mr,i-i£ 3—f7 <-v

l-20,l-2hrs. 1-17,
1 - 2hrs

Calculated Yields,

1-17, 1 - 2iir s,

5.9 19.0 15.3
36.3 37.3 21.4
42.4 56,3 36.9



ISlv

TABLE 76.

Product ion of Viscous Condensates from
.tareh : Glucose (54.28:45.72) Fixtures.

(total to) teraperut ore, °C.
Sample No. 290.3 315.1 326.0

1 12* 5 6.0 12*4
2 20.6 18.1 28.2
5 28.0 26*5 36*3
4 31.6 46.0 51.3
5 43*1 58.6 51.9
6 43.6 58.6 51.9

Samples- 2 - 1, 2 - 2, 3 - f, 1 - if, 3 - f, 1 - lfi
minutes. 1 - 14, 1 - 2hrs . 1 - 17, 1 - 2hrs 1 - 17,1 - 2hi

Calculated Yield s.

starch 21.4 24.6 22.9
Glucose 30.8 30.7 17.C
total 52.2 55,3 40.5

TABLE 77.

Logarithms of j£Lparent Arrhenius Factors of Thermal degradation.
3 4 5

viscouscompound
pyrolysed

2
CO

direct
COp fir st order

6
viscous

initial final condens- condeas-
'radient gradient ates " ates

direct first

glucose 3.4 2.7 3.0 -3.1 -3.8 0
isomaltose 3.2 3. 9 3.4 -3.0 - -

maltose 3.6 3.3 2.4 -2.9 2.3 5,3
maltotriose 3.8 3.4 2.8 2.0 1.8
amyloae 6.7 6.7 6.3 - 3.9 3.9
amylopectin 7.1 6.5 10.0 - 5.4 6.1
starch 6.8 6.1 7.5 4.9 4.4 6.0
cellulose 6.6 5.1 4.4 5.4 4,6 7.6

Activation Energies of Thermal s-e-radation.

glucose 2o*4 20*3 14*2
isomaltose 18+3 20+2 17+2
maltose 20*4 21*2 14*2
maltotriose 20*4 20*3 18*2
amylose 29*2 32*4 27*4

amylopectin 28*2 30*3 41*2
starch 29+3 28*3 30*3
cellulose 29*2 29*3 21*3

3*0.5
2+0.5
4*0.5

(26)
(36)

26*8
26*3

-5*1 0

14*3 19*2
11*2 10*2
16*2 15*2
22*3 25*3
20*2 24*2
25*4 33~3



TABLE
78

Yields
of

Products
(Moles
x

106)

Produced
in
18

hour

Pyrolyses
at
D

ifferent
Temperature

Compound

Carbon
Monoxide

Pyrolysed

A

300.3°
A

156.0°
188.1°

218.6°
250.9°

276.9°

320.8

337.6°

glucose
6

35

"

43

50

8i

64

—

isomaltose
27

47

100

97

218

284

—

mm

maltose
7

55

63

111

143

152

maltotrlose
S3

86

161

175

254

578

—

amy
lose

-

-

12

61

132

168

248

360

amylopectin
-

-

55

156

317

226

545

379

starch
9

16

55

157

223

224

359

876

cellulose
mm

-

25

38

144

216

202

360

Carbon
Dioxide

glucose
98

368

308

444

349

527

_

isomaltose
320

416

701

1000

1306

2043

—

maltose
146

273

524

1099

1094

902

_

raalt
otr
lose
271

£75

1098

1160

1682

3245

amylose
-

-

78

476

649

960

1056

1038

amylopectin
-

-

181

1382

1408

968

1262

1161

starch
18

42

163

1017

1197

1583

1374

1362

cellulose
-

-

124

219

485

1122

1007

985

Water

glucose
3003

4195

4642

5443

6618

5180

—

isomaltose
6170

5637

7294

6292

9700

7345

—

—

maltose
2288

4301

5220

7154

6857

7662

_

—

maltotriose
7259

3366

16030

6761

14790

13650
—

—

araylose
-

-

1255

6307

4162

6162

3735

5558

amylopectin
-

-

1689

4771

6379

4890

4573

4098

starch

1034

1774

1350

7824

5182

3480

4962

7109

cellulose
-

2215

3230

5597

7192

4229

3649
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4. discussion.

Product Yields.

The production of carbon monoxide, carbon dioxide

and water from pyrolyses of the various compounds was

examined over an extensive range of temperature because the

results of eection 6 had shown that, whilst general decom¬

position occurs in starch dextrins at about 220°, it was

possible to detect the production of volatiles below this

temperature. It was thought that changes in the relative

amounts of the three products might be found at the temper¬

ature of dextrinisation, or at the temperature of general

decomposition* Table 78 lists the total amount of the

three products obtained from the pyrolyses. For starch,

it can be seen that the reaction is mainly a dehydration

at temperatures of 156.0° and 188.1°; the production of

carbon monoxide and carbon dioxide, indicates that limited

decomposition does occur in this temperature range* The

increase in production of the three gases from starch when

a pyrolysis temperature of 210.6° is used, shows that major

decomposition commences close to this temperature. These

two findings agree with the conclusion reached in section

6 with regard to the temperature dependence of starch break¬

down. The results show that pyrolyses of glucose, iso-

maltose, maltose and maltotriose at 156.0° and 180,1° are

also mainly dehydrations, but that they are not as markedly

so as is the pyrolysis of starch, relatively more carbon

monoxide and carbon dioxide being produced. This finding

is /
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is also in agreement with that of Section 6j these small

saccharides are less thermally stable than starch. The

fact that the increase in the production of carbon monoxide,

carbon dioxide and water from cellulose pyrolysis does not

occur until temperatures of 250-270° arc used supports

the previous conclusion that cellulose is more stable than

starch. Less water is produced from pyrolyses of starch

than, from pyrolyses of glucose, isomaltose, maltose and

maltotriose at temperatures of 156.0° and 188,1°. This

is readily understandable since these small molecular

weight species tend to form l,6-anhydra-p>~D-glucose by

the loss of water when heated, whereas starch, which is

a polymer of anhydroglucose residues, has no such water to

lose.

Consideration of the results in Table 73 shows

that the yields of carbon monoxide and carbon dioxide from

glucose pyrolysis at 300° were significantly less than

those from all of the other compounds. This means that

the extent of pyrolytic decomposition must be less in

glucose than in the other compounds. Such a deduction

is supported by the results for the production of viscous

condensates: these show that glucose tended to yield more

condensates than did the other compounds. This greater

decomposition in the compounds other than glucose is pre¬

sumably a result of their remaining longer in the furnace

vessel, being less able to form volatile 1,G-anhydro-p-D-

glucose.

Puddington (1948) investigated the pyrolysis of
glucose />
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glucose, maltose and starch using; a system in which pyrolysis

was initiated as in Section 6, and in which analyses of

carbon monoxide, carbon dioxide and water were carried out

using conventional techniquesj the highest temperature

which was utilized was 210°. The yields of carbon monoxide

and carbon dioxide which were reported seem generally to

agree with those of Table 78. For instance, Puddington

found that a 22 hour pyrolysis of potato starch at 210°

produced 184 x 10~u moles of carbon dioxide and 74 x 10~G
moles of carbon monoxide, which compare with totals of

163 x 10 ipoles of carbon dioxide and 35 x lG"b moles

of carbon monoxide which v/ere obtained here in an 18 hour

pyrolysis of potato starch at 218.6°, It is not possible

to make a comparison of the production of water in the two

sets of experiments since Puddington reported this as a

percentage of the total which was eventually produced

rather than as a molar quantity.

As was previously mentioned, curves such as that

of Figure 21 (Page 118) were obtained when the productions

of carbon monoxide, and of carbon dioxide were plotted

against those of Y?ater. The ratios waterjcarbon dioxides

carbon monoxide for the straight line part of these curves

are set out in Table 31. It can be seen that the ratio

carbon dioxide:carbon monoxide is near to three in pyrolyses

made between £18,6° and 337.6° for the polysaccharides,

and near to five in pyrolyses made between 218.1° and 300.3°
for the small molecular weight species,

indicate /
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Indicate that the polysaccharides each form closely

similar compounds during the initial stages of thermal

degradation; and that these compounds differ from correspond¬

ing closely similar compounds which the small molecular

weight species must also form during such degradation.

Before the formation of these compounds is complete, there

must be a considerable amount of change (dextrinisation?)

in the molecule, since, in this period, the ratios of waters

carbon dioxide:carbon monoxide are changing, as is shown

by the fact that the initial part of the graphs (Figure 21)

is curved. It is noticeable that the more polymeric

starting materials gave the lowest carbon dioxide:carbon

monoxide ratio, and so it can perhaps be deduced that, on

pyrolysis, the more polymeric a dextrin, the more carbon

monoxide it will give, relative to carbon dioxide. Pyrolyses

of the small molecular weight species at 156.0° and 188,1°
gave higher carbon dioxide:carbon monoxide ratios than did

those at temperatures of 218,6° and upwards. It may be

possible to infer that thermal polymerisation, prior to

decomposition - however slight - does not occur at the

two lowest temperatures, especially since pyrolysis of the

polymeric starch at 188.1° gives the low ratio expeeted.

It is further noticeable from Table 31 that the

ratio water:carbon monoxide continued to decrease in each

case with rising pyrolysis - temperature, while the ratio

carbon dioxide:carbon monoxide remained constant. This

implies /
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implies that with rising temperature, the decomposing

dextrins have fewer potential-water groupings to lose.

This, in turn, implies that the intra-molecular ramification

of the decomposing dextrin must be directly proportional

to the temperature causing the dextrinisation, since this

process is one of anhydridisation and the greater the

anhydridisation the greater must be the ramification.

As was mentioned above, comparisons of the results

with those of Puddington (1948) show agreement in the main.

He found that the ratio carbon dioxide:carbon monoxide in

the pyrolysis products of starch eventually reached a value

of approximately 3:1 (no temperature was given), comparing

with the value of 3.5:1 listed in Table 31 (186.1°); and

that, compared to glucose, starch gave relatively more

carbon monoxide than carbon dioxide, fitting the trend which

was demonstrated here in the results from pyrolyaes of

large and small molecular v/oight species. He also found

that a linear relation between water, carbon dioxide and

carbon monoxide appeared in time in the products of pyrolyses

of starch and glucose, hut in contrast to the finding of

this work, he found that no such relationship appeared in

the products of pyrolyses of maltose.

Shape of Production Curves.

The production curves of carbon dioxide, carbon

monoxide and water were the same from all compounds over

the temperature range in which pyrolysis was examined

(compare Figure 20, PagelJlg). In no instance was a

sigmoidal /
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sigmoidal-type curve obtained. For the viscous condensates,

the production-time curves which were examined were also

all 01? this same general form (compare Figure 26, Page ll°[ ).

This implies that there is no induction period and no

autocatalytic process involved in the thermal degradation

of any of the eight materials jwx vacuo. .imilarly, it

probably implies that - as expected because of the high-

vacuum - there is no stage in any of these decompositions

at which a liquid phase is present in the degrading material,

since such phases give a pseudo-autocatalysis (Bawn, 1955).

Using conventional techniques, Murphy (1962)

analysed the production of carbon monoxide from pyrolysed

cellulose and, finding that the produetion-ti me curves

were non-sigmoldal, concluded that autocatalysis played

no part in the degradation. Similarly, Puddington (1940)

found that the production-time curves of carbon monoxide

and carbon dioxide from the pyrolysis of starch showed

that there was no autocatalysis involved in the degradation.

In contrast, Kadorsky et al (1956) found, by a gravimetric

study, that the decomposition-time curve of pyrolysed

cellulose was sigmoidal in shape, Each of these authors

used an apparatus in which pyrolyses were initiated by

placing a heater around the furnace vessel. The heater

used by Murphy (1962) was an oil bath, litiile those used by

Puddington (1948) and Kadorsky et al (1956) were electric

furnaces (as used here in Sections 5 and 6). The results

of Section 6 (compare starch results shown in Figure 15)

show that the production-time curves of the minor volatiles

were /



were sigmaidsl under the experimental conditions which were

employed. The non-sigmoida1 produetion-time curves of the

major volatiles in this Section are probably of this

different shape as a result of the change in the experiment¬

al technique between Sections 6 and 7, since it is unlikely

that the two groups of volatiles have different patterns

of production. Basically, the two techniques vary only

in the efficiency of heat transfer to the solid undergoing

pyrolysis. This efficiency governs the rate at which the

temperature of a material is raised. Therefore, it may

bo that the pyrolysis temperature had been reached in the

samples, that were pyrolysed in the platinum bucket, before

sampling was started, A sigmoidal production of products

would be expected if sampling were to be started before the

pyrolysis temperature was reached, since the rate of this

production would be directly proportional to the rising

temperature. The higher the pyrolysis temperature, the

more likelihood there would be that sigmoids! production

of products would be found. The fact that the decomposition

followed by the results of .."'ud ding ton (1948) was non-sigmoids!

while that followed by those in Section 6 was sigmoidal can

thus be explained, since the first set of experiments were
o

made at temperatures around 180 , while the second set were

made at temperatures around 280°. Further, presuming that

their differing experimental technique measured the same

reaction, the production-time curve difference in shape

between the results of Murphy (1362) and Madorsky et al (1956

can /
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can also be explained in terms of heat transfer. This is

more efficient in a solid than in a gas. In the apparatus

of the former author, the material to be pyrolysed was con¬

tained in a glass vessel, and heat transfer to the material

therefore occurred via the glass (a solid}; in the apparatus

of the latter authors the material to be pyrolysed was con¬

tained in a tungsten bucket, which was suspended, in a

"vacuum", within the furnace vessel and as a result heat

transfer to the material occurred via a "vacuum" (a dilute

gas). As a result, the apparatus of Murphy (1962) would

heat the material to be pyrolysed more quickly than would

the apparatus of Madorsky et ad. (1956) and the results of

the former author would be expected to be less sigiaoidal

than those of the latter authors.

Order of Decomposition Beaction.

Since they are straight lines, the plots of log.

(remainder) against time illustrated in the various,

appropriate Figures show that the decomposition which pro¬

duces carbon dioxide is first-order for each of the compounds

which wore pyrolysed. ?ach of these linos is in two sections

of differing gradients. Figure 24 shows such "first-order"

plots which were constructed from the production results of

carbon monoxide, carbon dioxide and water from the pyrolysis

of glucose at 27 6.9°, and it can be seen that the three

curves are of the same general shape, and that the change

ift gradient occurs at the same time in each. (The water

curve is appreciably lower than the others, but it seems

likely /
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likely that this may have been caused by excessive initial

loss of hygroscopic water or water of dextrinisation).

These two relations between the three curves hold for all

of the compounds that were pyrolysed over the range of

temperature examined. Illustrative plots of the carbon

dioxide results only have been given throughout because

(as explained on Page \21) it was thought, that these results

were probably the most reliable of the three sets, but it

can also be concluded that the decompositions which gave

the various samples of water and carbon monoxide were all

first-order. oimilar plots constructed from the viscous

condensates results indicated that the d composition giving

this material from the various compounds which were pyrolysed

was also first-order.

It seems probable that the degradations of the

various compounds ar_. themselves in two first-order parts,

since the productions of carbon monoxide, carbon dioxide,

water and the viscous condensates, which together account

for roughly 60 per cent or upwards by weight of each com¬

pound, are in two first-order parts. These "first-order"

curves were plotted using results which were calculated

from the products on the assumption that the yields of each

compound with time can be equated with the amount of solid

material removed from the furnace vessel. It should be

pointed out that such an assumption only makes different

sets of results more comparable, and in no way affects the

shape of the curves.

The /
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The thermal degradation of starch and related

compounds may be approximately represented by an equation

of the form:-

A —C + D + ...

where A is the reactant, C and I) etc. are the products,

and K is the velocity constant. Since the degradation is

first-order,
Rate

K - —

where A is the concentration of reactant. Therefore the

rate constants which are given in Table 28 for the direct

production of carbon monoxide, carbon dioxide and the

viscous condensates from the various pyrolysed compounds

ought to be measures of the velocity constants, K,

The equation for a first-order reaction is

log (JL-) » KT
A-x

where A is the original concent ration, of reactant, and

(A-x) is the concentration of reactant at time T. This

means that plots of the type given (Figtxre 24, etc.) have

gradients equal to the rate constant of the reaction.

The change in gradient in the various plots must therefore

indicate a change in reaction rate, the initial rate being

the faster of the two.

The conclusion that carbon monoxide, carbon di¬

oxide, and water are produced in a first-order fashion

substantiates that of Pud ding ton (1948) , who found that the

product-time curves resembled those of such a reaction.

He found a rate constant of about 1,7 x 10""^ (minutes) ^
for /
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for the carbon dioxide which was produced from a 210°

pyrolysis of starch, comparing with those of 1.8 x 10~4
_ pr

(minutes)""1 for the fast reaction and 2.5 x 10~ (minutes)"*1
for the slow reaction which were found in this work for the

218° starch pyrolysis. Therefore, it seems probable that

Puddington measured the fast reaction. Further, the con¬

clusion that the pyrolytic degradation of cellulose is first-

order and takes place via two reactions of differing rates

agrees with that of Murphy (1962). For a pyrolysis at 190°,
he found rates of 5.8 x 10"" (minutes)-1 for the fast,

initial reaction and 1.7 x 10""s (minutes)"1 for the slow

reaction, comparing with those of 2,4 x 10-i3: (minutes)_1 for

the fast, initial reaction and 1.6 x 10"° (minutes)"1 for

the slow reaction which were found here for the pyrolysis

at 218°. Tang and lleill (1963), using thermo-gravimetry,

also found that the thermal degradation of cellulose occurred

in two parts, but they found that only the second part was

first-order, while the first part was of aero-order.

Madorsky et al (1956) made no mention of a discontinuity

in their results for the pyrolysi3 of cellulose, although

they did report that there could not be one overall first-

order reaction since a logarithmic plot of the pyrolytic

residue weight against time was not a straight line.

Activation Energies.

Table 77 shows that the most striking fact about

the values which are listed is that an activation energy of

about -5K.cal./mole was found for the production of the

viscous condensates from the pyrolysis of glucose. This

probably /



probably means that the viscous condensates appear outside

the furnace vessel after the action of two superimposed

reactions, the second of which has a larger activation energy

than the first. such reactions might be the initial de¬

hydration of the glucose, and subsequent degradation of the

resulting anhydroglucose during the course of distillation

from the furnace vessel. Were this the case, the initial

dehydration would be less temperature dependent than the

subsequent degradation. Assuming that this is the case,

the values for the activation energy which are listed in

column 5 of 'fable 77 ought all to be increased by at least

5K. cal./mole, and, by the same argument, a smaller, parallel

increase (~ 0.5 K.cal./mole), derived from the average

value for glucose, ought to be added to the activation

energies which are listed in column 6.

When these increases are made, it can be seen that,

with fewr exceptions, the sets of six values of the activation

energies of the thermal degradations of amylose, amylopectin,

starch and cellulose are approximately the same. The agree¬

ment in the values of the activation energies which were

obtained directly from the production of carbon dioxide and

carbon monoxide from pyrolyses of the various compounds

probably indicates that these two gases are always produced

simultaneously in the pyrolyses. Contrary to this con¬

clusion, there are occasions listed in the experimental

results {compare Tables 53 and 64, Pages 11+.^ and J5"0) when

the /
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the presence of carbon, dioxide in the pyrolysis products

could be confirmed before that of carbon monoxide, but

these may well have arisen from the greater sensitivity

of the sampling system to carbon dioxide.

For the degradations of amylose, amylopectin,

starch and cellulose the similarity in the values of the

activation energies in columns 1 and 2 is due to the fact

that both were computed from the same experimental results;

the same explanation holds for the similarity between the

values in columns 5 and 6. Columns 3 and 4 list values

of the activation energy for the two ranges of the discontin¬

uous reaction (as shown by the first-order rate drop) and

since the values are similar it must mean that the discontin¬

uity is the result of a decrease in the Arrhenius factors,

although such is not obvious from the appropriate logarithms

of these relative factors which are given in the Table.

For the polysaccharides, the fact that the

activation energy values in columns 1 and 3 are similar to

the corrected values in columns 5 and 6 indicates that the

carbon dioxide and the viscous condensates are produced as

a result of the same reaction, which, because of the rj.ng

systems in the molecules of the viscous condensates, must

be bond-breaking in the dextrin. This is further support

for the conclusion that the first major break in the mole¬

cular systems of thermal dextrins occurs in the glycosidic

linkages (compare Sections 5 and 6).

It is also evident from Table 77 that the values

for /
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for the activation energy of the thermal degradation of

glucose, isoi&altose, maltose, and maltotrio ;e arc similar,

and tend to ba lower than the corresponding values for the

polysaccharides. The same general comparisons can he made,

and the same conclusions drawn as before, except that there

Is a striking difference in the values of columns 3 and 4.

This difference indicates that there is a d or me In the

activation energy of degradation across the first-order

discontinuity.

The values of the activation energies of thermal

degradation were obtained from logarithmic plots of rates

which w. re calculated in terms of the initial unit weight

of material to be pyrolyoed. Different mounts of the

solid material were removed in pyrolysea at different

temperatures and then-fore the- products which have the

Arrhenius plots must have been produced as a result of a

decomposition which was stoichiometric over the straight-

line temperature range. The decomposition must be

stoichiometric over the appropriate temperature ranre for

each of the 8 compounds which were pyrolysed.

The activation energy of thermal decomposition

appears to be about 89K.cal ./nolo in the polymer and about

19 K.cal.,/molo in. the small molecular weight species (Table

77). These results compare wit'- those of 80!:,col,/nolo

for gluonat- and starch, am. 38::.cal«/'rv;lo for ncltoso whioh

wore reported by ibiddiogtoil (1940); 84,0K.cal./molo and

S9,4K.cal,/jaolo for cellulose which were reported by Kusphy
(1962) /
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(1962) for the fast and slow first-order decompositions,

respectively; 5OK.cal./mole for cellulose which was reported

by Madorsky et al (1956); and 33.lK.cal./mole and 53.1K.cal./
mole for cellulose which were reported by fang and Net11,

(1963) for the fast, zero-order and slow, first-order de¬

compositions, respectively.

The logarithms of the apparent Arrhenius factors,

given in Table 77, can be grouped in the same fashion as the

activation energies: the values for the polysaccharides

tend to be close to 6, while the values of the small mole¬

cular weight species tend to be close to 3. Again, the

only major divergence from these generalisations is found

in a comparison of the results in columns 3 and 4 for the

first-order (carbon dioxide) plots from the small molecular

weight species. The values of the results in column 3 are

close to those of the overall trend; those of column 4 are

negative, but it is difficult to explain these negative

values. The negative sign may not be real since the

Arrhenius factors given are only relative. Although it

does seem that the apparent Arrhenius factors which were

found are extremely low, such low Arrhenius factors must

control the reaction - in the small molecular weight species

- beyond the discontinuity in these first-order plots to

account for the observed drop in rate across the discontin¬

uity when there is a parallel drop in the activation energy.

Possible Ilature of the Observed "Reaction.

The fact that each of the compounds pyrolysed

produces carbon monoxide, carbon dioxide, water and viscous
condensates /
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condensates in two similar, first-order reactions is the

most interesting that lias emerged from this work. -Presum¬

ably the discontinuity in the production of all four products

is caused by the same mechanism; this is supported by the

fact that it occurs at the same time in the first three

productions (the fourth cannot be directly compared).

It seems unlikely that the discontinuity could

be a result of the experimental technique. Beyond the

point of change, the relative amounts of each sample which

were trapped decreased, here there an error in the sampling

system, this would mean that material was being lost from

the latter samples. Such lo3s could not have happened

with either the carbon dioxide or water which were produced,

since all samples of both gases were obtained in an identical

manner. Similarly, the technique was constant tb.roughout

for the sampling of the carbon monoxide, and the viscous

condensates which were produced.

Another possible explanation of the discontinuity

effect might be reversible adsorption of the products on

some areaof the furnace vessel, furnace vessel exit-leads,

or pyrolytic residues. Such (saturated) adsorption might

well be present during the fast, initial section of the

first-order gas production. The slow section of the first-

order gas production could be the result of desorption of

previously-adsorbed gas, if the discontinuity were the

result of tho termination of the decomposition. The most

satisfactory /
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satisfactory approach to this possibility is via the activ¬

ation energies of Table 77. Physical adsorption and de-

sorption usually have an activation energy of less than

5K»cal./mole, while chemisorption usually has an activation

energy of more than 20K.cal./mole (Sawn, 1955). From the

observed activation energies, it can be seen that the

second stage of the decomposition of glucose, isomaltose,

maltose and maltotriose might well be the result of de-

sorption of carbon dioxide, and it is of interest that Wicke

(1939) mentioned a value G.SK.cal./'mole for the reversible

adsorption of carbon dioxide on charcoal, which would be

present here in the pyrolytic residues, it can be seen

from Table 77 that there is no appreciable drop in the

activation energy of production of carbon dioxide - more

than 20K.cal./mole - from the pyrolysis of the polysaccharides

after the discontinuity and so, In this ease, if the dis¬

continuity signalled the termination of the decomposition,

the subsequent production of carbon dioxide would have to

be the result of the reversal of a previous chemisorption,

presumably on the pyrolytic residues. One or other of

these two sorption explanations may be correct, but it is

not probable that both may be since if they were, a reason

?/ould be required for the fact that the pyrolytic residues

from the small molecular weight species merely adsorb

carbon dioxide, while those from the polysaccharides cherai-

sorb it, There /
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There would probably be differences in the

chemical nature of residues from the two groupings, because

of differences in starting material, but it seems unlikely

that they would be sufficient to account for such a differ¬

ence in sorption characteristics.

The production of carbon dioxide at different

rates on both sides of the first-order plot discontinuity

could possibly be due to partial polymer decomposition,

the change in rate being the result of a change in the

polymeric structure. Such changes in structure can alter

the mechanism, and rate of decomposition as the material

is further pyrolysed ( nderson, 1963). Dextrinisation

is the only known change in molecular structure which, takes

place during the pyrolysis of these various related com¬

pounds, and so it might be that the change in the production

rate of the four products from the pyrolysed compounds

results from the completion of dextrinisation.

A further possible explanation of the discontin¬

uity in the first-order plots might- be an extension of that

suggested by Murphy (1962) to account for the production

of carbon monoxide In two first-order parts from the pyroly¬

sis of cellulose. He postulated that the material decom¬

posing during the fast stage was either an impurity in the

cellulose or the surface structure of the cellulose fibrils,

while that v/hich was decomposing during the slow stage was

cellulose in the homogeneous interior of the micelles. On

this basis, the fast stage was the decomposition of a second¬

ary or impurity structure, and the slow stage was the de¬

composition /



\lk

decomposition of the main structure. The conception that

impurities or fibrils might provide a secondary, as opposed

to a main structure cannot be extended to explain the fact

that the discontinuity was found here in all of the materials

which were pyrolysed. however, the differentiation between

a secondary and a main structure might be supplied by

dextrinisation in all of the materials which were pyrolysed.

The initially-decomposing, secondary structure might be the

straight-chain terminal sections of the dextrin molecules,

while the finally-decomposing main structure might be the

ramified interior of those molecules.

Further Extensions of this fork.

The work of this thesis could probably be extended

most satisfactorily by a study of the minor volatile products

of isotopically-labelled glucose. This would give an in¬

sight into how the ring system actually breaks down - an

insight which could perhaps be extended to the breakdown

of the polysaccharides.

Also, knowledge of the thermal degradation of

starch and related compounds could be increased by thermo-

gravimetric or differential thermal analyses.

In parallel with these, other more-conventional,

chemical studies could be carried out to follow changes in

the molecular structures on heating at temperatures up to,

ana beyond that of major pyrolytic breakdown. Such studies

might give information about the two reactions indicated by

the first-order plots.
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Summary.
»/■ ■

A description has heen given of methods of

separation and characterisation of the volatile products

from the thermal degradation of starch and related compounds

in an inert atmosphere or _in vacuo. This was achieved

mainly via gas chromatography, although in the case of form¬

aldehyde and furfural resort was made to colorimetric analysis.

Altogether, 24 compounds, including aldehydes, ketones, fur-

ans, fatty acids, anhydroglucoses, water, methane, carbon

monoxide and carbon dioxide were distinguished and described.

It was found that pyrolyses of starch, amylose, amylopectin,

cellulose, maltose, isomaltose and glucose all gave these

same products. Charges in the products were noticed when

starch was pyrolysed in the presence of inorganic salts.

The amounts of the various products which were

produced from starch pyrolyses in the temperature range
n O

175 to 400 were measured, and compared with measurements

of those produced from pyrolyses of the other compounds at

500°.
As a result of this examination of the amounts of

volatiles produced over the temperature range 175° to 400°,

the temperature dependence of starch breakdown could be

followed. This dependence was also followed by measure¬

ment of the amount of solid remaining after pyrolysis, and

of the amounts of viscous condensates produced during

pyrolysis. An examination of the infra-red spectra of the

solid /
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solid remaining after pyrolysis also gave evidence on the

temperature dependence of the breakdown. For comparison,

the temperature dependence of the breakdowns in amylose,

and the other related compounds were also investigated.

The production of carbon monoxide, carbon dioxide, water

and pyralytie residues from each of these compounds, between,

approximately, 200° and 300° was studied.

Rates of production of carbon monoxide, carbon

dioxide, water and viscous condensates from each of the

compounds were measured at various temperatures. Activation

energies for the degradations have been obtained. It could

be deduced from the mode of appearance of these products

that the decomposition consisted of two first order reactions

for each of the compounds. The significance of these

results is discussed.
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Aspects of the Thermal Degradation of Starch*)
By II. J. Bryce and C. T. Greenwood, Edinburgh (Scotland)

Introduction

Modification of the properties of starch granules by
thermal treatment has many industrial applications,
particularly in the production of dextrins. But the
fundamental chemistry involved in these processes is
little understood, and there are relatively few papers
devoted to this facet of starch chemistry. Here, some
aspects of the subject will be outlined under three
headings: — (i) the general reaction characteristics,
(ii) the nature of the changes taking place in the solid,
and (iii) the nature of the gaseous products.

The General Reaction Characteristics

One technique which has been used to investigate
the'general pattern of the thermal reaction isdifferen-

*) Vortrag, gehalten von Dr. 0. T. Greenwood auf der
Starketagung 1962 in Detmold.

This is Part XXV in the Series ,,Physicochemical Studies
on Starches."

tial thermal analysis. In this method, the starch
sample — intimately mixed with thermally-inert ma¬
terial such as calcinated kaolin or alumina — is heated
at a constant rate and the temperature of the mixture
compared with that of a sample of the pure inert ma¬
terial heated in an identical manner. Any exothermic
or endothermic reaction in the starch at any tempe¬
rature causes a positive or negative temperature-
difference, which can be recorded, between the two
samples. Results from various authors' work are
shown in Table 1. It can be seen that agreement is poor,
and that the temperatures at which exo- or endo-ther-
mic reactions occur for starch are not known with cer¬

tainty. The peak temperature depends on the heating
rate, the amount of thermally-active material, the
packing of the specimen and the type of specimen-
holder. For example, a high rate of heating affects both
peak height and width as well as the apparent reaction
temperature, and may cause overlapping of peaks;
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Table 1

Differential Thermal Analysis Results
Starch

Rice

Maize

Potato

Pea

Endotherms') Exothermsx)

175° (s) 280° (s)
210° (s) 320° (ms)
110° (m) 260° (vs)

295° (vs)
130° (m) 280-310° (s)

125° (m) 275-305° (s)
155° (m) 260° (ms)

290° (s)
115° (s)

325° (ms)

510° (m)
365° (s) 480° (ms)

330-370° (ms)
470° (ms) 525° (m)
410-500° (m)
460-525° (m)

600° (s)

') Temperatures in °C.
(s) = small; (m) = medium; (vs) = very small; (ms) — me¬
dium small.

slow rates give smaller, sharper peaks than fast rates.
Procedures have been proposed (5) for controlling such
variables. Further, it has been recently suggested by
Mackenzie and Mitchell (6) that a controlled
atmosphere is essential during the thermal analysis
of organic materials. It is obvious that further work on
this analytical method is necessary.

Mention should be made here of the classical X-ray
diffraction work of Katz (7, 8) on various starches
(potato, wheat, and tapioca) that had been heated at
temperatures of 100— 200 C for 21/2 hr. Two effects
were found; at ca. 180 °C, the diffraction patterns lost
sharpness, whilst at 210—220 °C, an entirely amor¬
phous pattern was obtained. The temperature for the
first stage corresponded to that which caused changes
in the solubility and ,,set-back" (or retrogradation)
characteristics of the starch, and Katz suggested
without any experimental evidence that an
anhydridization reaction was occurring. Rather sur¬
prisingly, this hypothesis appears to be generally
accepted in the literature, although only very recently
has there been any experimental evidence for it.

Most work on the effect of heat has been carried out
at temperatures of about 200 °C when dextrinization
occurs. Dextrins may be one of three types: —

f. White dextrins formed when starch is heated at
low temperatures (79— 120°C) in the presence of acid
catalysts for short times (3- 8 hr.).

- 2. Yellow dextrins formed when starch is heated at

higher temperatures (150—220 °C) in the presence of
acid catalysts for longer times (6— 18 hr.).

3. British Gums formed when starch is heated at

temperatures of 130— 220 °C for long periods of 10— 20
hr.

The thermal treatment causes changes in solubility,
viscosity, and alkali lability (9), the extent of modi¬
fications increasing in the order White dextrins —

Yellow dextrins — British Gums. In the case of the
White dextrins, the thermal treatment results in an

essentially hydrolytic action, and with time there is a
steady increase in solubility and a decrease in viscosity.
However, for the Yellow dextrins, although the vis¬
cosity falls with time, the alkaline lability passes
through a maximum indicating some complex trans-
glycosidation and repolymerization reactions. There

is little comparable data in the literature for the
British Gums, although it has been suggested that
there is a rapid change in viscosity and alkali labi¬
lity (9).

Changes in the Solid
Chemical evidence regarding the nature of the

structural changes occurring during thermal treat¬
ment is limited. Smith and his coworkers (10, 1.1) have
subjected commercial samples of maize and wheat dex¬
trins to the classical techniques of structural carbo¬
hydrate chemistry. The dextrins were methylated,
hydrolysed, and the methylated component sugars
analysed by column chromatography. Table 2 shows

Table 2

Results of Column Chromatography of Hydrolysate of Methy¬
lated Maize Dextrin from Reference 10

Component
Methyl derivative

of Glucose Yield (■>/„) Mole ratio

i 2.3.4,6, tetra- 16.5 35
2 2,3,6, tri- 57.3 123
3 2,3.4, tri- 2.6 6
4 2,4,6, tri- 1.2 3
5 2,3, di- 6.3 14
6 2,6, di- 10.0 21
7 3,6, di- 3.2 7
8 2,. 1.5 3
9 3,- 0.8 1.7

10 6,- 0.5 1

the results for the maize dextrin. The complexity of
the dextrins structure is shown by the large number
of different methylated sugars isolated from the
hydrolysate compared to there being only 2,3,4,6-
tetra-, 2,3,6-tri- and 2,3-di-methyl derivatives of glu¬
cose from methylated maize starch. It is of interest that,
these authors looked for traces of 1 :6-anhydroglucose
derivatives without success. The above methylation
results indicate that the starch must have undergone
considerable transglycosidation and developed a
highlybranched structure during dextrinization.

The action of heat on whole starch granules must
necessarily be complex, and the starch components
probably provide,.more suitable ,,model-compounds".

Table 3

Results of Kerr and Cleveland (12) for Dextrinization of
Maize Amylose at 175 °C

Reaction Time
(hr.) D.P.n1) 111') (J-Limit3) Amylose (°/0)4)

0 235 65 95 99
1 58 15 36 48
2 56 16 28 39
3 57 14 21 33
4 56 15 18 28
5 54 16 15 23

') Degree of polymerization calculated from osmotic pres¬
sure determinations on the acetylated derivative in chloro¬
form.

2) Limiting viscosity number in ethylenediamine (c-units
of g./ml.)

3) Conversion (°/0) into maltose under the action of ft-amy¬
lase.

4) Calculated from measurements of optical density of
iodine-complexes.
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Kerr and Cleveland (12) have, in fact, studied the
dextrinization of maize amylose at 175°C. Some of their
results are shown in Table 3. The measurements of vis¬

cosity and degree of polymerization indicate that there
is an initial hydrolysis. This is accompanied by a change
in the linear character of the product as shown by
decrease in the conversion limit into maltose under the
action of //-amylase and apparent amylose-content
from the iodine-staining values. The constancy in
molecular size following the initial hydrolysis was
thought to be due to transglycosidation i.e, the change
a-1:4- to a-i : 6-, rather than to an equilibrium
being set-up between hydrolysis and repolymerization.
Periodate oxidation results showed that with time

The hydrolysis products were then isolated by chroma¬
tography and characterized chemically. Maltose, iso-
maltose, gentiobiose, sophorose and l:6-anhydro-
glucopyranose were found, i.e. a-1 :4-, ix-1:6-, §-1 :<)-,
a-1:2-linkages were present in the dextrinproduct
although the original amylose consisted entirely of
a-1 :4 linkages. In addition, the presence of 1:6-anhy-
droglucopyranose end-groups in the dextrin was esta¬
blished for the first time. Since the .reaction was

accompanied by little liberation of water and little
change in reducing power, it was suggested that hydro¬
lysis was unimportant in dextrinization. A reaction
scheme was suggested in which attack of a C6-hydro-
xylgroup on the a-1 :4-linkages gave a-1:6-anhydro

ch2oh CHjoh

Fig. 1. Possible reactions which
may cause an increase in end-
groups during dextrinization (14):
Reaction 1 — hydrolytic scission.
Reactions 2 and 3 — transglycosi¬

dation.

there was a progressive increase in the number of end-
groups per unit weight but that these were not reduc¬
ing end-groups, which again suggested transglycosi¬
dation.

The first definite chemical evidence of the nature of
the new linkages being formed during thermal treat¬
ment comes from the work of Thompson and Wolf-
rom (13). These workers dextrinized amylose by heat,
at 185 200 °C in the absence of acid catalyst, and
then subjected the dextrin to partial acid-hydrolysis.

end-group without dehydration. Attack of a neigh¬
bouring C6-OH on the a-i :4-linkage to give a 1:6-
linkage without branching, and attack by another
secondary hydroxyl to give a I :6-linkage with bran¬
ching was also suggested. This reaction scheme was
elaborated after further work by Wolfrom, Thompson
and Ward (14) in which pyrodextrins were made from
amylose both in the presence and absence of acid-cata¬
lyst. The copper reducing-power, the acidity, the
amount of periodate consumed, and the amount of

ch,oh ch2oh

W.
ch2oh

\o

<TH2 9
0

/ I
+ hjo

ch-,

ch20h

+ \

chjoh

Fig. 2. Possible reactions which
may cause a decrease in end-
groups during dextrinization (14):

Reaction 1 — reversion.
Reaction 2 — recombination.

oh ch,0h 0
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formic acid liberated on periodate oxidation were
determined on samples heated at temperatures from
100-200°C. In the case of the acid catalysed samples,
maxima were found in the reducing-power versus
temperature, and the periodate oxidation versus
temperature curves indicating the occurrence of two
opposing reactions. Any scission (reaction 1, Fig. 1) or
transglycosidation reactions (reactions 2 and 3, Fig. 1)
would form more end-groups and result in an increase
in both periodate uptake and formic acid liberation.
In the recombination part of the curves, the molar loss
in reducing power was less than the molar loss in perio¬
date attack, suggesting that recombination was occur¬
ring through I : 6-anhydroglucose end-groups (reac¬
tion 2, Fig. 2) as well as through reversion reactions of
the type shown in reaction 1 in Figure 2. It was also
suggested that in the case of the dry, unaeidified
starch, the hydrolysis-reversion mechanism plays a
minor role and that linkages are altered by first de¬
gradation to 1 :6-anhydro end-groups followed by reac¬
tion of the anhydro end-group with an hydroxyl group,
(cf. reaction 2, Fig. 2).

The above results provide the most extensive infor¬
mation to date regarding the nature of the extremely
complex structural changes which occur during the
formation of pvrodextrins.

The Nature of the Gaseous Products
Interest in the nature of the gaseous products produc¬

ed by thermal-treatment of starch is quite important
from an industrial viewpoint as, with organic materials,
liberated gases burn first and the autoignition tempe¬
rature is influenced by catalytic processes between the
gases and the carbonaceous residue.

The most extensive and quantitative work in this
field is that by Puddington (15). He showed that
pyrolysis of starch was quicker in vacuo than at
atmospheric pressure i.e. it was not likely to be an oxi¬
dation reaction. The pyrolysis in vacuo of dry potato
starch at temperatures of 180 210 CC was investi¬
gated, products were trapped out and analysed by
classical gas-analysis techniques. The gaseous products
were found to be carbon dioxide, carbon monoxide and
water, and the kinetics of their liberation were studied.
The ratio CO2:C0:H20 was found to be independent
of temperature, and results for potato starch were
compared with those for the simple sugars, glucose,
maltose and cellobiose. Results were expressed graphi¬
cally as the ratio of the amount of C()2 (or CO) liberat¬
ed to the amount of water liberated. For cellobiose
and glucose, an initial dehydration reaction was follow¬
ed by an identical rate of jiroduction of carbon
dioxide and water. There was no separate dehydration
reaction for the potato starch, and the C02:II20 ratio
was always identical to that for the glucose and cello¬
biose. Maltose was found to behave abnormally. Fur¬
ther, the ratio C02:C() for the starch was three to four
times larger than that for the sugars.

Puddington (15)a.lso mentioned that traces of acids,
aldehydes and volatile solids were produced, but he did
not identify them. Indeed, analysis of the liberated
gases by conventional techniques or infra-red spectro¬
scopy are insensitive to trace components. This is

particularly true for the spectroscopic method as the
water present in the mixture absorbs very strongly and
masks other bands. These difficulties can be overcome

by the use of gas-chromatography. Bv varying the
nature of the column-packing material, a wide range
of compounds can be identified and quantitatively
estimated. We have recently applied this technique
therefore to analyse the volatile pyrolysis-products
from starch and its components and wish to present
here in outline some of our preliminary results.

Starches were pyrolysed in a furnace at 300 °C in a
stream of nitrogen. The condensible volatile decom¬
position-products were trapped-out at 180 °C,
whilst samples of non-condensibles were obtained
by physical restriction within the trap. Conventional
gas-liquid chromatographic analysis was then
carried out using apparatus shown schematically in
Figure 3. A typical chromatogram for the pyrolysis of

Fig. 3. Schematic outline of pyrolysis apparatus.

potato starch is shown in Figure 4 a. In this experi¬
ment the analytical column was filled with 60 80 mesh
Celite bearing 10°/0 w/w of a 1:9 mixture of dibutyl-
phthalate and polyethylene glycol 400. The decom¬
position products have been tentatively identified by
their retention volumes and the addition of standards
into the pyrolysates. It is of interest that the majority
of these components are combustible.

rJ

Fig. 4 a. Typical chromatogram for condensible pyrolysis
products from potato starch at 300 °C.
I = carbon dioxide; 2 = acetaldehyde; 3 — ?; 4 = furan;
5 = propionaldehyde; 6 = acetone; 7 = acrolein; 8 = 2-
methyl furan; 9 = butyraldehyde; 10 = methyl ethyl ketone;
II = 2:5 di-methyl furan; 12 = valeraldehyde; 13 and 14 =

methyl propyl ketone and diethyl ketone.

Fig. 4 b. Typical chromatogram for non-condensible pyrolysis
products from potato starch at 300 °C.
1 = nitrogen; 2 = methane; 3 = carbon monoxide.
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Non-condensible gases were analysed by gas-solid
chromatography. Figure 4b shows a typical chro-
matogram obtained using a „Linde sieve" as the solid
phase. In this experiment, although the pyrolysis was
carried out in nitrogen, hydrogen was used as the
carrier gas for the chromatographic analysis.

These preliminary experiments indicate for the
first time the complex nature (if the volatile decom¬
position products from the thermal degradation of
starch. We are at present engaged in extending these
measurements, particularly with regard to a quanti¬
tative estimation of the amounts involved. It is hoped
to publish full details of these experiments in later
papers in this Series.

Summary
The effect of heat on starch and its components has

been considered under three main headings: - (i) the
overall changes in physical and chemical properties
which occur during the pyrolysis, (ii) the correspon¬
ding changes in molecular structure, and (iii) the nature
of the volatile substances which are often liberated.

Evidence regarding the overall reaction which has
been obtained from differential thermal analysis of
starch is discussed. The variations in physical proper¬
ties which occur when starch is heated at temperatures
in the range 100—200 °C are outlined. Recent struc¬
tural investigations on the pyrodextrins are reviewed.
Details are given of our recent studies in which the
technique of gas-chromatography has been applied to
the study of the nature of the volatiles from starch
heated at 300 °0.

Zusammenfassung
Die Warmeeinwirkung auf Starke unci ihre Bestand-

teile ist unter drei Hauptgesichtspunkten betrachtet wor-
den: (I) durchgreifende Verdnderungen der physikali-
schen und chemischen Eigenschaften, die sich wahrend
der Pyrolyse vollziehen, (11) entsprechende Verdnde¬
rungen der molekularen Struktur und (III) Beschaffen-
heit der sick verfliichtigenden Stojfe. die oft freigemacht
werden.

Beobachtungen betrefjs der durchgreifenden Reaktion,
welche durch die abgestuften Warmeanalysen der Starke
erzielt worden sind, werden erortert. Die Variationen der
physikalischen Eigenschaften, die bei der Erhiizung der
Starke, auf 100—200 °C zutage treten, werden umrissen.
Neuere Strukturuntersuchungen der Pyrodextrine wer¬
den besprochen. Einzelheiten unserer neueren Forschun-
gen, bei welchen die Technik der Gaschromatographie zur
Untersuchung der Beschaffenheit der sich verfliichtigen¬
den Stoffe bei Starkeerhitzung auf 300 °C angewendet
wurde, werden bekanntgegeben.

Resume

Uaction de la chaleur sur I'amidon a ete analysee en
prenant en consideration trois points de vues irnpor-
tants: (I) changement radical des proprietes physiques
et chimiques occurant lors de la pyrolyse, (II) change-
ments analougues de la structure moleculaire et (III)
composition des corps volatiles qui sont souvent liberes.

On expose les observations faites concernant les reac¬
tions radicales, observations qui furent obtenues en
effectuant, une analyse thermique graduelle. On decrit
les changements de proprietes physiques qui se manifestent
lorsqu'on chauffe entre 100 et 200° Vamidon. On decrit
dgalement les nouvelles recherches sur la structure des
pyrodextrines. Enfin on donne des details sur les re¬
cherches pour lesquelles on s'est servi de la methode de
chromatographic des gaz pour examiner la composition
des corps volatiles se furmant lors du chauffement de
Vamidon a 300°.
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The Thermal Degradation of Starch. Part II*)
The Identification by Gas Chromatography of the Minor Volatile Products

produced at 300°C.

By D. J.Bryce and C.T.Greenwood, Edinburgh, Scotland.

Introduction

During processes involving drastic thermal-treat¬
ment, e.g. during commercial dextrinization, or use as
a corebinder in foundries, starch produces volatile de¬
composition products. The exact nature of these is not
yet established. However gas chromatography provi¬
des an elegant method of analysing the volatiles (1),
and, furthermore, placing their production on a quan¬
titative basis. In previous investigations (2) the use of
conventional gas-analysis, or infrared, or-mass-spectro-
graphic techniques has often yielded conflicting results,
and the presence of unidentified ,,trace" components
has been reported.

A preliminary indication of the Scope of gas-chroma-
tography for identifying trace quantities of these vola¬
tile pyrolysis-products hat been given in the first
part of this Series*) and elsewhere (1). In this paper,
we discuss in detail the problems regarding the choice
of Suitable chromatographic columns for analysing the
thermal decomposition products of starch and other
carbohydrates by both gas/liquid and gas/solid chro¬
matography.

Experimental Methods
Apparatus and pyrolysis procedure

The apparatus used for pyrolysis is shown in Fig. 1.
The furnace consisted of a glass tube wound with

electrical heating-tape for half its length, A. Tempera¬
tures at the middle of the furnace were measured by
means of the well, B. Pyrolysis products were trapped
out at —192 °C in a U-trap, C, and were then analysed
chromatographically by a differential method. The
products were introducedonto one column, D, as describ¬
ed below, whilst another stream of carrier gas was
passed through an identical reference column, E. The two
gas-streams were then analysed by a conventional
katharometer, F, and the changes in resistance were
shown on a high-speed potentiometric recorder, G.
(The valve, H, equilibrated the carrier-gas flow rate
through the columns.)

Polysaccharide (200—400 mg; dried in vacuo at
70 °C for 4 hrs.) was weighed into a platinum boat,
I, which was placed in the unheated part of the furnace,
J, in a stream of nitrogen (60 ml/min) for 30 mins. to
degas the sample. The boat was then pushed by means
of the plunger, K, into the furnace which had been
preheated to 300 °C. Heating was continued for 15
mins. during which time the condensible pyrolysis-
products were removed from the stream of nitrogen
by passing it through the trap, C. The trap was then
switched into the carrier-gas stream to the column
and the condensates were volatilized by heating the
trap to 70 °C for 2 mins. After this time, the trap was
switched out of the gas flow-stream to the column.

Fig. 1. Pyrolysis apparatus (not to scale).
A = furance; B = well for temperature measurement;
C = U-trap; D, E = chromatographic columns (see Text);
F - katharometer; G = recorder; II = valve; I = platinum
boat; J = unheated part of furnace; K = plunger for moving

Pt-boat.

Chromatographic columns for condensible volatiles
The experimental conditions for gas/liquid chroma¬

tography are outlined in Table 1, and the various sta¬
tionary phases which were investigated are shown in
Table 2.

Table 1

Conditions for Gas/Liquid Chromatography

*) Part I, Starke IS (1963), 166. This paper is also Part
XXVIII in Series ,,Physicochemical Studies on Starches";
Part XXVII, Starke 15 (1963), 251.

Column Single-U; glass tubing 4 mm internal
diameter; length (i) 90 cm, (ii) 150 cm,
(iii) 320 cm.

Support 60— 80 mesh Celite

Stationary phase 10°/o w/w of Celite (see Table 2)
Column tempera¬

ture 25 °C

Carrier gas Nitrogen
Gas glow rate Column (i) 75 ml/min.

(ii) 50 ml/min.
(iii) 25 ml/min.

Detector ,,Gow-Mac" katharometer at 18 °C.
Bridge current 150 mA.

Recorder ,,Sunvic" high-speed potentiometric,
type 10 S

Chart speed 60 inches/hr.
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Table 2

Stationary Phases Investigated for Columns

Column number
Phase Composition (v/v) No.ofresolved components

i Dibutylphthalate: polyethylene glycol 400 6:1 6
2 Dibutylphthalate: polyethylene glycol 400 4:1 8
3 Dibutylphthalate: polyethylene glycol 400 2:1 10
4 Dibutylphthalate: polyethylene glycol 400 1:1 12
5 Dibutylphthalate: polyethyleneglycol 400 1:3 12
6 Dibutylphthalate: polyethylene glycol 400 1:6 15
7 Dibutylphthalate: polyethylene glycol 400 1:9 15
8 Tricresyl phosphate — 7
9 Squalane — 7

10 jS-/5-Bis-propionitrile ether — 15
11 Penta-erythritol tetrakis-/i-cyanoethyl ether — 7

Identification of aldehydes (excluding formaldehyde),
ketones and furans

The peaks corresponding to these compounds were
identified by measuring their relative retention vo¬
lumes, R, on columns bearing two complete'y different
liquid phases, i.e. columns 7 and 10 in Table 2, and
comparing these with the values for standard substan¬
ces on the same columns. These ratios, R, were defined
relative to acetone as,

-R = (tco2 — tu)l(tcO, — ^Me.co))
where the retention times of the C02-peak, the unknown
peak and the acetone-peak were t0o8, L and fue2c;o>
respectively. (The carbon dioxide peak was effectively
the start of the trace.) The presence of carbon dioxide
and acetone in the pyrolysis products were shown by
(i) a comparison of retention volumes, and (ii) con¬
densing standard volumes of these gases into the pyro-
lysate, and re-examining the effect on the resultant
chromatogram.

As relative retention volumes are dependent on co¬
lumn temperature and not on column length, different
regions of the chromatographic Spectrum were investi¬
gated by using different lengths of column under iso¬
thermal conditions (cf. Table 1). In this manner, op¬
timum resolution was achieved.

Identification of alcohols
During the determination of retention volumes for

Standard alcohols on column 7 (Table 2), the response
of the katharometer to methanol was found to be poor,
presumably because its thermal conductivity was simi¬
lar to that of nitrogen. However, a large peak which
might have been methanol was present in the conden¬
sate from the starch-pyrolysis. Further, the relative
retention volume for methanol on column 10 (Table 2)
coincided with those for other substances found in the
pyrolysate. Hence, other liquid phases were investigat¬
ed using hydrogen as the carrier gas to increase ka¬
tharometer response. Dinonyl phthalate was unsuitable
as there was overlapping of peaks on the chromato¬
gram from the pyrolysis-condensate. The chromato¬
gram obtained using squalane (column 9, Table 2) was
found to be essentially free from other peaks — with

the exception of propionaldehyde — of relative reten¬
tion volumes comparable to methanol, and so a co¬
lumn of this was used in conjunction with a phthalate
— glycol column (column 7, Table 2). A 10 foot column-
length of squalane in series with 4 foot of the phthalate-
glycol colume gave resolution of methanol from pro¬
pionaldehyde. Retention volumes were then measured
by reference to furan and 2-methyl furan.

In contrast, standard ethanol and propanol were
readily identified directly on column 10 of Table 2.

Identification of fatty acids
Direct detection: The following liquid phases were
investigated but found to be unsuitable:
a) mixture of stearic acid, silicone oil D.C. 550 and

phosphoric acid 2:18:1, w/w, 50°/0 ofCelite weight
(3);

b) tricresyl phosphate;
c) squalane;
d) silicone elastomer (Griffin & George, Ltd., E 301).
Resolution of standard fatty acids, other than formic,
was achieved by use of the following column (4):
Length: 150 cm;
Liquid phase: butanediol polyester succinate (15°/0
w/w on Celite);
Temperature: 130 °C for column and katharometer;
Carrier gas: nitrogen (100 ml/min).

Identification of esters
A sample of condensate was boiled under reflux with

methanol and sulphuric acid. The vapour from the
esterification mixture was examined on columns 7
and 10 (Table 2).

Identification of formaldehyde
The presence of formaldehyde in the pyrolysis-

condensate was shown qualitatively by a positive reac¬
tion with chromatographic acid reagent (5).

Identification of permanent gases

The permanent gases produced during pyrolysis were
analysed by gas/solid chromatography. Samples were
obtained by physically enclosing them in the trap, and
then switching the contents of the trap into the gas
stream to the analytical column. Hydrogen was used
as the carrier gas, to increase sensitivity, after preli¬
minary experiments with nitrogen had shown the
absence of hydrogen. Columns of silica gel and acti¬
vated charcoal were not satisfactory, but analysis was
achieved using a Linde sieve (6) (aluminium sodium
silicate; 90 cm length; 25 °C; H2 flow = 30 ml/min).

Results and Discussion

Selection of chromatographic columns for condensible
volatiles

Our earlier work (1) had indicated that the conden¬
sable volatile products were polar oxygenated organic
compounds together with carbon dioxide and water.
The presence of a very large excess of water caused
poor resolution in the earlier experiments (using co¬
lumn 3 of Table 2) and hence various liquid phases were
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investigated, efficiency being judged by the number
of resolved peaks on the chromatogram. In particular,
the system polyethylene glycol/dibutyl phthalate was
studied in detail.

Table 2 indicates that as the amount of glycol in the
column was increased, the number of components
found increased. Although the efficiency of column 7
was apparently little better than that of column 6, the
former was used as it retarded the water to such an

extent that resolution of the other peaks occurred be¬
fore the water peak appeared on the chromatogram.
It is to be noted, that the incorporation of a short
glycerol-column (3 in. length; 20°/0 w/w on Celite) in the
flow stream before the analytical column (7) effecti¬
vely removed water and columns 5, 6 and 7 (Table 2)
then behaved identically. However, this column re¬
quired replacing prior to each analysis which proved
to be tedious. Consequently, this technique was not
used.

Table 2 shows that the two most suitable liquid pha¬
ses were (1) 9:1 w/w mixture of polyethylene glycol
400 and dibutylphthalate (column 7), and (2) /3-/?-bis-
propionitrile ether (column 10), although the former
proved to be the more versatile.

Identification of condensible volatiles
Table 3 shows the relative retention volumes for the

condensible volatiles, from the pyrolysis of starch at
300 °C in nitrogen, which were resolved by the above
two columns. The chromatograms from which these
values were obtained are shown in Figs. 2 and 3.

Table 3

Relative Retention Volume, B, on Columns 7 and 10*) for
Condensibles from Starch-pyrolysis.

Column 7 Column 10

Column
length (cms.) Peak

number li
Peak

number R

320 1 0 i' 0

320 2 0.31 2' 0.15

320 3 0.38 3' 0.28
320 4 0.64 4' 0.31

320 5 0.71 5' 0.53
320 6 1.00 6' 0.59

320 7 1.16 7' 0.84

320 8 1.25 8' 1.00

320 — — 9' 1.09

150 9 1.54 10' 1.22
150 10 2.05 11' 1.75

150 11 2.54 12' 2.20
150 12 2.94 — —

90 13 3.85 13' 2.30
90 14 4.00 ]4' 2.82
90 15 9.00 15' 2.87

*) See Table 2.

The various peaks in these chromatograms were
identified by comparison of their relative retention
volumes with those obtained for standard substances
under identical conditions. Some of the substances exa¬

mined are shown in Table 4.

It has been shown (8) that if the different members
of any homologous series of organic compounds are

examined on two columns of widely differing charac¬
teristics then the graph of log (retention time on one
column) versus log (retention time on the other co¬
lumn) is linear. When the values for the retention ti-

Fig. 2. Typical chromatogram on column 7 (Table 2) for
starch-pyrolysate at 300 °C. Analysis was complete in30mins.

(except for water).
1 = C02; 2 = acetaldehyde; 3 = ?; 4 = furan; 5 — pro-
pionaldehyde; 6 = acetone; 7 = acrolein; 8 = 2-methyl
furan; 9 = m-butyraldehyde; 10 = methyl ethyl ketone; 11

- 2:5 dimethyl furan; 12 = valeraldehyde; 13 — methyl
propyl ketone; 14 = diethyl ketone; 15 = water.

VJM
rt2' 3%'s'p 7; e;9'

Time

Fig. 3. Typical chromatogram on column 10 (Table 2) for
starch pyrolysate at 300 °C. Analysis was complete in 30 mins.
1' = C02; 2' = ?; 3' = furan; 4' = acetaldehyde; 5' = 2-
methyl furan; 6" = propionaldehyde; 7' — acrolein; 8' =

acetone; 9' = n-butyraldehyde; 10' - - 2,5 dimethyl furan;
11' - methyl ethyl ketone; 12' = n-propanol; 13' — water;
14' = methyl propyl ketone; 15' = diethyl ketone. (Arrow

indicates position of standard valeraldehyde).

mes for peaks obtained from the condensables from a
starch-pyrolysis were plotted in this manner, the
identities of the compounds enumerated in Fig. 4 were
confirmed.

The final results are shown in Table 5. It is to be not¬

ed, however, that several other compounds are also
produced, but these cannot be detected on the columns
used. For example, the presence of formaldehyde,
methanol, ethanol and lower fatty acids could not bo
determined unambiguously. Formaldehyde cannot
be readily detected by gas-chromatography — probably
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Table 4
Relative Retention Volume, R, on Columns 7 and 11*) for Standard Compounds

Compound
11 on R on R on R on

column 7 column 10 Compound column 7 column 10

Aldehydes Furans

Formaldehyde N.D.**) N.D.**) Furan 0.63 0.28

Acetaldehyde 0.30 0.30 2-Methyl furan 1.24 0.52

m-Propionaldehyde 0.70 0.58 2,5-Dimethyl furan 2.53 1.17
i Butyraldeliyde 0.86 - Tetrahydrofuran 1.42 —

n-Butyraldehyde 1.53 1.09 Ketones
Valeraldehyde 2.94 —

Acetone

Methyl ethyl ketone
Diethyl ketone
Methyl re-propyl ketone

1.00
2.04
4.00
3.85

1.00
1.75
2.87
2.82

Crotonaldehyde
Acrolein

Glyoxal

6.23
1.13

N.D.**)
0.83

N.D.**)
A Icohols Methyl i-propyl ketone 2.63 2.05
Methanol 3.15 0.78 Biacetyl 3.44 3.74
Ethanol 4.54 1.20 Ethers
»-Propanol — 2.18

Diethyl ether 0.16 0.07
Esters 1,2 epoxyethane 0.29 —

Methyl formate 0.51 0.39 1,2 epoxypropane 0.49 —

Ethyl formate
Methyl acetate

0.93
1.08

0.81
0.79

Other compounds

Methyl propionate 2.00 1.41 Benzene
Methane
Water
Hexene

2.20

N.D.**)
9.00

N.D.**)
2.30
0.04

*) See Table 2
**) N.D. = not detected

because of the ease with which it undergoes poly¬
merization. The response of the detector to methanol
was low, and the presence of components which mov¬
ed at a similar rate to methanol was difficult to

overcome, but as described in the Experimental Sec¬
tion, a combination of columns was found which gave

20

c:

£

^5
o

c:
o

0) 7-5
.§
c

.o

c
CD

J
o 70

Fig. 4. Graph of log (retention time on column 7) versus log
(retention time on column 10); for column designation see
Table 2. The lines represent the results obtained for stan¬

dard substances.

The numbers correspond to the peaks shown in Figs. 2 and
3 for a starch pyrolysate; the points on the alcohol-curve are
derived from the jute hemicellulose chromatogram (Fig. 6);
the points on the ester-curve result from the esterification of

a starch-pyrolysate (see Text).

resolution. Under these latter conditions, the analysis
of the condensibles from a starch-pyrolysis showed
evidence of the presence of a very small amount of
methanol. Ethanol and propanol were not present in
large enough amounts to be detected, but in some
pyrolyses there was evidence of a small peak corre¬
sponding to propanol on column 10 (Table 2).

The analysis for the presence of lower fatty acids
proved difficult. Although the butanediol - polyester

Table 5

Identification of Volatiles in Condensate from Starch-

pyrolysis.

Peak number Peak number Compound**)
on column 7*) on column 10*)

1 1' Carbon dioxide
2 4' Acetaldehyde
3 2' •>

4 3' Furan
5 6' Propionaldehyde
6 8' Acetone
7 7' Acrolein
8 5' 2-Methyl furan
9 9' n-Butyraldehyde

10 11' Methyl ethyl ketone
11 10' 2:5 Dimethyl furan
12 — Valeraldehyde
13 14' Methyl propyl ketone
14 15' Diethyl ketone
15 13' Water
— 12' Propanol

*) See Table 2.
**) Also present were:—

Formaldehyde, a trace of methanol, formic acid, acetic acid
and propionic acid (See Text).
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succinate column satisfactorily resolved mixtures of
standard acids, the presence of excess water in the
starch-pyrolysis condensate made analysis of this im¬
possible. A portion of the condensate was therefore
esterified with methanol and sulphuric acid. The esterifi-
cation mixture could not be analysed directly, but the
vapour was shown by analysis on two columns to con¬
tain the methyl esters of formic, acetic and propionic
acids.

Identification of permanent gases

A typical chromatogram from the analysis of the
permanent gases from a Starch-pyrolysis is shown in
Fig. 5; the presence of methane and carbon monoxide
was established.

amounts of furan derivatives was drastically reduced.
This phenomenon is being further investigated in these
laboratories.

kf
I 2,3 4 5 67 89,10 11 12

Fig. 6. Chromatogram on column 7 (Table 2) for pyrolysate
from jute-hemicellulose at 300 °C. Analysis was complete in

30 mins.

1 = C02; 2, 3 = ?; possibly ethers; 4 = acetalhedyde; 5 =

methyl formate; 6 = furan; 7 = propionaldehyde; 8 = ethyl
formate; 9 = acetone; 10 — acrolein; 11 = 2-methyl furan;
12 = w-butyraldehyde; 13 = methyl ethyl ketone; 14 = 2:5
dimethyl furan; 15 = methanol; 16,17 = methyl propyl

ketone and diethyl ketone; 18 = ethanol.

Time -

Fig. 5. Typical chromatogram for non-condensible pyrolysis
products from potato starch at 300 °C. Analysis was com¬

plete in 30 mins.
1 = nitrogen (pyrolysis atmosphere); 2 = methane; 3 = car¬

bon monoxide.

Pyrolysis-patterns of other carbohydrates
Qualitatively, the chromatograms produced from

the analysis of the condensates from the pyrolysis of
potato starch were identical to those arising from the
pyrolysis of various amylose, and amylopectin samp¬
les, and also from glucose, maltose and isomaltose.
This is in agreement with out earlier results (I). How¬
ever, pyrolysis of other polysaccharides gave different
volatile products. For example, the traces from the
analysis of the condensible pyrolysis-products from
jute hemi-cellulose and sodium alginate are shown in
Figs. 6 and 7. It can be seen that for the hemicellulose,
methyl formate, ethyl formate, methanol and ethanoi
are produced in addition to the products listed in Table
5. In the case of the sodium alginate, the products
appeared to be the same as for starch except that more
carbon dioxide and acetaldehyde were produced and
the furans were minor products.

Pyrolysis of starch in the presence of inorganic salts
A preliminary investigation of the effect of adding

inorganic salts to the starch prior to pyrolysis, was
carried out. The presence of sodium chloride appeared
to have little effect on the nature of the volatile pro¬
ducts. However, in the presence of sodium carbonate,
acetaldehyde became the major product and the

KJXj^J
1 23 4,5 6 7 8 9

Time-

Fig. 7. Chromatogram on column 7 (Table 2) for pyrolysate
from sodium alginate at 300 °C. Analysis was complete in

30 mins.

I = C02; 2 = acetaldehyde; 3 = ?; 4 = furan; 5 = pro-
pionaldedyde; 6 = acetone; 7 = acrolein; 8 = 5-methyl
furan; 9 = M-butyraldehyde; 10 = methyl ethyl ketone;
II = 2:5 dimethyl furan; 12 = valeraldehyde; 13 = me¬

thyl propyl ketone; 14 = diethyl ketone.
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Summary
1. Gas-chromatography provides the most satisfac¬

tory method for analysing the volatile decomposition
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products arising from the thermal decomposition of
starch and other carbohydrates.

2. The problems arising in the choice of suitable
chromatographic columns for successful separation
are discussed. The two most satisfactory columns
for condensible volatiles were (a) 9:1 w/w mixture
of polyethylene glycol 400 and dibutylphthalate on
Celite (10°/0 liquid phase), and (b) /5-/3-bis-propioni-
trile ether on Celite (10°/0 liquid phase). Permanent
gases were analysed on a Linde sieve column.

3. The identification of aldehydes, ketones and furan
derivatives was achieved by comparing relative re¬
tention volumes on two columns. The final products
identified from the pyrolysis of starch are shown
in Table 5.

4. Problems associated with the detection of formal¬

dehyde, fatty acids, and alcohols are also discussed.
5. The volatile decomposition products from the py-

roiysis of starch in the presence and absence of
added inorganic salts are compared with those aris¬
ing from other carbohydrates.

Zusammenfassung
1. Die Gaschromatographie istfiir die Analyse der bei der

thermischen Zersetzung von Starke und anderen Koh-
lenhydraten entstehenden fliichtigen Zersetzungspro-
dukte am besten geeignet.

2. Die sich bei der Auswahl geeigneter Chromatographier-
sdulen zur erfolgreichen Auftrennung ergebenden
Probleme werden diskutiert. Fur fliichtige konden-
sierbare Stoffe haben sich die beiden folgenden Saulen
als besonders geeignet erwiesen:
a) 9:1 gewichtsprozentige Mischung aus Polydthylen-

glykol 400 und Dibutylphthalat an Celit (10°lo
fliissige Phase).

b) (l,(l-bis-Propionnitrilather an Celit (10°l0 flilssige
Phase).

Permanentgase wurden mit Hilfe einer Siebsaule
nach Linde analysiert.

3. Die Identifizierung von Aldehyden, Ketonen und
Furanderivaten wurde durch Vergleich der relativen
Retentionsvolumina an zwei Saulen durchgefiihrt.
Die identifizierten Ehdprodukte der Pyrolyse von
Starke wurden in der Tabelle 5 zusammengestellt.

4. Es werden die mit der Auffindung von Formaldehyd,
Fettsauren und Al.koholen zusammenhangenden Pro¬
bleme besprochen.

5. Die in Gegenwart und bei Abwesenheit anorganischer
Salze entstehenden fliichtigen Pyrolyseprodukte der
Starke werden mit den aus anderen Kohlenhydraten
entstehenden Stoffen verglichen.

Resume

1. Pour une analyse des produits volatils qui sont for¬
mes lors de la decomposition thermique de Vamidon
et des autres hydrates de carbone, la chromatographic
des gaz donne les meilleurs resultats.

2. On discute les problemes qui se prisentent lors du
choix des colonnes de chromatographic pour avoir une
bonne separation. Les deux colonnes suivantes se
sont averdes les meilleurs pour la separation de corps
volatils facilement compensables:
a) Un melange de glycol polyethylenique 400 et de

plithalate dibutylique sur de la celite (10o/ode phase
liquide) dans la proportion de 9 a 1.

b) Ether /?, bis-propionnitrilique sur de la cdlite
(10°l0 de phase liquide). Les gaz permanents fu-
rent analyses a Vaide d'une colonne a tamis selon le
procdde Linde.

3. L'identification des aldehydes, des cdtones et des
derivds furaniques fut faite par comparaison des
volumes relatifs de retention a Vaide de deux colonnes.
Les produits finaux identifies de la pyrolyse de Vami¬
don sont resumes dans le tableau numero 5.

4. On discute les problemes qui se presentent lorsque
Valdehyde formique, les acides gras et les alcools sont
presents.

5. On compare les produits volatils de la pyrolyse de
Vamidon qui se forment en presence et en absence de
sels inorganiques aux produits qui se forment a partir
d'autres hydrates de carbone.
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The Thermal Degradation of Starch
Part III.*) The Formation of Decomposition Products from Starch and

Related Materials at Temperatures between 175° C and 400° C

By D. J. Bryce and C. T. Greenwood, Edinburgh (Scotland)

Introduction

In the previous part of this Series *), we established
conditions for the gas-chromatographic analysis of the
minor volatile products arising from the pyrolysis of
carbohydrates. Here, starch and related materials have
been pyrolysed in vacuo at temperatures between
175 °C and 400 °C, and these chromatographic me¬
thods have been used to follow the formation of the
minor volatile decomposition products. The yields
of formaldehyde, furfural, and fatty acids produced
have been investigated also, and the production of
1:6-anhydroglucose and the pyrolytic residue studied.

Experimental Methods
Apparatus

The apparatus used for pyrolysis in vacuo is shown
in Fig. 1. Pyrolyses were carried out in a glass-vessel
(A: 1.5 X 10cm), which was sealed onto an all-glass
vacuum-line (pressure: 5 X 10 3 mm Hg). As preli¬
minary experiments had shown that absorption of
volatiles occured on the vacuum grease of glass-taps,
metal taps were used throughout the apparatus. After
out-gassing the sample, pyrolyses were initiated by
sliding an electrically-heated furnace (B) at the appro¬
priate temperature, over the pyrolysis tube. Volatile

*) Part 11: Starke 15(1903), 285. This Paper is also Part
XXIX in the Series „Physicochemical Studies on Starches".

products could be trapped at — 192 °C either in the
U-trap (C) or in the 8-vessel sampling system (D); the
latter enabled the production of volatiles with time to
be studied. Samples were analysed differentially by
the thcrmostatted gaschromatographic. columns (E

Nitrogen
i

Fig. I. Pyrolysis apparatus.
A = pyrolysis vessel; B = furnace; C = U-trap; D — multi-vessel sampler;
E = reference chromatographic column; F = analytical chromatographic
column; G — katharometer; II = recorder; I = manometer; J — mixing
vessel with heater; K = valve for equilibrating gas flow-rates through

columns.
0 indicates metal tap; == = = = indicates heating-tape round tubing.
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and F). The gas-streams passed through the katharo-
meter (G) and changes in E.M.F. were shown on the
highspeed potentiometric recorder (H).

Pyrolysis conditions
Samples were dried in vacuo at 65 °C for 15 hrs. be¬

fore pyrolysis. 20—50 Mg. samples were uniformally
distributed in the reaction vessel to allow for the effect
of poor thermal conductivity of starch samples. All
pyrolyses were continued for 18 hrs. to obtain total
amounts of products; preliminary experiments showed
that any yield of volatiles after this time could not
be readily detected on the column.

Chromatographic column
The characteristics of the column used are shown

in Table 1.

Table 1
Characteristics of Chromatography Column

Column Single-U; glass tubing 4 mm
diameter; 5 feet length

Support 60—80 mesh Celite

Stationary phase Polyethylene glycol 400: di-
butylphthalate mixture (9:1,
v/v); 10% w/w of Celite

Column temperature 18 °C

Carrier gas Hydrogen
Gross flow rate 50 ml/min
Detector ,.Gow-Mac" katharometer
Bridge current 250 mA

Recorder ,Sunvic' high-speed potentio¬
metric recorder

Chart speed 60 inches/hr.

Quantitative analysis of minor volatile products
The peaks on the recorder-trace corresponding to

known amounts of acetone were measured. The weight -

percentage of other volatiles was estimated by the
area normalization method (1) i.e. weight-percentage
of component, a, = [Aa/(Aa + A/, + Ar + ■ ■ •)] x 100,
where Aa is the area corresponding to component a,
etc., and the summation is for the total area of all
peaks on the chromatogram; weights so obtained were
converted to moles of the different components. The
above treatment only yields exact quantities if all
components of a mixture have identical thermal con¬
ductivities. Even when this is not so, reasonably
accurate results can be obtained when there is a large
difference in thermal conductivity between the carrier
gas and the components i.e. hydrogen or helium
must be used as these gases have a thermal conducti¬
vity some ten times greater than for most organic com¬
pounds. In these experiments, therefore, hydrogen
carrier gas was used, although resolution was not so
satisfactory as with nitrogen carrier gas.

Acetone vapour was diluted with nitrogen in the
mixing vessel (J, Fig. 1), and then a known volume
of the mixture (i.e. the U-trap, C, Fig. 1) at various
pressures was analysed on the above column. The
resultant peak areas on the recorder trace were mea¬

sured with a planimeter. Fig. 2 shows the linear rela¬
tion between peak area and amount of acetone.

Fatty acids were esterified before chromatographic
analysis. A direct esterification with methanol and
sulphuric acid yielded a complicated chromatogram.
The pyrolysis products were condensed therefore at
—192 °C before the more volatile components were

o

<b
C
O

o
o

o

■Si

5;

u 200 400
Planimeter reading

Fig. 2. Relation between peak area, measured by planimctcr,
and amount of acetone.

removed by distillation whilst the contents of the
trap were held at 0 °C; formic and acetic acid were
left under these conditions, although any propionic
acid would have been lost. The residue was then
esterified after transference under vacuo into a trap
containing methanol and sulphuric acid (60:1 v/v;
0.1 ml). Esterification was carried out at 40 °C for
24 hrs. before the contents of the trap were analysed
chromatographically as before.

Analysis of formaldehyde
The amount of formaldehyde in the condensed py¬

rolysis product was determined using the chromotropic
acid method of Sen and West (2). Standard solutions
of formaldehyde were prepared from erythritol by
periodate oxidation (3).

Analysis of furfural
Furfural in the Syrup was extracted with 1 °/0

aqueous acetic acid and detected by its specific reac¬
tion with aniline in glacial acetic acid. The red-com¬
plex formed was estimated colorimetrically (4).

Investigation of pyrolytic residue
Nujol mulls of the residue from starch pyrolysed

at various temperatures were examined in a Perkin-
Elmer ,,Infracord".

Investigation of syrup distillate from furnace
The infrared spectrum of each of the two bands of

syrup was measured. The more volatile band was
preferentially Soluble in methanol, the less volatile
on was preferentially soluble in water. Chromato¬
graphic analysis of the syrups was carried out on
Whatman No. 1 paper (solvent: 4:1:5 v/v, butanol-
ethanol-water; 18 hrs. at 18 °C). After treatment with
aqueous sodium periodate (2°/0), the papers were deve¬
loped with an aqueous solution of KMn04 (l°/0) and.
Na2C03 (2°/0). An authentic specimen of 1 :6 anhydro-
(S-D-glucopyranose (m. p. 181—182 °C; [a]n =— 67 °
in water) was used as a reference sugar.
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Results and Discussion

The gas-chromatographic analysis techni¬
que showed that the minor decomposition
products from the pyrolysis of starch at 300 °C
in vacuo were identical to those reported in
our previous paper when pyrolyses were carried
out in nitrogen. Other experiments showed
that this pattern was unaltered even if the
pyrolysis was carried out in air, and, further¬
more, there was no obvious change if pyro¬
lysis was in oxygen. Any oxidative decom¬
position mechanism therefore appears to be
unlikely.

The effect of temperature
A major product from the pyrolysis ofstarch

is anhydroglucose, or laevoglucosan (5). In
our earlier experiments, the estimation and
examination of this product was not practi¬
cable , but in the vacuum-line, the anhydro¬
glucose distilled from the pyrolytic residue
and condensed as a syrup — in two bands —

immediately at the mouth of the furnace. The
weight of the Sugar produced and the loss in
weight of the sample could be obtained di¬
rectly. Fig. 3 shows the result of such an
experiment for potato starch heated at tem¬
peratures of from 200 °C to 400 °C. It can be
Seen that there is a rapid increase in the rate
of decomposition at temperatures between
220 °C and 250 °C. This increase in decom¬

position was paralleled by changes in infra-red
spectra of the pyrolytic residue. At 200 °C,

.700

50

200 300

Temperature, °C.

Table 3
Amounts of Volatiles1) produced from Starch and Related

Materials after Pyrolysis at 300 °C for 18 hrs.

Method Saccharide pyrolysed
Volatile product

Amylo¬ Mal¬lysis2) Starch Amy- Iso¬ Glu¬
pectin lose tose maltose cose

Acetaldehyde G 400 460 240 430 480 250
Furan G 395 210 225 350 260 230
Acetone G 230 335 90 255 395 130
Acrolein G 15 15 20 30 30 20
2-Methvl furan G 230 185 135 290 375 135

Butyraldehyde G 10 15 15 10 5 5

Methyl ethyl ketone G 85 60 15 50 100 15
2 :5-Dimethyl furan G 35 20 10 50 110 15

Formaldehyde C 1300 1400 1700 — — —

Formic acid E 2600
Acetic acid E 300

Furfural A 3000 2500 3500 — — —

°/0 ot pyrolytic resi¬ W 60 30 10 30 40 20
due

°/0 of total syrup w 25 35 75 50 30 70

i 1 i

\ 2 "

V

^ 7

-

I

Fig. 3. Production of (1) pyrolytic residue, and (2) total sy¬
rup (see Text) as a function of temperature; amounts ex¬
pressed as the percentage of the original weight of starch.

Table 2

Amounts of Volatiles1) produced from Starch after Pyrolysis
for 1/3 hr. at Various Temperatures

') Amount expressed as: (moles of compound x 10')/g. of saccharide.
2) G = Directly by gas-chromatography; predominant products

only.
C = Colorimetrically with chromotropic acid.
E = Esterification followed by gas-chromatography.
A = Colorimetrically with analine reagent.
W = Directly by weighing.

the spectrum obtained corresponded to that of the
original starch; from 220 °C upwards they corre¬
sponded to the spectra for the syrups i.e. the re¬
moval of a peak at about 1745 cm-1, and the sub¬
stitution of two others, one at about 1710 cm-1 and the
other at 1800 cm-1.

The spectra of the Syrups did not correspond, in fact,
to those for authentic 1:6-anhydroglucose, and exa¬
mination showed that furfural was also present.

A far more sensitive test for decomposition is the
gascliromatographic analysis of the volatiles at varying
pyrolysis temperatures. This problem is being studied
further in these Laboratories, but preliminary investi¬
gations show that traces of the volatiles can be detect¬
ed at temperatures as low as 175 °C (i.e. after 18 hrs.—
see Experimental Section). The amounts of volatiles
produced when potato starch was heated at varying
temperatures were determined. The results for the seven

major products shown in Table 2 again indi¬
cate that there is a rapid increase in decom¬
position at temperatures between 220 °C and
250 °C.

400

Compound2) 200 °C 220 °C 230°C 250°C 300°C 350°C 400 °C

Acetaldehyde 2 4 15 40 220 270 420
Furan 0.5 35 220 245 300 320 350
Acetone 0.6 5 25 30 130 155 205
Acrolein — — — 4 10 25 40

2-Methy] furan 1 25 90 110 200 200 270
2 :5-Dimethyl furan — — 10 15 50 65 70

Methyl ethyl ketone — — — 10 10 40 45

0 Amounts expressed as: (moles of compound X 107)/g of starch.
2) Predominant products only.

Amounts of pyrolysis products
The amounts of volatile products — after

18 hrs. of pyrolysis at 300 °C— from potato
starch, potato amylose and amylopectin,
maltose, isomaltose, and glucose have been
investigated. Table 3 shows the values for
the eight most predominant products analys¬
ed by quantitative gas-chromatography, and
also for formaldehyde, formic acid, acetic
acid, and furfural. As outlined in the Ex-
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perimental Section, the latter were analysed sepa¬
rately, the furfural being extracted from the syrup.
In view of the experimental difficulties the yield of
acids was determined only for Starch. It can be Seen
that the amounts of formaldehyde, the lower fatty
acids and furfural are much greater, in fact, than those
of the other volatile products. The percentage of ma¬
terial remaining as pyrolytic residue, and the corre¬
sponding percentages of total syrup formed are also
shown in Table 3.

Comparison of the amounts of minor volatile pro¬
ducts from the different saccharides studies showed
that decreasing total amounts were obtained in the
order

isomaltose > starch and maltose > amylopectin >
amylose and glucose.

This is very similar to the order of thermal stability
of these materials as shown by the weight of pyrolytic
residue.

The rate of production of volatiles

suggest that furan and its derivatives may be the
primary decomposition products. Another point of
interest from Fig. 4 is that for the time of the experi¬
ment, more volatiles are formed from glucose than
from starch, although Table 3 shows that the converse
is true for the summative yields. This fact, together
with the weights of pyrolytic residues, indicates that
glucose is less thermally stable than starch.

Production of anhydroglucose
As mentioned above, the anhydroglucose condensed

from the pyrolytic residue, in two bands, immediately
at the mouth of the furnace. From the work of Dimlek

(5), it is thought that these two bands correspond to
the pyranose (I) and furanose (II) forms of the sugar.
The least volatile band of syrup was present in larger
amount (ca. 2:1). On chromatographic examination,
it was found to move at a rate identical to that for

CH

The rate of production of the volatiles which could
be analysed by gas-chromatography, was studied by
use of the multi-vessel Sampler, in order to investigate
(1) the mode of breakdown of the saccharides, and (2)
possible occurrence of primary and secondary decom¬
position processes. Typical results for starch and
glucose are shown in Fig. 4. It is apparent that furan
and 2-methyl furan are initially produced in largest

CH2 0
— Ox

OH

HO

HO-C-H /O

OH OH

(I)
1: 6-anhydro-/?-D-glucopyra-
nose (m.p. = 181 —182 CC)

(II)
1:6-anhydro-/?-D-glucof'ura-
nose (m.p. = 110—111°C)

0 2 ', 6 go 2 4 6

Sample number

Fig 4. The rate of production of some volatiles from
(right) glucose, and (left) starch at 300 C; sample amounts

expressed as moles X 10' g of saccharide.
1 = furan; 2 = 2-methyl furan; 3 = acetone; 4 = acetaldehyde; 5 = 2:5-

dimethyl furan; 6 = acrolein.

amount, although on the basis of the Summative
yields in Table 3 neither of these products is in excess.
Again, although the total yields of acetaldehyde and
acetone are each comparable to those of the furans,
the initial rate of production is much less, but it does
not decrease so much with time. These observations

an authentic sample of 1:6-anhydro-
(j-H-glucopyianose. In contrast, the
more volatile syrup was not detected
on the chromatogram; this is con¬
sistent with the pericdate-reagent not
attacking structure (II) (5). This pro¬
blem is being investigated further in
these Laboratories.

Mechanism of thermal degradation
The above observat ions suggest that

during thepyrolysis of starch in vacuo
at increasing temperatures, there is a
rapid breakdown of the molecular
structure at a temperature around
220—230 °C rather than a steady ran¬
dom decomposition. The appearance of

1:6-anhydroglucose at this temperature indicates that
breakage of the a-1 :4-glycosidic bonds is occurring.
After scission, direct loss of water would result in the
formation of the 1:6-anhydroglucopyranoSe Sugar,
whilst isomerization of the ring must also occur in some
manner, prior to the loss of water, to account for the
extensive formation of the furanose form of the sugar.

The mode of formation of the minor volatiles —

the aldehydes, acids, ketones, and furans — must be
complex. The rate curves in Fig. 4 might suggest that
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the furans are formed first. A possible decomposition
route is

CH*

HO-C-H .0

0 HCHO
+

CHO ,0,

OH

It is not surprising, in fact, that no compound with
more than six C-atoms is found amongst the decom¬
position products. Also there are no secondary alde¬
hydes.

On the basis of the yields of pyrolytic residue, the
thermal stability is
isomaltose > amylopectin and maltose > glucose and
amylose,
which suggests that the a-1:6-bond is more stable to
pyrolysis than is the <x-l:4-bond. This trend is par¬
alleled by the total yields of both the syrup and the
minor volatile products.

An examination of the yield of the major gaseous
products — the carbon dioxide, carbon monoxide and
water — is now in progress in these Laboratories, and
the formation of these will be discussed later.
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Summary
1. Potato Starch, potato amylose and amylopectin,

maltose, isomaltose, and glucose have been pyrolysed
in vacuo at temperatures between 175 °C and 400 °C.
An exploratory study of the formation of pyrolytic
residue, condensed syrup, and minor volatile decom¬
position products has been made. The condensed syrup
was found to consist of 1:6-anhydroglucose and fur¬
fural.

2. At 300 °C, the amounts of volatile aldehydes, ke¬
tones and furan-derivatives varied from 5—500 x 10-7

moles/g. of saccharide, whilst the amounts of form¬
aldehyde, formic acid, acetic acid and furfural were
larger by a factor of 5—10.

3. A study of the rate of production of the minor
volatiles by quantitative gas chromatography indicated
that the furans may be the primary decomposition
products.

4. The mechanism of thermal degradation is discus¬
sed.

Zusammenfassung
1. Kartoffelstarke, Kartoffel- Amylose

und -Amylopectin, Maltose, Isomaltose und
Glucose sind in einem Vakuum bei einer

Temperatur zwischen 175 °C und 400 °C
pyrolisiert worden. Eine eingehende Unter-
suchung der Formation des durch Pyrolyse
entstandenen Riickslandes, kondensierten
Sirups und weniger bedeutender flUchtiger
Zerfallsprodukte ist durchgefiihrt worden.
Es wurde festgestellt, da/1 der kondensierte
Sirup im Verhaltnis 1:6 aus Anhydro-
glucose und Furfural besteht.

2. Bei einer Temperatur von 300 °C verdnderten sich
die Werte der Aldehyde-, Ketone- und Furan-Derivate
von 5—500 x 10~7 molesjg desSaccharids,wohingegen die
Werte von Formaldehyd, Ameisensaure. Essigsdure und
Furfural sich bei einem Faktor von 5—10 vergro/lerten.

3. Eine Untersuchung des Produktionswertes der un-
bedeutenden fluchtigen Substanzen durch die quanti¬
tative Gaschromatographie zeigte an, da/1 die Furane
die primaren Zerfallsprodukte sein konnen.

4. Der Mechanismus der thermalen Degradation ist
erortert worden.

Risume

1) L'amidon de pommes de terre, Vamylose, et I'amylo-
pectine de pommes de terre, 1'isomaltose et la glucose ont
ete pyrolyses dans le vide a des temperatures comprises
entre 175 °C et 400 °C. On a etudie en detail la formation
du rdsidu du a la pyrolyse, des sirops condenses et des
produits de degradation volatils moins importants. On a
constate que le sirop condense se compose d'anhydroglu-
cose et de fural dans la proportion de 1 a 6.

2) A une temperature de 300 °C les valeurs des alde¬
hydes, des cetones et des derives de furane du saccharide
changent cle 5-5001-0—7 moles/g, tandis que les valeurs
de I'adlehyde formique, de I'acide acetique et du fural
augmentaient d'un facteur compris entre 5 et 10.

3) Une analyse par chromatographic quantitative de
gaz de la valeur productive des substances volatiles sans
importance a montre que les furanes pourraient etre d la
base de ces produits de decomposition.

4) On cite egalement le mecanisme de la degradation
thermale.
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