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I,
INTRODUCTION,

Caramel, commercially known as sugar color, has been a
souree of common interest for many years, Its greatest value
has been inuits use as a coloring material for food products
such a8 beers and soft drizks, In recent years the rapid
growtk of the earbonated beveragé industry has caused an inter-
est greater than ever to be taken in caramel, its production,
and its geperal utilization as 2 coloring material,

The chemieal proeesses, however, involved in the produc-
tion of caramel have not yet been thoroughly understood, Car-
arpels produced from variocus substances seem to be somewhat
alike in general character, but their coloring powers vary
copsiderably, andi many of them fail 4o remain permanent when
used to eolor the variocus acid beverages, Even caramels pIo~-
dueed from the same earbohydrate sueh as sucerose, by varying
the temperaiure and the time of heating, show much difference
in their gbility to withstand definite coneentrations of

hydrogen ion, This fact indicates that caramels may be colloidal

in their pature and that there is a definite isoeleetrie point
for the different varieties of caramel, The caramels having the
higher coloring power apparently are less resistant to the
action of hydrogen ion and precipitate readily,

To establish these facts, three series of caramels were

prepared from eane sugar at temperatures of 190°, 200°, and



210°C, The temperatures and time of heating were accurately
coutrolled, Certain representative caramels from each series
were subjected to acld solutions of definite hydrogen ion cor-
centrations, They were also subjected to dlalysis andi cata-
Pheoresis to determine itheir collcidal pature, In the process
of preparation of the series of caramels, it is also shown
that there are defipnite compoumds formed, and that ithe reace-
vions occur comsecutively, That ;’.s, the Zormation of one car-
amel compound is practically complete before the next com-
Pcund starts to form.



I1.
HISTORICAL.

Caramel-like substances have been prepared in many ways,
some of which bave been patented, Such substances have been
made by heating grains, bfead crumbs, starches, molasses,
glucose, eane sugar, and other carboaydirate substaneces,

To hasten the reaction, catalysts such as ammouia,
ammonium earbouate, ammonium chloride, sodium earbomate,
and even dilute sulfuric and hydrochloric acids have been
used, These substances bave been used almost entirely in mane
ufacturing proeesses anrnd have not beexn used in the theoreti.
cal study of caramel to axny extent,

Only in recent years has an intensive study of the rea-
actions for the formation of caramel been considered, I%t had
beer known previous %0 1910 that the produets of heat treat-
ment of sugars, especially of sucrose, were various, Peligot
(1) in 1838, G€lis(2) in 1858, and Stolle (3) im 1899, aid
much early work or the examination of the produects of the dry
digtillation of sugars. Iu 1914 Sapgiori (4) reported the
presenee in caramel of such substances as furfural, acetone,
formaldehyae, formic acid, and acetliec aeld, all in small guan-
tities, 411 report the presenee of carbon dioxide and furfural
in the vapors which distil off, but by far the greater pro-
portion of the distillate is water, This leads us to believe
that the prinecipal reactipn is dekydration and that the other

Produets are formed to a very small extent at temperatures



slightly above the melting point of the sugar,

Gé1is (2) also showed that sucrose, when heated at tem-
peratures around 200°C, was converted progressively into a
pumber of intermediate proauets by suecessive dehyaration,
These products he pmamed in the ordaer of their formation:

earamelan - G H;,0,,

earamelen - (g,H:00,,

caramelin -
Caramelin was a more highly dehydrated produet with a rather
uncertain formula ani possessed decidedly colloidal properties,

ke colloidal properties were cemonstrated by Grahanm (5)
iz 1862, He showed by dialysis experiments with eollodion
membranes that earamelan and earamelen, whieh are of interme-
diate coloring power, dialyzed readily, whereas caramelin,
which is five times more colored than orude caramel, aid not
dialyze, Thus he demonstrated the colloidal properties of
caramelin,

Cunningheam and Dorée (6) in 1917 prepared caramelan in
nearly pure form by heating sucrose in a porcelaln dish at
170° - 180° C, until the loss in weight was 12#, This was
further purified by precipitating from aquecus solution by
adaition of alcohol coutaining ammonia or acetic acid. They
verified the formula of Gelis (C, Hss0:5) by applying the
freezing point method to derivatives of earamelan,

It remained for Pictet and Andriancff (7) in 1924 to



obtain the complete ssries of dehydration products of sucrose;
f Working upder 10-15 mm,pressure at a temperature of 185°- 130°
’ C. they obtained the Tollowing compounds:
(a) Isosaecharosan, G H 0016
This resulis from the loss of one molecule of
water 2Lrom one molecule of sucross:
) CigHep 022 = H0 + 035800450
This compound is apparently the anhydride of the
hypothetieal substande isosaccharose, andi resulis
from a probable rearrangement in the spacial eon-
Piguration of the sucrose molecule at the time of
dshydration,
(b) Caramslan, G, Has0:,
Here an intermoleeular loss of water occurs ac-
eording to ﬁhe reaction:
2 C1.B,501: = 4 H,0 + C,(Hg405,
This loss of water probabdbly occurs between two mole-
gules of isosaeccharosan and not, as the reaction ime-
plies, between two molecules of sucrose,
{c) Carsmelen, Cge¢HgzoOys
This compound is formed by intermolecular loss of
water from taree molecules of sucrose:
3 C1pE,2011 = 8 E,0 + CgeHgolys
Their conclusion is that 1, 2, 3 moleeules of water

are successively lost., The loss of the first molecule of water



Prom one molecule of suerose forms the ankydride isosaccharo-
san, Furthsr loss of water occurs between molecules, forming
other compounds in multiples of C,, .,

Otker sugars, as well as sucrose, apparertly uwudergo
sixilar reactiouns, Ripp (10) succeeded in isolating cara-
melap from caramel prepared from levulose, The earazelan
whiek he prepared hLad the same molecular formula as that of
Gelis, dut its reduveiug vower ané_ polarization were lower,

I% is t0 be observed that wost of the early work dome
has been mostly with the view of isolating ané identifying
the various compounds found in caramel, Undoubtedly much ex-
perimental work was done on the manufacture of earamel but
very little has been published on thls phase of the subject,

Beal and Bowey (2) in 1923 did much work on the prepara-
tion of caramel from glucose, They prepared a series of cara-
mels at various temperatures between 200° and 300°C, using
satalysts such as ammonia, ammonium chloride, sodium earboxn-
ate, hydrcehloric acid, and ammonium sulfate, They concluded
that caramels of higher coloring power and of less stability
were obtdined at higher temperatures and also with longer
periods of heating. The added salts are merely ceatalytie in
their action, aiding in the dehyd:ation of the glucose, They
recommend the preparation of a good caramei without a oata-
lyst by heating 100 grams of gluccse in 25 ee, o water to
230°C, in an 01l bath for 50 - 70 minutes, The stability of
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such a caramel +o aclid is good but the coloring power is not
the best,

Beal and Applegzate (9) performed similar work with
suerose and found thet suerose yields 2 earamel of a guality
egu2l to, or better than, glucose caraxmel, They conclude that
caramelizatiorn is a defirite endothermie reactlon,

It is to be noted in the ab9vs historical sketch that
there has been no systematic effort to utilize the theoreti-
82l viewpoint in a practical way, 1.8,:

(1) To follow the proeess of dehydration closely in a
systematic way by carefully controlling the temperature and
tke time of heating.

(2) 7o determine the actual points at wkien deflnite eom-
pourd formation O0GCUTS,

(3) To determine the ability of the caramel which is
formed to withstand the effeets of definfite hydrogen ion

concentrations.
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I1I,
EXPERIMENTAL.
1., Preparatios of Caramels,

A number of caramels were prepared at different tempera-~
tures and with varying intervals of time of heating, witkout
the aid of a eatalyst. In order fo make & systermatic compari-
son of caramels prepared at & glven temperature, the loss in
weight during e definite interval of heating was taker as a
eriterion, The small amounta of substances other than water
evolved were considered as negligible, and the loss i weight
of the suerose wpor heating was eonsidered as water,

Dry sucrose of a high grade was the carbohydrate employed
in the experiments, Charges of two hundred grams of suerose
were used, These were weizhed upon a trip balance with an ac-
curacy of 0,1 gran,

In all previous work it was noted that wery little ate
tention was given to accurate temperature control, Since a
given charge of sucrose was to be heated at temperatures of
190 to 200°C, over periods of time ranging from 30 minutes to
130 ninutes, a wide variation in weights would result in the
£ipal products, Obviously it would be nearly impossible to
obtain results which could be aceurately duplicated, After
some preliminary experiments with varlous methods of heating,
this was found to be the case,

An electrically heated device provided with mechanical

stirrers was constructed which gave satisfactory results as
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is indieated in table I, These runs are typleal of the
routine runs which are recorded in tables II, III, and IV,
The duplieate results (b) check the originel runs (&)

closely, giving rise to an experimertal error of about

0.2¥0,3 %.
) TABLE I.

Series Time Temp, | Loss %

Bo. = _mip. 2 k. average
Al 40 190 0.5 0.4 0.45
A3 60 190 549 58 5.85
B-1 30 200 2.3 2.3 2,30
B2 35 200 4,45 4,45 4,45
B-3 40 200 5.85  6.05 5.9
B-4 45 200 7.85 7425 755
B-5 50 200 8.40  8.25 8430
C-1 20 210 2,95 2,85 2,90

a, bescription o2 Apparatus,

Plate I is 2 uesignr of the coustruction of the eleetrie
heater, The bath itself is sn aluminum eylisdrical vessel
around which an insulating layer of asbestos paper is close-
ly wrapped, Lround the asiestos layer there is placed a coil

of twenty turns of no, 18 electrical resistance wire, The ends
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are conrected to an eleetric circuit, The wire is keld in
Place firmiy by & taick layer of fire cement;

& square plate of asbestos board covers the top, Four
bolts pass through tke corners apd into tke base upor whick
the apparatus rests, These bolts serve to hold the bath in =2
rigid position upor the base, A large hole is eut in the
cenxé& of the plate of such size that a low-form Griffin
pyrex beaker may be suspended in it and supported by its
rim oxly,

Distributed about the large hole are three small holes,
Into one of these is inserted the bath stirrer (S) which
keeps the entire bath at wniform temperature by forced eir-
culation, Into amother is inserted a thermometer (T) wkich
has been accurately—ealibrated at Lhe temperatures at which
the bath is operated. Through the tkhird hole is inserted a
regulating device (R) which, by expansion of the metal coil
at its lower end, causes the heating current to break wkezn
¢he proper temperature has beern reached,

At the top of the regulator are two conrntact poiuts
which, when they touch, close & ecircuit through the two
dry cells (D). Tuis current passes through the magnet on the
relay (L), The magnet draws the smwall vertical arm toward it
axnd causes a break in the 110 volt heating eircuit, and the
bath eeases to heat., When the temperature of the bath drops

sufficiently, the regulator releases the vertiecal bar which
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is pulled over by a sm2ll spring and contaet is again made in
the heatinz cireuit, A pllet light (P), placed across the ter-
minals of the heating unit, indieates when the bath 1s heating,
The batn medium chosen was glyecerin, It becoxes very fluid
at nigh temperatures, cireulates readily, and has the advantage
over oil in that it ean he washed counveniently from the sur-
face of the beaker with water after the completion of a run,
buring the heating of a charge of sucrose a stirrexr (S)
is operated within the beaker to further faeilitate an even .
heating of the caramel,
Witk the cevice as deseribed, a temperature of 200°C,
was evenly mairntained over a period of time with a fluctua-

tion of 0,1 to 0,2°C,

b, Method of Procedure,

Into a2 one liter beaker whick has been previously deseribed
was earefully weighed two hundred grams of dry suerose, Both
the weight of the empty beaker and of the beaker consaining
sucrose were yecorded, Meamwhille the bath was heated to the
desired temperature, The beaker was then placed in the bath,
clamped firmly into position, ana the time guickly noted,

In a short while the sucrcge began to melt and to color
slightly. After complete melting had taken plaee, & slight
foamipng began to occur which increased rapidly until the foam
began t¢ £i11 the beaker, Rapid stirring at this point with
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the meekanieal stirrer broke the foam sufficiently to keep it
well within the beaker, Within a comparatively short time the
foaming ceereased, iuaiecating that the velceity of the reac-

tion was not so great. As foaming decreassd, the color became
correspondingly darker, After an interval of time, if the rum
wazs carried for a suffieient period, the foaming practically

ceased, ani the mass became qui‘?:e visoous;

A% this point a second stage of foaming began, The mass
being very viscous by this time, 1t was inersasingly diffi-
cult to stir successfully with the mechanieal stirrer, From
this point on, stirring by hand beeame necessary, in order
to prevent the very dark viscous mass from rising over the
top of the beaker. The velocity of this second reaction
slowly decreased ano the mass gradually thickenmed until 1t
was evident that it would be useless to contimue the runm at
the stated temperature,

Waen the time allotted for the run had expired, the
beaker was quickly removed from the bath, the glycerin
washed from the outside, ana when it had codled sufficiently,
the beaker was weighed, Tkhe loss in weight was recorded, as
was also the percent loss in weight,

As soon as one run was coxpleted, 3 second run was ime
mediately started. Ix this way a series of ruxs was made at a
given temperature, each rur being heated a dcfinite number of
miputes longer than the previous oue,

Ix this manner, three series of caramels were prepared
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at temperatures of 190°, 200°, and 210°C, By plotting the
time of heating against the percent loss in weight a number
of interesting observations were made and econeclusioxns
drawn, The tables on the following page represent the es-
sential data eollected for the production of the curves on

bage 21,
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TABLE 1II.

Series A, Caramels prepared at bath temperature 190°C,

Run Jo, Time Loss % : Run Time Loss &
Min, i o, Min,
1 40 00,45 2: 17 100 09.4
2 50 3,05 §: 8 110 10.45
5- 60 5.85 i 5 120 10.6
4 70 7.2 i1 130 11.3
5 80 8,45 §§ 11 140 12,05
6 90 8.7 ; 12 150 11,55

TABLE III,

Series B, Caramels prepared at bath temperature 200°C,

Run Ho. Time Loss :: Bun Time Loss
¥in, % il No, Min, &%

1 30 2,3 ié 11 80 12,1
2 35 4,45 §§ 12 85 13,65
5 40 5% §§ 13 S0 14.15
4 45 Te55 §§ 14 95 14,25
5 50 8e3 i: 15 160 14,50
6 .55 8.9 ii 16 105 14.9
1 60 9.6 ii 17 110 15.4
8 65 10.2 ;i 18 115 15.65
9 70 11,3 » 19 120 15.75
10 75 11.9 ;
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TABLE IV.

Series €, Carzmels prepared at bath temperature 210°C,

Rua No, Time Loss Run o, Time Loss

1 20 2.9 i 1 50 13.65
2 25 6.85 ii 8 55 14.4

3 30 St i 9 60 15,15
s 35 1003 :: 10 65  16.3

5 0 115 i 11 0 16,65
6 85 12.85

¢, Series A, Caramels prepared at 190°C,

In order to elarify the deseription of the general pro-
cedure, it is necessary at this point to discuss in detail
the proauetion of the caramels at each of the temperatures
mentlioned,

For each successive run at 150°, the time of heating was
extended by ten minutes, The temperature was kept constant
at all times to within 0,1° of 1%0°, At approximately 30
mimates from the time the beaker was placed in the bath, the
sugar bad completely melted.

There was no foaming until 40 minutes had elapsed, Sud-
denly foaming started, By the time 80 minutes had passed,

the Pfoaming had nearly ceased and the sucrose was merely a



dark pasty mass whieh could be stirred only with diffieulty,
The color after melting was light drown, but as foaming countin-
ued the bi'own became more intense until, at G0 minutes it was
guite dark,

When 80 minutes of heating had elapsed, the second stage
of foaming began., The vapors became more acrid and penetrat-
ing to the nostrils, The second stage of fcaming was not so
violent as the first, indicating trat denhydiration was not pro-
ceeding so rapidly as before,

The color now became very dark, mearly black;.the mass
beecame so viscous that it had to be stirred by hand, From the
odor it was evident that, with prolonged heating, decomposi-
tion produets other than water were formixng in inereasing
quantity, After 140 minutes had passed it was considered im-

practieal to cortirue the run longzer,

The above deseription is that of the longest run made
at 190°, All of tke skorter runs bekhaved in an exactly
similar manner up to the time allotted to them, when they

were removed from the batkh,

d, Series B, Czramels prepared at 200°C,

At this higher temperature, it is to be expsested that
the sucrosge would melt mere rapidly, and that the time of
heating would be materially shortexed in order te produce

the same earamel which would regquire 140 minutes of heating




-«

i
o oy
s i/~Nn WEIGHT

-
% Los

I.l..l..l..lllll]l.llalllnlllllll...l|..|l|n|11|u.l.|ll;ll|.|l.olv‘l"'l

MINvTES

10 Jo 60 7o ¥o 90 /80 7R 120

t3o0

1<




x
2
5
18
EN
é .
£
ES
<
1)
r.
13
&
&
@
o
3
3
£
&
-
&
&
w
*
b
2y
ol

at 1902C,

This wae found to be the case, The suerose became com-
bletely melted in about 20 minutes, Foaming began almost imme-
distely, but was prevented from becoming excessive by rapid
stirring. The same phenomena were observed as in the previous
series, Foaming gradually lessemed, the intemsity of the color
ixereased, and the viscosity increased,

At the 35 minute interval, the second stage of foaming
began, 4 slizht decrease in viscosity was noted, The mass be-
cane more fluid for a short time z2ud then gradually became
more viseous, Stirring by hand became necessary after 60 mine
utes had passed,

A% the 55 minute interval, a third stage of foaning was
observed, The mass being extremely viscous by this time, it
was very diffieult to keep the frothing under eontrol, Froth-
ing gradually died away, however, and by the time the 120
minute interval was attained, there was wvery little reaction
to be observed, The remaining mass was very dark, much darker
than any of series A, Being semi-sclid, it solidified guiekly
oun eooling, into a eake of subatanee resembling coal, break-
ing with a similar fradture to that of coal, but being com-
Pletely soluble in cold and warm water,

The run Just described is the longest ruu made at 200°,
All the shorter runs bekaved in a similar manner up to the

time of removal from the bath,

Whereas the loss in weight was 12,05 % after 140 minutes
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heating in series A, the loss was 15,75 ¢ after only 120 min-
uvtes in series B, The shorter time of heating was made possi-
| ble by the faet that the caramel was maintained at a tempera-
! ture 10° higher, and conseguently remained fluid, so that it
b could be stirred until the loss was greater,

Comparing two eéaramels of series A and B having the sane
- loss in weight, it was found that there was no essential dif-
ferense between them, Iater expefimenta on stability toward

| acids show this to be true. However, a caramel of series B

| was found to be much darker in color than one of series A

| which had been heated the same length of time.

_ Due to the fact that the veloclity of reaetion was much

| greater in series B than in series 4, each individual run

| was made at inereasing intervals of five minutes instead of
ten minutes so that data sufficiently accurate to obtain a
satisfactory curve eould be obtained,

e, Series C, Caramels prepared at 210°C,

A% 210°C., the same general observations were made as ian
the two previous series, However, as it was to be expested,
ecomplete melting had oecurred after the suerose had been
heated only 15 minutes, apd the first reastion started imme-
diately. Control of foaming was mors diffisult because of the
higher temperature, and the consequent increased rapidity wiih
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which water was driven off, ,

The second stage of foaming occurred at the 19 minute
interval, The third stage of foaming began after 30 minutes
had passed, The same observations were made as in the pre-
vious series,

A loss in weight of 16.65 % was obtained after only
70 minutes had elapsed. It seemed impractieal to preparse a
run of more than 70 mimutes duration, Three stages of
foaming were observed in series C., In serles A two stages
were observed, but in series B and C three stagss were noted,

The data for these three series have been recorded in
the tables of pages 18 and 19,

f, Discussion of Results,

The data for the three series which have been recorded
on pages 18 and 19 was plotted on eoordimate paper., It is
very difficult to draw any definite conclusions from the
data itself, but with the aid of the grapk, several impor-
tant deductions may be readily made,

In the graph oun page 21, the loss in weight of the
members of each series 1s plotted against the time of
heating in mimates, Three dotted horizontal lixes located
regpectively at 5,23 %, 10,52 %, and 14,03 % are ineluded
to indieate the points a§ which isoecharosan, caramelan,
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and earamelen should bs formed,

Ia order to prepare isosaccrarose { G, H o0i0 ), Oue
molecule of suerose must lose oxne molecule of water, The
weight of water lost would be 5.25 % of tue molecular weight
of suerose,

The formation of earamelan from suerose reguires taoe
loss of feur molecules of water froxz two molecules of su-
erose, The pereent leoss in weighf regquirsd is 10,52 %,

Carameler is formed from three molecules of susrose by
the loss of eight molecules of water, In this case the loss
is 14,03 %,

These values are theoretieal anc cannot be attained
practically for ¢he reason that other products are formed
at the same time t0 a small extent, In order %o prepare the
purest possible caramelan, it would therefore be uecessary to
heat suerese untll the loss in welght was somewhat over
10,52 %. Cunningham and Dorée (6) obtained almost pure cara-
melan by heating sucrose uutil the loss was 12 %.

Foaming of the caramel as it 1s heated is indicative of
+he chemical reaetlon whereby water is lost, Zxcessive foam-
ing indicates rapid loss of water, whersas little foaming in-
dicates little loss, The greatest foaming oecurs at the bsegin-
ning of a definite chemieal reaction and at the end there is
practically no foaming whatever,

Therefore ix the study of the curves, the horizoatal
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“ portions indieate the end of ors definite dehydration reaction.
| The rising portior immedistely following indieates the begin-
nizg of a new reaction,

CURYE A, The running temperature of 150° was selected
| as being tke lowest practical temperature at which earamel
§ could be prepared within a reasonabie leugth of time, The melt-
b ing point of the sucrose is approximately 10° below this,
__ The Pirst stage of foaming started within 4C minutes and
_. had become essentially complete af the 80 minute interwal, No
| cecidec break can be seen in this portion of the eurve, &
bx;eak skould appear in the region of 5 % loss, but the rela-
§ tively low temperature causes the merging of the two reae-
§ tions into practiecally one, No foaming stage was noted again
§ until the 80 mimute interval was reached, Here a Gecided rise
{B the curve is a.gain noticed, showing the eompletion of the
| tnird reaction and the beginring of the fourth.
The first stage should indicate the formation of isc-
d saceharosan, but because of the low temperature, the reaetion
is not rapid emough to show a distinet break., Comsequently the
beginning of the scoond stage,or the formation of caramelan,
-_g' is not diseermable, The second stage as shown is then rsally
tke third stage, and earamelen begins to form with the 80
| ninute interval,
: The loss should be 10,52 % but the eurve indicates that

caramelan has been formed when the loss is oxly about 8,5 - 9%,
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In orier to aecount for this apparent discrepancy the temper-
ature ani visecsity of tke caramel must be teken into account,
The visecosity is eontinwally increasing while the temperature
resains at 190°,

Ag viseosity increases it becomes more and more diffieult
t0 remove the water aB rapldly as it is formed, by stirring,
Counseyuently, altheugh the water may be comiletely liberated,
some of it is retaixed mechazically for 2 short time before
it ezn be vaporized away, Accoré.ing t0 the curve, whern cara-
melaexn has been completely formed, there is still meckanieally
retaized as mueh as 1 - 1.5 % of unvaporized water, The re-
sult is that ecaramelaxr kas beexn aprarently formed with & loss
of oxly about ¢ » water instead of 10,52 %,

At a higher temperature, water would be eliminzated
more rapidly as it is formed, Oz curves B axd C this is
foungé to be true,

A 8light rise in the curve 1s again notigceadle at the
140 mimuts interval, althougk no foaming was observed, It was
considered impractical 4o continue this curve further, due to
the Paet that the mass became unstirrable, At kigher temper-
atures the mass remains ligquid urntil the loss is greater,

At the temperature of 190°, the formation of iso-
saceharosan cannot be detected, The Tormation of caramelan
is readily observed however, with a loss of weight about
1 ¢ below the theorstical, which has beer exrlained, Cara-

melen eannot be prepared satisfaetorily at this temperature,
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CURVE B. Foaming begins in about 20 minutes., At the
35 minute interval a slight break occurs which may be con-
strued as the completion of the reaction, sucrose = iso-
saccharose, The break occurs at the proper point for the forma-
ticn of isosaccharose, dbut is not very definite, probably be-
cause of the faet that the temperature is high, causing the
rapid elimination of water, The second break indicates guite
clearly the complete formation _of caramelan, andi the begin-
ring of formation of caramelen, Here, as inp eurve 4, caramelan
is formed with a loss of water about 1 % below the theoretiecal,

A small break is again observed at the 95 minute interwal,
although no unusual foaming was observed., The break occurs
very c¢lose to the 10,52 & line whieh is theoretical for ecara-
melen, Assuming the mechanical retention of water to be rough-
1y the same, the close agreement between the theoretical loass
and the experimental loss can be accounted for by the increase
in other decomposition products which vaporize with the water,
The higher temperature would favor the formation of substances
other than water,

This curve shows gquite c¢learly the formation of three
dshydration produets, Isosaecharosan is formed at the proper
place., Caramelan formation is indiecated gquite distinetly
with & loas about 1 % below the theoretieal, Caramelen
appears to bde formed at the proper place also, There is pro-
bably mechanioal retention of some water but this is offset

by the formation of more aecomposition products at the
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higher temperature,

CURYE €, In this case three distinct stages of
foaning were observed, The high temperature of 210° caused
foaming to oeccur at 15 minutes and again at 19 minutes,
However water was eliminated so very rapidly that it was im-
possible to record the weights in such a way as to show a
break on the ocurve,

At 30 mimutes the third stage begazn. 4 distinet break
occurs here at the 10,52 % line, It 18 probable that at this
high temperature water iz driven off practically as rapidly
as it is formed and the result is that the loss is almost
theoretiecal for that regquired to form e¢aramelan,

Another depression is to be noted at the 55 minute ine
terval, but no specifiec foaming was noted at this stage, This
depression is indiecative of the complete formation of cara=-
melen,

4 consideration of all three curves bringe out tke fol-
lowing observations:

1, Curve B only, indicates the formation of isco-

saccharosan,

2. A1l three curves show clearly the formation of

earamelan at or near the theoretieal point,

3. Curves B and C show eévidence of the formation of

earamelen, Curve A cannot be carried far enough

Yo show a similar point.
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4, Variations from the theoretieal losses can be ex-
Plained on & basis of mechanieal retention of water

due to relative temperature ard viscosity.

2. Study of Colloidal Properties of Caramels,

_ Caramels used iz the industries have been found which
freguently precipitate from solution whexn used to color the ‘
various acid bevér&ges.

The cause of preecipitatior is somewhat obseure, but is
generally ascribed to the faet that earamel is a colloidal
substance, Conseguently it will precipitate from solution
when its isoslectrie point has been reached, Graham (5)
skowed that caramelan and caramelen _d.ialyzed. readily
throvgh a collodion membrane, This indicates that these
two compounds are crystalloid in nature rather than eolloid, |
Caraxelin was counsidered by Grabam to be ecolloidal and was
prepared by him in pure Torm by dialysis through eollodion
membrane free from all crystalloid impurities,

Caranel has slways becsa counsidered eolloidal and it has
frequently been shown to ke eleetromegative,

Iz order to study the e2fect of acids of various Heion
comentratiéns upon the caramels which have been prepared, it
was eoxnsidered nescessary to determine first their eolloidal
properties,

For this purpose i;c was 10t eonsidered essentisl to
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examine every earamel wkich had been prepared, It seemed a
good plan to chose eertain earamels from each series which
would represent the entire series in the examination, The
caramels chosen were subjected to dialysis and to eata-
bhoresis, These tesis were not designed to be guantitative in
any way, but were intended merely to show whether or not these
caramels contained colloidal material,

a. Selection of Caramels,

It has been shown that there are definite breaks in the
three curves A, B, C as illustrated on page 21, Furthermore,
a break indieates the completion of ome ¢f the caramel com-
Pounds and the beginning of the formation of the next cone !
pound, It seemed best to seleet earamels which would repre- "
sent as nearly as possible true compourds whieh had been
forred during the heating proeess,

On curve A two caramels were chosen as representing
earamelan and caramelen, These were the earamels whieh had
been formed with 70 and 110 minutes heating respectively,
Trkese will hereafter be designated as A-70 and A-110, On
curve B the same two compounds were considered to be repre-
sented by the earamels B-45 and B-85, On curve C, caramels
C-30, C-60 and C-70 were chosen, C-70 was seleeted only for
the reason that it had undergone the greatest loss at the
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highest texperature employed, ard therefore represented the
most highly earamelized produet cobiained,

These caramels, which were selected to represent the
earamel compounds isosaecharosan apd caramelan and earamelen

as rearly as pessible, were then subjeeted to dialysis,

-b. Dialysis,

In the dialysis experiment, no attempt was made to
establish any guantitative relationships betweezn eolloid and
erystalloid,

Collodion membranss were very carefully prepared by
Pouring colliocdion ianto a large elean test tube ani then pour-
ing it out again, rotating the tube slowly until the 2ilm had
set uvpor the interior of tke tube, This film was readily seva-
'} rated from the glass by placing the entire tube in water,
when the f£ilm was easily removed as a long slender bag,

Solutions of the caramels which bad been chosen, namely:
A-70, A-110, B-45, B-85, C-30, C-50, and C-70, were then pre=
. pared, These were simply made by adding a small quantity of
| the caramel to distilled water until the color was an intense
| brown, The solutions were still very dilute with respect to
the gquantity of caramel used,

Into each bag was placed some o2 the earamel solution,

Bag number one contained solution of caramel 4-70, bag num-
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ber two contaiped solutior of earamel i-110, and 80 on untid
there were seven of the dags £illeé with tae seven earamel
solutioxs,

These bags were tied around tne top with a thread and
suspended in large two-liter beakers containing distilled
water,

“viffusion through the membrane began at omce, as was
evidenced by the light dbrown color which the outside water
assumed, Tkhe water which surroimded the membranes was changed
every two hours until diffusion was complete, Completed
dialysis was indicated by the faet that the water on the oute

side d4id not assume any appreeiubie ecler in two hours timse,
) ts of Dif

¥itkin six hours, solutions of A4-110, B;85, c-60, am
C-70 had completed the dialysis and there was a solution
remaining in tkhe bag almost as dark in color as the original
solution, Aprarently relatively large quantities of earamel
had nct di2fused througk the membrane,.

Dialysis in the case of A-70, B-45, and C-30 had not
guite eeased even after twenty-Lour hours, as the color of
the outside water showsdi, However, the solutions inside the
bags still retained e deep eolor, showing that there was at
least a small amount of eo0lloidal material present, although
probably most of the originmal solution was erystalloeid, and

therefore dialyzable,
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Caramels of the £irst group whiek completed dialysis
quickly, are all highsr members of their respective series,
Caramels of the seecond group whiech did not complete dialysis
within twenty-four hours are lower members of their re-
spective aeries, The higher portions of the curves there-
fore represent earamels which are largely colloidal and the
low;r portions represent caramels which are still guite
erystalloidal,

Sinee every dialysis which was run showed at least
some ¢0ll0idal caramel to be present, it would be reasone
able to expect that each would reppond to the eataphoresis
teat,

e, Electrophoresis,

According to Holmes (11), the charge of electricity on
a colloidal particle in suspension is due to the preferen-
tial absorption of positive or of negative ions from the
solution on the surface of the particle,

A partiele thus charged, on electrolysis, will move to-
ward the electrode of opposite sign., Caramels are no ex-
ception to'this rule as will be shown in the following 6x-
per;menx.

In order to demonstrate the effect of the eleetric cur-

rent, an apparatus similar 4o that deseribed by Holmes (11)
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was constructed, Briefly thls oconsisted of a U-tube to the
bottom of which had been sealed a short tube, A small plug

of cotton was inserted into the end of the lowser tnb? to pre-
voent diffusion as the colloidal suspension was allowed to
pass into it, Into the arms of the U.tube were placed two
pPlatinum elestrodes,

" A leveling bulb arrangement was fastened to the lower
tube into which was placed the earamel solution. Clear water
wags placed into the bend of the U-tube until the bend had
been ecompletely f£illed, The caramel solution was then allowsd
to flow slowly through the cotton plug from the leveling bulb
until the junetion between the colored layer and the elear
water had risen to within approximately two cextimeters of
the elsctrodes, The position of the layers was earefully
noted and the current was thea turused on,

A direet current of 110 volis was passed through the
solution for 60 minutes. The position of the layers was again
observed, The change in position is reeorded in the table
below,

Diffusion around the positive electrode rendered it
irpossible to determine the distance whick the layer in that
arm moved, However, a very distinet line of demarcation ap-
peared on the arm containing the negative elsctrode, This
line moved steadily dowmward, showing that the eolored eara-
mel was repelled from the negative elestrode and attracsted to
the positive,
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Caramel ir water solution is shown by this experiment +to
behave like other collecidal material under electrieal stress,

and furthermors to possess an electro-negative charge,

TABLE V.,

Table showing downward movement of layer at mnegative

sleetrode,

a e (o) mm, lowering :: Caramel sol, mm, lowering

4-70 1.70 : A-110 3455
B-45 0.85 B-85 1.40
C-30 0.40 2 C-60 5,10

€70 1.00

Caramel solutiouns A~T0, B-45, and C=-30, which are all on
the lower portions of the curves undergo cataphoresis to a
lesser oxtent than the others which appear higher in their
regpective curves, i.e., the downward movement of the layer
at the negative electrode was less,

This faet would incicate that the charge upon the lower
nembers of the series is not so great as that upon the higher
members, Such ecaramels in suspension would be considered
either as jarticles which are near their isoelectriec point,
or as particles whiekh border on true solution particles in

size,
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From the results of dialysis in which the lower members
of the series required mueh time to dialyze completely, the
conclusion is that these members are very pear in size to

partieles in true solution,
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d., ZEffeet of H-ion Concentration.

Fronm the results of dialysis and cataphoresis it is

concluded that the caramels whiech have been prepared are

. eleetro-negatively charged colloids, Whatever the source of
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the charge upon the particles, whether it is merely a differ-
enceuof potential set up bstween the particles and the medium,
or whether it is a case of preferenxial absorption of hydroxyl
ions, the addition of ions bearing opposite charges should
have a neutralizing effect upon the charges hlready present

on the particlés.

Assuming that hydroxyl ions are absorbed to a greater
extent than hydrogen lons, the eolloid becomes negatively
charged, Addition of aeids , or in other words, addition of
hydrogen ions, would tend to neutralize the negative charges
and eventually cause the particle to become electricailiy
neutral, At the neutral zone cosgulation and preeipitation
of the particles usually oceurs and the isoeleetrie point is
said to have been reached,

Aeids which are highly ionized would be expected 4o have
a greater precipitating effect upon caramel than slightly
fonized acids of equivalent strengths, In order to avoid ine
correct conolusions, it would be best to choose acid solutions

whieh contained equimolay conecentraticns of hydroger ions from
different aelds,
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For the purposes of the experiment, the aeids eitrie,
phosphoric, and sulfurie were selected, These aclds represent
the weak organic acids whieh are used in acid beverages, and
the weak inorganic acids (phosphoric), andi the mederately
strong inorgamie acid (sulfurie),

_In order to secure comparative results as far as H-ion
concentrations were concerned,rsolutions of each acid were
prepared having the same approximate pH, gamely, 5, 2, and 1.5.
These solutions were accurately standardized by the electrome-
trie method, using the hydrogen eleetrode, The following table
is cesigned to give the accurate pH of the solutions mentioned
above, For purposes of daiscussion, the aposroximate values will

be used,

PABLE VI,
approx, : citrie : phosphorie : sulfurie
pH :_8eid acid ;. acid
30 : 2.90
2 ; .97 § 2,00 ; 2.17
1.5 ; 1,46 ; 1.49 : 1,56

Sinee a rise in temperature eauses a change in the pH,
inereasing the degree of ionization of the aeid, the effect
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o2 both the bot and cold aclde on the earamels was determined,
The procedure. is as follows:

ro £ifty cuble centimeters of citric acid, pE-1l.5, was
added s conecentrated solution of caramel until a very deep but
8till transpareat color was obtained, Only a few drops of the
caramel solution were required to produee tke proper eolor,
and ';he change ir pH by the addition of so small a gquantity
was considered negligible, The flask was ther eorked eare-
fully to exclude dust and to prevent evaporation, and set &
side in ordipsry light for observation,

the limit of tims set for observation was two weeks, If
precipitation did not occur within that time the caramel was
considered stable toward citric acid of pH 1.5, This proce-~
dure was carried out in the same way for the other acid solu-
tione previously described, seven ir all, This test constie
tutes the g¢old tesi of the different aeilds on the seven cara-
mels whieh had been selected for examination of their
collioidal behavior,

The hot %test was conducted in a sorewhat similar way,
The earamel was added to the aeid solution in a small flask,
The solution was then boiled gently for a period of twenty
minutes, tightly stoppered while still boiling hot, and set
aside for observation,

In this way the effect of each acid upon each esaramel
was determined. The results of these tests are recorded

as fcllows,
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TABLE VIiI.

| Effect of cold acids on caramels,

: Time required for ecaramel to ppt,

. Series  Approx, Citriec pH Phosphoric pH Sulfurie pHE

| Ho. T 2 1.5 2 1.5 2 2 1a2
A=70 eharosan - - - - - - -
B-45 te - - - - - - -
C-30 re - - - - - - -
A-110 Caramelan - - - - - - 118
B-85 T - - - - - - 11d
C-60 e - - - 6d - - 15m
C-70 Caramelen - - 6d im - 64 im

TABLE VIII.
Effect of hot acids on caramels,
A-70 iso-gac- - - - - - - 64
charosan
B-45 " - - - - - - 6d
C-30 A - - - - - - 3h
A-110 Caramelan - - - 6d - - 60m
B85 1 - - - ? - - T5m
C-60 e - - - 6d - - 60m
C-70 Caramelen - - - in - - 30m
d = days, h = hours, mn = minutes,

« indicates no sapparent preeipitate found within
two weeks,



e, Discussion of Results,

Considerinz the tables on page 41, it is found that
cold ecitric acid, phosprorie; and sulfuric aeids have no pre-
cipitating effeet upor the caramels A-70, B-45, and C-30
whieh represent isosaccharosan on the curves ( pags 21), in
two weeks time, From the results of dialysis and electrophore-
sis, earamels in this region have been shown to be only partly
colloidal,

These caramels were found to dialyze verﬁ' much more than
the higher caramels and also migrated a shorter distance when
subjeeted to the aetiocn of the slectrie current., When sub-
Jeeted to acid solutions ranging in pH from 1,5 to 2 and 3,
there was no precipitation in the esld,

Sulfuric acid with pH 1.5 whexn hot caused precipitatioxn.
after an interval of six days had elapsed, In the case of (=30,
Precipitation oceurred much sooner, This was due to the fact
that C-30 represents a caramel formed by a slightly greater
loss in weight and therefore is somewhat more c¢olloidal in
nature thap A-70 or B-45,

The caramels A-110, 3485. and C-60, which represent eara-
melan on the curves, are not affected by citric either hot or
cold, However, cold phosphoriec acid (pH 1.5) affeets C-60
while hot phosphorie (pH 1l.5) affects all the caramels, Sul=-
furie acids with pH 2 and 3 do not affect these caramels when

-
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'either hot or cold. Sulfuric acid with a higher acidity (pH 1.5)
Eprecipita.tes them when either hot or eold,
| C-70 representing caramelen, is not affeeted by eitrie
‘acid, but phosphorie { DE 1.5) and sulfuric ( pH 1.5) both pre-
]cipitate it gquickly.,
The two mineral acids, phosphoric and sulfurie, are more

|
I
i
|
|

j effective precipitating agents than the organic eitrie seid,
Yhen the mineral acids are hot they are more effective than

when eold,
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IV.

CONCLUSIOAS,
When earamel is prepared there is a progressive loss of
water which occurs ir definits stages, Other products are
formed at the same time but tkhe prircipal loss is water,

The beginring of & stage of dehydration is character-
ized by rapid foaming and rapid loss of weight, This is
shown in the graph in the steeper porticns of the curves,

As the stage of dehydration nears an end the rate of loss
of weight decreases, and a break of flat portion in the curvel
iniicates the endi of one stage and the beginning of another,

The first stage in the dehydration of cane sugar results
in the formation of isosaccharosan, Althovgh this stage ean be
reaﬁily detected in z2ctual experiment with the eye, it cannot
be detected readily on the curve for the reason that the reac-
tion takes plaee very rarzidly and socn merges into the second
stage,

Isosaccharosan, which is the main constituent of the
caramels A-70, B-45, and C-30 is characterized by being & sub-
stance of low coloring power, It dialyzes guite readily
through a collodion membrane and leaves a relatively small
amount of uz;d.ialyza’ble paterial, which probably 1s a trace
of earamelaxz,

Isosaccharosan does rot respond readily to electro-
Dhoresis, indicating that it is of low colloidal magnitude
and that it borders on :the region of a true solutien,
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It is not affected by citrie acid solutions having pH of
2 and 1,5, which correspond in molar concentrations of approxi-
mately 0,1 and 1,5 molar citriec acid, Electrophoresis indicates
that it is an eleetronegative colloid, Its colloidal properties
may be due in part at least to the presence of small gquantities
of caramelan,
| ECara.mels A=110, B-85, ard C-60 represeat to a large extent,
: caramelsan, A-110 represernts this compound in its early stage of
formation, immediately afiter the foaming stage has started, It
is probadle that most of the earamelan is Tormed during the
period of greatest foaming, so that A-110 contains mostly cara-
melan even though it is in its early stage of formation,

B-85 represents caramelan which has been praetically come
pletely formed and the last traces of water which is forming
are being eliminated at this point, As the curve shows the
next stage of dehydration is about to begin,

C-60, from its position on the curve probably contains
much caramelen because it.is loecated above the bfeak where
the formation of earamelen begins, Evidence of this is found
in the tables off page 41, Here, this partieular caramel is
Pound to be precipitated by phosphorie aeid (pE)l.5 in the
¢old. It begins to behave more like caramelen which is repre-
sexnted by C-70, located well above the break in the curve
which indiecates the beginning of its formation.

Caramels A-110 and B-85 then represent earamelan more

truly than C-60, These compounds Go not dialyze to any extent,
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When subjected to dialysis, the process completes itself in a
comparatively short time as is indicated by the faet that —
only six hours were required against some twenty-four hours
required for dialysis of the lower caramels previously men-
tioned.

The distanece of nigration under electrical stress is
gre;ter than for those representing caramelan, indicating the
presence of particles more typieally colloidal,

When treated with acids, it is found that these do not
respond to the presence of c¢citrie acid by precipitating with-
in a period of two weecks, Phoapkoric acid (pE 1.5) preeipi-
tates C-60 in hot or cold, It has been prewiously shown that
C-60 is partly caramelen.

Caramelen is represeanted by C-70, This caramel is guite
simijar to C-60, but contains more earamelen, Its properties
are very much like those of C-60, It is precipitated by sul-
furic acid (pHE 1.5) and phosphoric acid (pE 1,5) hot and cold,

In general it may be said that the earamels are gquite
stable in the presence of ecitric acid, Prosphorie aclid is ac-
tive only ir very high E-ion concentrations, Sulfuric acid is
much more active, precipitating caramelé of low molecular
weight, eséecially when hot, Sinee these acids were prepared
and used at approximmtely equal H-ion concentrations, it ap-
pears that the nature of tkhe negative ilor must be taken into

consideration. In the presence of citrate ion the caramels



are most stable, In the presence of sulfate ions they are

leagst stable, The action of phosphate ion is intermediate

betweern citrate and sulfate,
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V.

SUMMAKY.

Three gseries of caramels have beeun prepared, all of which,
when loss in weight is plotted against time of heating,
show the same general regions in which definite compounds
fornm,

These regions corrésponﬁ 111_ general 4o the requirements for
formation of isosaccharosan, earamelan, and caramelen,
The intensity of color incieases with time of heating,
Caramels of low molecular weight dialyze largely while
caramels of high molecular weight do not, The colloidal
properties of the higher members are thereby clearly de-
monstrated,

A1l the caramels behave as sleectronegative collolds when
subjected to electrophoresis,

Caramels do not precicitate in ceitrie acid solutions have
ing pE's 2 and 1,5 within two weeks,

The lower caramels are stable to eold sulfuric aecic

(pE 1.,5) dbut are precipitated by hot acid, /
Phosghorie acid, pH 2, and sulfuriec acid, pE's 3 and 2
have no effect sither hot or cold,

Tne carsmels are most stable in the presence of eitrate
ions and least stable in the presence of sulfate ions,

Phosphate ions have intermediate precipitating action.
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