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Abstract:

The Mechanisms of the reaction of sugar solution with the calcium alu-minates, 5Ca0.3A1203 and
3Ca0.A1203 as related to the Merrimen auger solubility test for Portland cement, here been studied# A
similar study for 4Ca0.A1203.Fe203 was also attempted but wee not completed. Both aluminates
reacted with sugar solution to form metastable solutions from which solid phase precipitated on
standing. The ultimate produets of hydrolysis of 5Ca0.3A1203 by sugar solution under the conditions
examined were dissolved and precipitated hydrated calcium alumlnate of the apparent composition,
2Ca0.A1203.xH20 and precipitated hydrated alumina, without the liberation of free calcium hydroxide
at any stage of the reaction. The ultimate products of hydrolysis of 3Ca0.A1203 by sugar solution were
dissolved and precipitated hydrated alumina and calcium sucrates, the sugar solution apparently
completely hydrolysing the compound at the hydroxyl-ion concentrations obtaining in the tests and the
calcium hydroxide thus liberated then combining with the sugar.
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I. ABSTMCT

The swohaniema of the reaotions of eugar solution with the o&loium alu-
mlnatos, SCaOeSAIgOg and SCaOeAlgOs, aa related to the Merrlman sugar
solubility test for Portland cement, have been studied, Asimilar study
for 4CaOeAlgOgeBMOg was also attempted but was not completed. Both
aluminatea reacted with sugar solution to fora metastable solutions from
which solid phase precipitated on standing. The ultimate products of
hydrolysis of BCaOeSAIgOg by sugar solution under the conditions exam-
ined were dissolved and precipitated hydrated calcium aluminate of the
apparent composition, ZCaOeAlgOg*x%0, and precipitated hydrated
alumina, without the liberation of free calcium hydroxide at any stage
of the reaction. The ultimate products of hydrolysis of SCaOeAlgOg
by sugar solution were dissolved and precipitated hydrated alumina and
calcium suoratee, the sugar solution apparently completely hydrolysing
the compound at the hydroxyl-ion concentrations obtaining in the tests

and the calcium hydroxide thus liberated then combining with the sugar.
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Th« problem of readily determining the degree to which0 equilibrium eondi-
tions have been attained in the kiln in the manufacturg0 of Portland cement
has yet to be eatlefaetorily solved. Quantitative chemical analyse* and
the standard physical teste of Portland cement cannot alone Indicate
whether equilibrium conditions were adequately approached anti, frequently,
the theoretical compound composition of the cement, as computed from the
chemical analysis, may be only a rough approximation of the actual condi-
tions.
The fact that existing methods for exact determination of true cement
composition are not readily adaptable for routine application to the
problem of determining cement quality has led to the development of the
so-called "sugar solubility test"™ as proposed by Serriman (8, 9, 10)*,
which is in effect an adaptation of earlier test methods for the deter-
mination of free lima in cement. This test has been incorporated into at
least one contract specification for the purchase of Portland cement (12)
and consists briefly of the followingi

Fifteen grams of prepared cement are shaken for two hours with

100 ml of a 18% sugar (sucrose) solution, after which tie sus-

pension is filtered. A25 ml aliquot of the filtrate is titra-

ted with 0.5S hydrochloric acid, first to a phenolphthalein end

point and then to a clear point. Cements which require more than

8.0 ml of acid to the phenophthalein end point and more than 10.0

ml of acid to the clear point are considered objectionable.

#Numbers in parentheses refer to references listed at the end of this
paper.



Menrtiwm, from hie studies of the effect* of sugar solution on Portland
csseat, arrivsd in pert at the following eenolusionst
(a) tinsound eecaent will ba broken down almost completely
by the sugar solution, whereas this condition is not
observad with sound oeamnte#
(b) A eer.ent having low reactivity with sugar solution has
been caloined to the extent that it will remain reason-
ably stable in the presence of water during the opera-
tions of mixing and placing concrete*
(«) Acesaent that lias been appreciably prehydrated, either
while in the form of olinlcer or by the addition of
water during the final grinding, will exhibit high
reaction with sugar.
Baaed on these conclusions, he has proposed that the action of sugar solu
tion on cement my Sdrve as an index of the degree of calcination and pre
hydration.
ie serritian sugar solubility teat has been the subject of much contro-
versy, with the result that considerable work me be-yn done to determine
its merits (I, 2, 16). Howover, no conclusive determinations have been
made of the chemical reactions that take place between sugar solution arb
the various compound constituents of rortknd cement. Baaed on a belief
tii&t no final conclusions as to the merits of the test can be reached
until mors is known of the chemistry of the test, it has boon the purpose

of the present Investigation to determine as much of that chemistry as



avalluble titie -would permit, without attempting to arrive at any conclusions
as to the merits of the test Itaolfe Duo to the fact that the standard test
for lose on Ignition le considered a more adequate teat for excessive pre-
hydration of cement than the sugar solubility test, no special consideration
has been given In the present investigation to the reactions between sugar
solution and hydration products, other than the hydration products that
normally form under the conditions of the teat#

Portland cement is generally conceded to consist essentially of the com-
pounds, SCaOeSIOig, ZCaGeSiOg, SCaOeAlgOg, and 1CaOeA1%0Ogel mgOg, in major
proportions, and the minor but not insignificant constituents, CaSO4, MgO,
free 0*0, and alkalis, the latter probably in complex combination with
calcium oxide and silica or alumina# |In a few Portland cements, the com-
pound, BCaOeSAIgOs, may exist and, einoe this compound is probably an inter-
mediate in the kiln reaction between calcium oxide and alumina to form
SCaOeAlgOg, it baa also been considered in the present study#

ilhen water is added to cement, hydrolysis or hydration of the various cement
compounds results, with the formation chiefly of calcium hydroxide and hy-
drated silicates, alusunatee and ferrites. Kuoh work has been dona on the
nature of these reactions and only those results directly related to the
results of the present investigation will be reviewed in the following ap-
plicable sections of this paper# In the case of reactions between sugar
solution and the cement compounds, it Is not necessarily to be expected

that the same results will obtain, primarily because of secondary reactions
between calcium hydroxide and sugar to form suorates. The author has found

in previous unpublished work that the reactions between SCaOeSiOg and
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SCa0eSiOg and sugar solution are apparently no different than between
water and these compoundse Standard 26 ml aliquots of extracts from sugar
solubility tests on each of the pure silicates required only 1.60 ml and
1.50 ml, respectively, of standard acid to titrate to a phenolphthalein
end point and there was no evidence of any unusual degree of reaction.

On the other hand, there was much evidence to Indioate extensive reactions
between sugar solution and SCaO-Al2Qg and ACaOeAl2CbeFe2Ch, not so much
from the amounts of standard acid required to titrate 26 ml aliquots

(8*50 ml and 11.70 ml, respectively, to phenolphthaleln end points)as from
the fact that marked gelatin occurred in the mixtures during the course

of the tests. Based on the above information, the present investigation
has been limited to SCaOeAl20g, BCaOeSAlgO5, ACaOCeAl2Gs eFe2Cb, CaO, and
Al2Ch .

At numerous points throughout the following discussion, the term “solution”
is used, when pertaining to extracts obtained by the treatment of cement
compounds with sugar and water. No attempt is made during the general dis-
cussions to differentiate between true solutions and oollolcial solutions.
For a detailed discussion of this aspect, as it pertains to the various

compounds, reference is made to SectlonlX near the end of this paper.
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ITU  SfIBRAL EXPS8IKi?mL PBDCEBU@
The ootapounde used were prepared from C. P. reagents, precipitated calcium
carbonate being uaeti as a source of calcium oxide. The pure cement com-
pounds were prepared by mixing the reagents dry In theoretical proportions
and calcining until no free lie* was evident by the ammonium acetate test.
In those cases where a small amount of free lime was desired in the com-
pounds, the reagents were mixed as for the pure compounds but the calcining
was stopped just short of complete equilibrium. It was believed that, in
this way, conditions obtaining in ocment containing free lime would be more
nearly duplicated than would be the case if free lime were added to the
pure compounds.
Series of tests were made as indicated by the mixing schedule in Table I.
In the original Series | tests with calcium oxide and in the Series Z tests
with aluminum hydroxide, the oxide or hydroxide in the particular amounts

TAILS 1. MIXIKS SGHRDULE

Series M aterial added to Amounts added, For results
Ho. sugar solution g/100ml see Tablei
I CaO 0.060 to 7,600 Il and II-A
2 Al(OH)z 0.022 to 0.220
S BCaO-SAI2Gs (0.94£ free CaO) 0.092 to 0.547 1
BCaO-SAI2Gs (no free CaO) 0.366 to 0.913 I
4 dCaQ-AljjOs -FegOs (0.84# free CaO) 0.184 to 4,664 v
iCaO-AlgOg'PegOgfno free CaO) 0.914 to 4.666 v
4Ca0-AlgOg-Feg0S (extra-burned) 2.285 to 4.665 v
5 SCaO-Al2(b (2.04~ free CaO) 0.047 to 1.371 Vv

SCaO-Al2Gs (no free CaO) 0.466 to 2.283 \%
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was mixed with 15 g of oonanerel&l-grade beet sugar previously dissolved in
distilled water and diluted to 100 ail# Wesn the &uyinate compounds were
mixed with sugar solution in a like manner, lumping of the compounds occur-
red because of rapid reaction with the sugar solution# In order to overcome
this difficulty in all series of tests except Series | and 2, the compound
in the particular amount was thoroughly mixed with 16 g of dry sugar, after
wtiioh 100 ml al distilled water were rapidly added and the entire mixture
vigorously shaken# The Series | tests with calcium oxide were then repeat-
ed, using the new method of mixing, because of slight differences in pro-
portions of constituents#
dixing of all tests was accomplished in 100 ctl stoppered cylinders mounted
on a wheel rotating at a speed of approximately 40 rpm# Al tests were
made at room temperature, 28°C | 2°. Filtering difficulties inherent with
the tests on the aluminates were avoided by separating the sugar extracts
by centrifuging in all oases# Errors in o .©position of extracts due to
selective absorption on the filter paper were also avoided in this manner.
Calcium oxide was determined by titration with standard acid to a phecolph-
thalein end point in Series | and gravimotridally in the other series# Al-
umina and eOBtlncd alumina and ferric oxide were determined gravimotrically
and ferrio oxide wae determined volumetrically with standard titanous
chloride solution anti ammonium thiocyanate. Combined sugar in residues,
when determined, was obtained by difference# The optical rotatory power of
solutions was determined in a 200 nmtube by means of a wedge-type polari-
Neter accurate to 0*1”, Ventske scale# pK determinations were made electro-

ifietricaily with an Instrument accurate to 0.06. With reference to Note (2)
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oi' tauis il-A. actl -Sot* (7) of Yablo V, tl-o g,i*aa eiwetroti# for the (.ator
wa* broken a«ar the er.d of the inveetlgatlon ana ae repJLace&eot was avail-
able le tiiae. Seeults obtained with two other available Batere euula net
oe eorrwlated with thoso outaiood with the Beter used throughout the in-
vestigation; md therefore have been omitted as being of no value#

Further details of test procedures are given in the respective sections

following#
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IV*  KSACTIQHS BKTWEGS LIME ASD SDCAR SOLDTIOS
Suswrous texts on organio chemistry give mention to the reaction between
calcium hydroxide and sucrose to form mono-* di«, and trio&loiue suerates,
the first two of which are soluble and the latter is insoluble in water,
however* in spite of the importance of these reactions in the reclaiming
of sugar from beet sugar molasses, little is apparently known of their
details or of the structures of the suerates*
Tlie results of the series of tests with freshly prepared calcium oxide and
sugar solution are given in Tables U and II-A. Optical rotatory powers
and pH values of the extracts from these tests are plotted in figure |
against the corresponding amounts of dissolved calcium oxide.
Quantities of oalelum oxide up to approximately 2*5 g gave clear solutions
after only short periods of mixing* Increasing quantities of calcium oxide
above 2.6 g gave increasing quantities of solid phase and, up to 7,6 g,
gave increasing quantities of dissolved calcium oxide. Sufficient tests
were made at each concentration of calcium oxide, with sufficiently long mix-
ing periods, to assure that equilibrium was attained between the solid and
solution phases, as evidenced by constant composition of the solution phase*
The fact that the amount of dissolved calcium oxide continues to inorvas#
with increasing amounts of total calcium oxide, even above the point where
a solid phase first exists in equilibrium, appears to be contradictory to
the usual concepts of inter-phase relationships at equilibrium. All lime
used was carefully calcined to avoid a "high-burned* condition and was en-
tirely "sugar-soluble"”, as indicated by the fact that it went entirely into

solution at concentrations below 2.5 g. Moreover, oarbonation eould not



CaO
added,
t0# g/I00 ml.
i ~T~
I 0.000
2 0.050
S 0.100
4 0.600
5 1.000
6 1.600
7 1.900
8 2.600
9 3.000
10 6.000
11 7.500

TABUS XI -

Sixing
time,
hours

3

10

6-72

6-72

msDUS OP OBIGISAL TESTS WITB CaO ASD SUGAR SOUITI CS

pH Ca0
of dissolved,
Besidxie  extract g/100 ml
"TH T 6
— 6.60
lioce 10.95 0.060
None 11.26 0.100
Bone 11.90 0.500
Bone 12.00 1.000
None 12.10 1.600
Sone 12.16 1.900
Trace 12.15 2.600
Increasiag 12.20 2.93
amount
Increasing 1230 3.43
amount
Increasing 12.30 3.51

amount

Optical Analysis »f Residue

Rotation of T ~
extract.Vent-
ske $/200 mm Ca(Oh)2 Sugar

Combined

~T" 8 9

57.7

57.2

57.0

65.3

63.4

61.3

49.9

48.1 Insufficient to an-
alyse

47.4 Insufficient to an-
alyse

45.3 94.1 | 6.9 |1

44.1 90.6 | 9.5 |
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TABUE I11-A
HRSUUS OP TESTS WITH CftO AVD SUtIAR SOLUTION,
UsSISti KBV MDCINti METHOD.

CaO Mixing pH Optical Rotation
dissolved, time, of of extract,
g/100 KI(1) hours extract Venteke :;-/200 ma

T ~ ~T~ 4 6

0.000 6.60 52.6
0.044 | 10.90 62.4
0.094 I 11.20 62.2
0.134 | 11.30 62.0
0.179 I 11.46 61.8
0.208 I 11.60 61.6
0.426 I 11.66 60.7
0.649 | 11.80 49.7
0.870 | 11.90 48 «8
1.549 2 () 47.2
1.304 2 (2) 46.6
2.236 2 (2) 44.3

16 g. Bugftr plus 103 ml water ® 109.6 ml of solution.
Asiounte of CftO actually used have been reduced by the
factor 100/109.6 to give the values shown In this
column.

Could not determine satisfactorily because glass
electrode of pH reter was. broken and no replacement
was available in time. Besults obtained with other
available pH meters could not be correlated with
those obtained by -ufcer used throughout the investl-
gation.




FIGURE |

RELATIONSHIP OF DISSOLVED LIME (CaO) TO SUGAR CONTENT AND pH.

LcGEIND* emOriginal mixing mgtmod JO0O— New mixing mrtmod.

NG O)

*S|'



- 16

havu taken place during the mixing* Thie same condition has been previously
observed by Uoubourg (13) in connection with e study of the solubility of
o&leltt» hydroxide in aqueous sugar solutions in contact with increasing ex-
cesses of the solid phase, TIlte only apparent explanation is that, in the
presence of greater excesses of solid lime, there is a shift in the equili-
brium in the solution between monocaleiuB suerate and diealelum suerate
toward the formation of greater proportions of the latter, however, this
matter was not pursued further in the present investigation, the main pur-
pose in studying the lime solubilities being to determine the effects of
dissolved lime on the optical rotatory powers and pK values of the solu-
tions.
Xhe maximum concentration of dissolved calcium oxide of 3.61 g per IOC ml
corresponds to 4.64 g of calcium hydroxide. This latter value agrees well
with the solubilities reported by Seieberg (14) and by Cameron and Patten
(13), when computed to a comparable basis, but is considerably higher than
the value reported by iwinders and Van Oelder (13), for tests made under
similar conditions,
I1Asidues from the Series | tests with the original mixing method were analy-
sed in the following manneri

The residues obtained from the first centrifuging were washed three

times with small amounts of concentrated amnonium hydroxide in the

centrifuge tubes, recentrifuging and decanting after each washing.

The residues were then dried at 1000C, transferred to weighed Ooooh

crucibles, and washed again with small portions of concentrated

ammonium hydroxide until constant weights were obtained after dry-
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log at I000C. Al operations outside the drying oven were oon-
duoted as rapidly as possible to minimise earbonation and, during
drying, carbon dioxide-free air was passed through the oven.
Solid ealoium hydroxide was found by test to be insoluble in the
concentrated ammonium hydroxide and lime—eugar solutions were un-
affected by the reagent. Absolute ethyl alcohol, am a possible
washing agent, was found to cause a precipitate of undetermined
composition (probably a calcium suerate) to be forced from the
extracts.
The weighed washed residues were dissolved in a measured excess
of standard hydrochloric acid, the excess then being back-titrated
to a phenolphthalein end point with standard sodium hydroxide
solution. The weight of caloiun; hydroxide in the residues was ob-
tained from the amount of acid required to react with the sample,
and the weight of combined sugar in the residues was than obtained
by difference, assuming that trio&lelum suorate has the formula
SeaoeC”™HazOiieSHgO, as reported by MaeKensie (7).
The formula of hydrated lime, when dried at 1000C, was cheeked by
adding an excess of water to weighed samples of calcium oxide and
drying to constant weight at I000C. The formula was found to be
exactly GaOeHgO or Ca(OH)g.
As indicated in Table I, starting amounts of 6.0 g. and 7.6 g of ealoium
oxide yielded residues contelning 6.9 - 1$ and 9.5 - 1# of combined sugar,
respectively. Lesser amounts of ealeiusi oxide yielded residues too small

in amount to be satisfactorily anelysed for sugar| however, it is reason-
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able to expect that oven the smaller residues contained slight amounts of
combined sugar. Therefore, the solid phase In equilibrium with the llee-
sugar solution may be considered to consist chiefly of calcium hydroxide,
together with relatively small proportions of trtcalcium suerate. In the
range of concentrations and under the conditions covered by the present In-
vestigation.
The curves in figure | far optical rotatory power versus amount of dissolved
lilae are primarily of importance in connection with similar curves obtained
with the cement compounds. Insofar as the present investigation Is conesre-
ad, and will be discussed la greater detail later. The decrease In rota-
tory power noted with increased amounts of dissolved lime, prior to the
point where a solid phase is present at equilibrium, must be due entirely
to a lesser rotatory power of dissolved csetlnad sugar, as compared to that
of dissolved free sugar. It is not considered that sugar combined In solu-
tion as suerate has lost all Its rotatory power because of the fact that
even the solutions containing the maximum amount of dissolved lire show
pronounced rotation. This property should sarva therefore as a means of
detecting hydrolysis of cement compounds by sugar solution to liberate
calcium hydroxide. The plots for rotatory power give approximately straight
lines up to the point where solid phase appears. Ihe concentration of dis-
solved lime where solid phase first persists at equilibrium coincides
approximately with a mol ratio of lime to sugar of 1:1. This would Indicate
that Initial formation of dia&loivja suerate end probably also of trlcaleium
suerate takes place prior to the complete tlelng-up of all sugar molecules

as inonooaloiuto suerate. Apparently, a monooalciuE sucrato molecule can dan-
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bine more readily with additional lime to form a more basic suerate than
can a free sugar molecule eomuine with lime to form monocaloium suerate.
However, further consideration of this possible reaction Bechanlem has not
been considered pertinent to the present investigation.
As was the case in connection with the curve for optical rotatory power,
the curves in figure | for pH versus dissolved lime are of primary impor-
tance in the present investigation only in eonneetion with consideration
of reactions with the cement compounds and will be discussed in greater

detail later.
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Because of tW amphoteric nature of hydrated alusdna, tt» possibility of
a reaction between aluminum hydroxide and sugar solution was considered*
Aseries of tests (Series 2) was therefore made. Involving freshly preci-
pitated alumimim hydroxide and sugar solution, however, no evidence of a
reaction was obtained. Both the optical rotatory power and the pH of the
extracts from increasing amounts of aluminum hydroxide remained unchanged
fro® the corresponding values for the original pure euger solution, from
which the conclusion is drawn that, at least at the low by rox>l-ion con-
centration existing in these solutions, aluminum hydroxide is net suffi-

ciently basic to combine with sugar.



VI* RSACTIONS BETWEEN SCaO"SAI2(b AND SUGAR SOLUTION
afcll* (16) reports that water reacts with SCaOeSAI2(b to form a metestable
solution of aonooalelUK aluminate, CaOeAlgOg, plus dissolved oalelum hy-
droxide, and that, upon standing, a solid phase appears consisting of hy-
drated triealoiud aluminate plus hydrated alumina. These reactions can be
represented as follows 1
SCaOeSAI2®8 1 HO S(CaOeAl20gxI"0) + 2Ca(0H)g—"
SCaOeSAI2C6~B 20j+ Al208eZH20)+ SCa(OB)2
The results of tests with BCaOeSAlgOg and sugar solution are shown in Table
I11. No significant differences were noted between the results obtained
with BCaOeSAI20g containing 0.94% free lime and the results obtained with
the compound containing no free lime. The compound, in the various amounts,
was mixed for the times indicated with the sugar solution. The clear ex-
tracts obtained from centrifuging these mixtures were then tested for opti-
cal rotatory power, pH, dissolved alumina and dissolved lime.
Below concentrations of approximately 0.223 g of the aluminate per 100 ml
of solution, the aluminate was found to entirely dissolve within a mixing
time of 6 hours and no solid phase separated from the extracts on Standing.
Concentrations of the aluminate from 0.228 g to 0.686 g per 100 ml of solu-
tion resulted In substantially complete solution of the aluminate; however,
at the higher concentrations, secondary precipitation reactions set in
prior to 6 hours, thus rendering complete solution impossible. Therefore,
tests were mad* with different mixing times, as indicated in Table III, at
each of the higher concentrations in order to determine the composition of
extracts prior to the occurrence of the secondary reactions. |In the tests

with the higher oonoentrations of aluminate and shorter mixing periods.



TABIB |1l - RESULTS OP TRSTS KITH SCaOeSAI20g ASC SOGAH SOLUTION

SCaO- MIx- Total Composition of Extract Mol-Rati Onptical dota-
SAIEO5 ing dis- of pre- PB of tion of Extract,
added, time, solved, AlgOg,g/KCbl CaO.g/lOQfil Mol-Ratio, cipitate EXxtract Ventske % per

No. AlOOmI hrs. gA<»BI CaOAI9X 0CaO/AfeO g 200 ren
W A(S B(S) A B A B I A B A B
I 2 3 I" 5 6 7 3 9 10 11 12 I's 14 “IT”

| 0092 6 0.092 0.048 Se ppt 0.044 No ppt 1.67 No ppt No ppt 10.50 So ppt 62.6 Se ppt

2 0.228 6 0.228 0.119 So ppt 0.109 Ho ppt 1.67 So ppt Ho ppt 10.35 No ppt 52.6 No ppt

S 0*865 6 0537 0.166 0.121 0.171 0.152 1.88 1.98 1.68 10,95 (6) 52.2  62.2
S-a 0.566  4-| 0.344 0.176 (4) 0.168 (4)  1.73 (4)  (4) 11.00 (4) 52.3  (4)
4 0412 6 0.589 0.195 0.122 0.194 0.142 1.81 2.12 127 11.00 () 523 623
6 0457 6 0442 0.227 0.124 0.215 0.141 0.72 2.06 128 11.00 (6) 52.4  62.4
6~a 0.458  4g 0.429 0.219 (4) 0210 (4) 1.74 (4)  (4) 11.06 (4) 62.3  (4)
b-b 0.468 4 0414 0,217 0.153 0.197 0.158 1.66 1.89 1.26 11.00 10.70 52.2 62.0
6 0.647 6 0514 0.261 0.128 0.263 0.145 1.76 2.04 1.49 11.06 (S) 624 62.4
6-a 0.660 ¢ 0.497 0.248 0.115 0.249 0.124 1.82 1.99 1.61 11.05 10.95 522 61.6
6-b 0.549 4 0.489 0.257 0.147 0.252 0.154 1.64 1.90 1.29 11.06 10.86 62.2 61.6

7-a 0.686 2 0469 0741 0.131 0.218 0.140 1.64 1.95 1.29 1095 10.85 52.4 62.0
8-a 0.915 2 0.574 0.297 0.151 0.277 0.161 1.69 1.94 144 1100 10.96 62.5 61,0
Averages 0.150 0.142 1.72 1.99 1.39 10.86

Notes* (1) Buebers not followed by letters are for tests using SCaOSAI*Os containing 0.94> trmm
CaOe Other tests are with SCaOeSAIzOs containing no free CaOe
(2) IS g sugar plus 100 »1 water = 109*5 ml solution. Amounts of BCaOeSAI2QOg actually
used have been reduced by the factor 100/109*5 to give the values shown inthis column*
(S) Column A for original extracts $ Column (4) Extracts spilled after precipitation*
B for extracts after precipitation* (S) Insufficient extract to determine*
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equilibrium probably was not attained in the initial solution proeese.
Use of amounts of SCaOeSAI2C8 in excess of 0.228 g per 100 ml of solution
resulted in metastable extracts containing increasing amounts of dissolved
lime and alumina, from which solid gelatinous material separated on stand-
ing. The greater the amount of the aluminate used, the sooner did the
solid phase appear.
To compare the compositions of the original extracts with those of the ex-
tracts obtained after secondary precipitation had taken place, portions of
the original extracts were set aside in tightly stoppered flasks. Com
pleteness of precipitation was determined by centrifuging the material at
intervals and then setting aside the new clear extracts. Thle process was
repeated until new extracts were obtained, from which no further precipita-
tion would occur. Atotal period of two weeks was found sufficient in all
casese
The mol ratio, CaO to AlI2Gb, of the original BCaOeSAI2(b is 1.(37. As indi-
cated in column 9 of Table 111, the values of this mol ratio in the original
extracts ranged from 1.64 to 1*68, with an average value of 1.72. In general,
the longer the mixing period the higher the mol ratio, which fact is indi-
cative that some secondary reaction probably took place during the longer
mixing periods. Therefore, the difference between the average ratio of 1.72
and the value of 1.67 for the original aluminate may be considered neglig-
ible, and the statement may be made that, prior to the occurrence of secon-
dary precipitation, there is no change in mol ratio between the solution
phase and the solid aluminate.

With reference to Column 14 of Table IIl, varying amourts of dissolved
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feCti.C.'wnljjOg lifetl no effect on the optical rotatory power of the original ex-
tracts, the rotatory power of a solution consisting only of 16 g of sugar
and 100 ml of water being 62.6”~, Ventske scale* From the effects of dis-
solved line on the rotatory power of sugar solution, as noted in Section 1V,
above, this constancy of rotatory power of sugar extracts from SCaOeSAIlgOg
is considered conclusive evidence that no free liae was forced in the ex-
tracts by the hydrolysis of the eliminate, and that the calcium oxide ex-
isted in the extracts combined with alumina*
All extracts from which solid phase separated on standing had approximate-
ly the earns composition after equilibrium was attained, the average com-
position being 0*142 g of calcium oxide and 0*150 g of alumina per 100 ml
of solution* The mol ratio, CaO to AlgOg, in these extracts after precipi-
tation was in every case equal to approximately 2*00, the actual average
value being 1,99» As was the ease for the original extracts, the optical
rotatory power of the extracts after precipitation was unchanged from that
of the pure sugar solution* Therefore, no free lime was formed in the ex-
tracts during the precipitation process and all the dissolved calcium oxide
must have existed in molecular combination with alumina*
The various values of the pE of the extracts have been plotted in figure 2
against the corresponding amounts of dissolved ealoium oxide, along with
aimilar values for CaOsugar solutions from figure | for comparison* The
pH of the original BCaOeSAIlgOg extracts approaches a limiting value of
11*00 to 11*06. The pii of the extracts after precipitation is fairly con-
stant, the average of the five determinations made being 10*86. Slight
but definite reductions in pH were brought about by the secondary reactions.

An explanation of the fact that the BGaOeSAlgOs extracts exhibit considerable
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hydroxyl-ion concentration, even though the eliminate ie not hydrolyzed to
give free calcium hydroxide, will be given in Section IX-A, below.
The mol ratios, CaO to AlgOg, of the precipitates formed from the original
extracts, as shown in column 11 of Table Ill, are rather erratic, undoubt-
edly due to the fact that they were determined by difference and tho fact
that the amount# of precipitate formed were small with resultant large
error in the ratio from relatively small analytical error. The average of
the values, which vary over a range from 1.25 to 1.61, is 1.59. Direct
analysis of the residues was not attempted because of difficulties and
errors to be expected in purifying the small amounts of such a gelatinous
m aterial. In view of the consistent results obtained in the determinations
of the mol ratios of the extracts, both before and after precipitation, it
is to be expected that the mol ratio of the precipitates will have a con-
stant value. Since the mol ratio of the extracts increased from 1.72
(average value) to 1.99 (average value) during the precipitation process,
a mol ratio of 1.59 (average value) should be a close approximation for
the precipitates. This corresponds to a proportion of calcium oxide to al-
umina of 4 tools to 5 mols, and all the lime must be In combination with
alumina, although all alumina is not necessarily in combination with lime.
A final summarisation of the reactions Involved between BCaOeSAlgOs and

sugar solution will be given in Section IX-C, below.
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?11. REACHOHS WIWREI tCaO'AlgQgeFeg( AM) SOOAS SOLUTION
Lapin (4) reports that water reacts with ACaOeAl20geFs2(b to fom a gel
unci crystal lino hydrated triesloium aluolmte, which process may be re-
presented as follows $
ACaCeAlgXBele2@B - XhgO— —gel * SCaler.120ge@@50 >
SCaOeAl2 b eSEQO (1
Ihe number of molecules of water of hydration in the tricalcium alurnirnte,
as reported by Lapin, is probably very susceptible to the conditions of
formation.
Ilhe results of tests with 4Ca0eAlg0geFe2(h and sugar solution are shown in
fable IV. Th* results obtained from the compound containing 0.84" free
calcium oxide are distinctly different from those obtained with the com-
pound containing no free lime. This is no doubt indicative that, in so
complex a molecule as that of 4CaOeAl2(bele2(b where there are two differ-
ent acidic constituents (AlI2G and Fe2(b) and two kinds of coordinating
atoms (Al-atoms and Fe-atoms), complete equilibrium in calcination is very
essential. The mechanism of the formation of 4CaCeAl2GeFc20g might well
be that of formation of, first, a calcium alum.ne.te acd a calcium ferrite
and, second, the interaction of these latter compounds to form the complex
4Ca0eAl2CbeFe2C. If such is the case, determination of free lime is less
measure of the completeness of calcination in this instance than it is for
the ealolum aluminates.
In view of the possibility that a negative free lime test might not imply
complete calcination of the 4CaOeAlgO5eFe2(b, a portion of the material

containing 0,84% free calcium oxide was heated for two successive periods
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of 7 hours each at 1ZSO0OC, whereas a heating period of two hours at this
temperature was sufficient to just eliminate all free lime. Tests hoe.
9-e, 9-d, and 10-0 in Table IV pertain to this so-called "extra burned”
material. In this connection, it is of at least passing interest to note
that 4CaO»AlgOg*FegOg, upon long heating at 12S0°C, underwent a decrease in
volume of approximately one-third of that of the original dry powder, but
that, upon cooling to room temperature, the material "dusted"” and returned
to its original volume. This phenomenon, which took place considerably
below the fusion point, has not been previously reported in the literature
to the writer’s knowledgee
The test procedure for this series was substantially the earns as that for
SCaOeSAIgOg, except for the additional analyses for ferric oxide. In this
connection, determinations were made of the possible reducing effect of
suerose on ferric salts by mixing known quantities of ferric sulphate with
sugar solution. So evidence of reduction to the ferrous condition was
founde
As indicateu in Table IV, no appreciable reaction occurred between apparent-
ly pure 4CaQ*Al20j5eFogOj and sugar solution below amounts of 2.28 g of the
solid compound per 100 ml of sugar solution. However, the decided dissimil-
arity between results with 2.28 g. and more of the material calcined just to
the point of elimination of free calcium oxide and results obtained with the
"extra-burned” material brings up a question as to the true natures of these
m aterials. Both materials were prepared from the same supply of partially
ealeined stock, contained no free lime after calcination, and received iden-

tical treatment except for the difference in length of calcining. The
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TABIS IT - KBSULTS QF TESTS WITH hCaQ.AlpOy FepO™ ASU SUQAB SOLUTIOS

jCa0 MaOt- Tote.l Composition of Bxtraot Mol-Ratio— Optical Rota-
FegOt | Ing dig- CaO/AlpOt/Ib O pH of tion of Sxtract,
aided, time, solved,Alg0t,g/100 ml FegO”,g/lOOml Ca0O,g/IOOnl Mol Ratio CaO /AlgOj/IbgOj in Ventske $ per
So. g/100 ml b'ure 9/100 ml ‘ precipitate 200 mm
(1 (?) A (3) B(3) A B A B A B B A B A B
| 5 H— 5 6 78 9 10 11 12 13 .. U 15 16 17
| 0.181 6 0.018 0.06 (U) 0.000 (1) 0.016 (V) — NN 9.5 (U) 52.6 (V)
2 0.275 6 1.025 0.00% (U) 0.000 U o. ; (L — 10.05 (V) 52.5 (U)
3 0.366 6 0.047 0.019 (U) n.000 (U) 0.02s (L) — — _ 10.15 (V) 52.U
U 0.75% 6 0.vi 0.021 % (U) 0. (V) — — — 10.25 (V) 52.6 (V)
5 0.6%u 6 0.157 0.0U9 \ (U) 0.037 (U) 1.38/1.01 10.Uo (V) (L)
6 0.915 6 0.119 0.060 (U) 0.007 (U) 0.052 (U) 1.58/1.00/0.ig 10.55 Eug .U V)
6—a 0.914 5 0.00] e. - (U) 0.003 (V) 10.05 (U (9)]
6—b 0.91k 8 I.»8 0.000 (U) 0.000 (U) 0.008 (9)] 10.05 (V) 5A 5 (V)
7 1.368 6 0.191 0.093 0.082 0.013 0.013 0.085 0.081 1.67/1.00/0.09 1.70/l.on/O.lI InepfMciant 10.75 1065 52.6 52.7
7-a 1.370 5 0.005 0.000 (U) 0.000 (U) 0.005 (U) — — 10.10 (V) .6 L)
7-b 1.371 8 0.008 00< =m (U) 0.000 (U) 0.008 (V) — — 10.15 (V) 52 5 ")
g 1.828 6 0.288 I.lip I.-- . h - 111 1.89/1.00/0.16 .1 /1.00/0.17 i."5/i.ii/n.io 11.s0 10.50 5 *0
SwB 1.826 5 0.608 0.001 (U) 0.0005 (U) 0.005 (V) — 10.15 (V) V)
M t 1.B?6 8 0.016 0.005 (5) 0.0005 (5) 0.011 (5) — —- ] 10.20 52.5
9 2.285 6 r>2 | 0.162 0.133 0.050 O.0UR 0.121 0.153 2.03/1.00/0.19 .19/1.90/0.13 1.76/l.nr/o.0U 10.95 in.85 52.0 51.6
9—a .2.-93 5 0.019 0.005 (U) n.0005 (U) 0.013 V) 10.20 (V) 5-5 (V)
9-b ?.-au 8 0C m >.05 (5) 0.001 (5) 0.036 é5g . 7/1.TO/n."i §5g §5g 10.Uo 515
9-0  ?.783 8 0319 0.167 1 "2 (6) 0.1U3 (6) 1.56°l.oo/n.rr 6 6 10.75 (6) 52.1  (6)
9-d ?.-S3 8 0.310 0.152 (6) 0.119 (6) 0.139 (6) 1.66/1.00/0.08 (6) (6) 10.75 (6) 52.0 (6)
10 U.56U 6 0.793 "M13 -1t- 0l I'T M 0.217 .09/1.00/c. 1 . /1.00/0.32 1.76/1.00/0.10 11.00 10.75 51.0 U9.U
10-a U.566 5 0.126 1.118 1.'92 0.011 n.nig 0.197 0.079 %U9/i.oo/o.06 1.57/1.00/0.07 1.29/1.00/0.0u .75 10.T5 5-.9 5 .U
in-b .566 g 0.158 0.137 ,111 %M3 0.011 0.108 0.085 1.U;/1.10/0.06 a0 .om T 10.75 1050 52.1 52.U
IH-C U;565 5 0.6?6 0.310 (6) 0.0W (6) 0.278 (6) 1.63/1.00/0.0S ) 10.80 (6) 52.0 (6)
otmg; (1) [liunbera not followed by a letter are far teste using UCaOeAlpOteFe-O-? contalnir,: &' = free CaO. Other tests are "ith UCaO.AlpO”eFegO”
cent ialng no free CeO. See eorauentfi in tent for -ifferences between Uoce. $-c, 9-d, 10-c and 9-"» 9-b, 10n, 10-b.
-ugar + 100ml water = 109.U "I hi >n. Amounts of UCaO*AlgOyFegOi; actually used hare been r*-luced by the factor 100/109.5
to give th—=r-lu- S A e U]
(") Column Afor original extracts} Column 3 for e”tr-ctr -fter precluit-tion. (r») "light amount of crystalline precipitates, Insuffi-
-i Itrte f-rr-ic U)o w N UL to -'wnt to -- iy collected on bn-f' Nalls of
serialt the precipitation re ction to reach equilibrium. flask.
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m ateriel ealoined for the shorter period is definitely the more stable in
the presence of sugar solution, as evidenced by its decidedly lower solu-
bilities for given mixing periods. Facilities and time were not available
for determining whether either of these materials was truly pure 4CaO*
AlgOje legOge It is considered that a petrographic or X-ray diffraction
examination is necessary for this purpose# It might be that the phenomen-
on of volume-change and "dusting” mentioned above for the extra-burned
material is evidence of an unstable combinationef the constituents (at high
temperature with resultant shrinkage) followed by decomposition into an
alumlnate and a ferrite (at low temperature with resultant "dustlIng"). In
any event, the extra-burned material more closely resembles the material
containing 0.84% free calcium oxide, insofar as its reaction with sugar
solution is concerned, than it does the material calcined just to the
point of elimination of free lime*
Tiie rate of the initial reaction between the 4CaOeAlgOgeFegOg materials and
su™ar solution is slow, as compared to that between either BCaOeSAIgOg and
sugar solution discussed in Section VI or SCaOeAlgOg to ns discussed in
Section VIII, below. There is no evidence of complete solution, either true
or colloidal, at any concentration, even with the smallest amounts of the
material used in the investigation. The amount of material dissolved la a
function of the length of the mixing period but, as indicated in columns
6, 7, and 9 of Table IV, the initial reaction is not one of solution of the
original material as such. The proportion of ferric oxide going into solu-
tion is, in all cases, much less than the corresponding proportions of alu-

mina and calcium oxide. Likewise, the ratios of calcium oxide to alumina



are »et the eaune in the extract® as in the original material*.

Kvidenoe of the hydrolysia of all three type* of "aO eAlgOseFfcgO5 material
investigated oonsoe from the very limited amounts of ferric oxide dissol-
ved, the changes in mol ratio of calcium oxide to alumina in the original
extracts as indicated in column 11 of Table IV, and the reductions in
optical rotatory power of the extracts with increasing amourt# of total
dissolved calcium oxide as indicated in column 16 of Table IV.

In figure 3, the rotatory power and pH values of extracts from dCaO'AlgOg*
M*gOg material containing no free lime have been plotted against the cor-
responding amounts of total dissolved calcium oxide per 100 ml of solution.
Figure 4 is similar to figure 3, except that it is for material containing
0.84% free calcium oxide. Both of these figures illustrate the substan-
tially complete hydrolysis of that portion of the -1CaOeAlgO5eFcgOg material
that is dissolved, as evidenced by the fact that the reductions in rotatory
power of the original extracts with increasing amounts of total dissolved
calcium oxide are approximately the same as those for CaO-eugar solutions.
With reference to figure 4 and the seemingly unusual reductions in rotatory
power of the extracts after precipitation, reference is made to the explana-
tion in Section VIII, below, of a similar phenomenon in the case of extracts
from SCaOeAlgOg.

The results shown in columns 11 and 12 of Table IV for the mol ratios, CaO
to AlgOg, of the extracts before and after secondary precipitation, and the
values shown in column 13 for similar mol ratios of the precipitates, show
definite trends with changes in amounts of starting materials, however,

the significance of these results cannot be properly evaluated in view of
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the questionable nature of the materials tested. Kiml suckarisation of

the reactions between pure CaO-Al2@eFegO3 and sugar solution is rot

possible from the results of the present investigation.
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VIIl. R ACTIONS BBtWWSB SCaOeAlgOg AND SUGAR SOLUTION
AalU (16) reports that water reacts with SCaOeAlgOg so rapidly that the
progress of the reaction cannot be followed experimentally. However,
Klein and Phillips (5) report that the setting of SCaOeAl20" is due to the
formation of the hydrate without the formation of hydrated alumina. Irres-
pective of whettier or not hydrolysis of the compound occurs when it first
comes in contact with water, it is apparent that the final alumlInate pre-
cipitate is the same ks that obtained from the etl<er calcium aluminates as
reported by Sells (16), namely, the hydrated trlcalt=lum alumlinate. This
most basic of the calcium alaminates known to exist in the system CaO-AlgOg
therefore must be the most stable in the presence of water.
Tiio results of tests with SCaGeAlgOg and sugar solution are shewn in Table
V. So appreciable difference is noted between test results obtained with
the alum nate containing 2*04% free calcium oxide and results obtained
with tlie alumlnate containing no free calcium oxide, undoubtedly due to the
high reactivity of the eliminate itself.
the test procedure for this series wae the same as that for GfaOeBAIgOg, ex-
cept that the eager wee ground to a powder prior to weighing and mixing with
the compound, in order to assure more intimate mixing and further reduce the
tendency to lump when water is added.
Quantities of the alumlnate up to 0.915 g per 100 ml of sugar solution went
entirely irto solution within 16 minutes. However, a solution of 0,913 g
of the alumina.te started secondary precipitation shortly after the 15-minute
mixing period, necessitating that the pB and polarimetry determinations be

made very rapidly. In view of the fact that 16 minutes was about the mini-



TABLE V - EBSeiJS Of TESTS JITB SCaO-AlgQs ASD StiOAE SOUJTIOB

SCaCe  Mix- Total Composition of Extract Mol-Set. loptical iota-I
Al2Gg  ing dis- _ of Pre- pH di tion of Extract
added, time, solved, AlgOg,g/ICQal CeO,i/lOOml Mol-Ratio, cipitate, Extra,51 Pentske % per
Bo. ¢/lOOml hrs. ¢y CaoALIX  OeO/Ateoa 200 b»
(1) (2) 10CEel A(B, 8(3) A B A B B A B A B
p S 5 | 9 10 U IS 14
I 0.047 i 0.047 D018 Ho ppt 0.029 Bo ppt 5.00 Bo ppt Ho ppt 10.60 (7) 52.8 52.7
2 0.092 i 0.092 3.035 Ho ppt 0.057 Ho ppt 5.00 So ppt So ppt 10.76 10.60 62.7 62.7
5 0.229 i 0.229 3.086 0.085 0.143 0.141 3.00 — 11.10 11.00 62.5 62.3
4 0.458 i 0.468 3.175 0.171 0.285 0.284 5.00 11.30 11.50 62.2 52.2
4-a 0.456 t 0.456 3.172 0.171 0.284 0.267 5.00 11.30 (7) 62.1 52.2
6 0.899 i 0.899 3.559 0.176 0.560 0.543 3.00 3.56 2.42 11.35 11.35 61.7 49.6
6-a 0.915 = 0.915 3.545 0.166 0.668 0.316 5.00 5.60 2.53 11.40 (7) 61.7 49.1
6 1.571 (4) 1.371(5)0.517 0.161 0.864 0.345 5.00 3.89 2.69 (6) (7) (6) 47.0
6-a 1.570 (4) 1*370(5)0.517 0.146 0.853 0.515 3.00 3.90 2.64 (6) (7) (6) 45.8
7-a 2.283 (4) (6) (6) 0.116 (6) 0.280 (6) 4.41 *— (6) (7) (6) 385
Sotes * (1) Buebers not followed by letters are for tests using SCaOeAlgOs containing 2.04& free
Qa0. Other tests are with SCaO-AlgOs containing no free CaOe
(2) 15g sugar + I0Oml water * 109.Bcl of solution. Amounts of SCaO-AlgOg actually used
have been reduced by the factor 100/109.6 to give the values shown in this column.
(5) Column A for original extracts$ column B for extracts after precipitation.
(4) Materials shaken in a flask for about 6 minutes and then permitted to stand for pre-
cipitation.
(6) Assumed, from the fact that the aluminate went into substantially complete solution
at about S minutes, followed by start of secondary precipitation at about 5 minutes.
(6) Impossible to determine because of secondary precipitation.7

(7)

Could not determine because of broken glass electrode. See Cosaents in text.
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Bum time that could bo used tor a xlag « d starting the testa, «md the fact
that larger "matiLtWe of 3C*0*caused secondary pns#lpl*#*lo# to
start e?@a sootier. It mis not possible to test original ex'traots from larger
quantities of the solid alumieate than 0*913 £ per 100 ml of sugar solution*
therefore, tests with larger g-.entitlee of the compound than, this were made
only to observe the nature of the extract* obtained after the secondary pre-
cipitation reaction hid reached cseplsstioo#
with reference to the two tests with 1.3? g and 2*28 g of pure 3CaO*AlgOs
per K3 &l of solution, ties first showed almost eosaplete solution within
about 3 minutes, followed by initiation of precipitation at approximately
6 minutes, and the aeaond started precipitation within approximately 2 miBa-
tes. It was not possible to determine whether or not the initial process of
solution continuei to seeplstlon in this latter test at tlie ease time that
the secondary prooese of precipitation wee underway*
Use of amounts of SCaCaAlgOs in excess of 0*229 g per 100 ml of solution re-
al. Had in fi*testable extracts oocti- InInc InereMng amount* of dissolve# lime
a«d alumina, from which solid gelatinous material separated on standing*
The amount# of precipitate fumed from starting amounts of the alumlnato
of 0*329 g and *468 g were only «HfJbt. It I* of interest to note that
this "threshold” amount of 8CaO*AlgOg necessary for ths formatlon of reta-
staole extract* is a|)proxi®ately the sees as that for SeaOeSAIgOs* The pre-
cipitation reaction for this alaminate was eon*lderably mere rapid than for
either SCaOeSAIgOs or ACaOe Al%befe£Qy, one week being suffloieet In all
oases for complete precipitation*

The mol ratio, PaU to AlgOy, of the original SCaOeAlgOs it 3.00* A* lediea-



ted in column 9 of Table V, the values of this ratio for the original ex-
tracts free SCaO"AI2CB did not change within the range of amounts possible
to study, due to the complete solution of the material.

Sith reference to column 14 of Table V, varying amounts of SCaOeAl2( had
uisticct effects on the optical rotatory powers of the extracts. This is
more clearly illustrated in figure 6, wherein both the rotatory power and
the pH ot the extracts are plotted against the corresponding amounts of
total dissolved calcium oxide per 100 ml of solution. The reduction in
rotatory power of SCaOeAl20s extracts is evidence of the occurrence of
lydrolysis of the compound to liberate calcium hydroxide which, in turn
combines with the sugar in the solution# However, as indicated in figure
6, the reduction in rotatory power with increasing amounts of total dis-
solved calcium oxide is not as great for the SCaOeAl2(b extracts as for the
CaG-sugar solutions, thus indicating that the aluminate was not entirely
hydrolysed within the 20-minute period that it was in contact with the
sugar solution prior to measuring the rotatory power. 1? is probable that
longer contact periods would have resulted in more complete hydrolysis
(see the discussion of the secondary precipitation reaction below) but the
-sarly occurrence of the secondary precipitation reaction precluded a study
of this possibility.

lhe pH of the original extracts, as indicated in column 12 of Table Y and
in figure 5, increased with increasing amounts of total dissolved calcium
oxide but not to the extent noted with CaO-sugar solutions. Thia is again
at least partially due to the limited extent of hydrolysis within the 20-

minute contact period. It was not possible to determine the pH of original
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extracts containing sore than 0.915 g of total dissolved ~luaijiata or of
extracts whioh had reacted more than approximately 20 minutes, because of
tJ» early oeourrencc of secondary precipitation.
Further discussion al the significance of the pH values of the extracts will
be given In Section IX-A, below.
Unlike the results obtained with extracts from SCaO-SAI203, the extracts
i-om S'aO-AlgOj from which solid phase separated on standing did not all
approach the same composition after equilibrium was attained. As indicated
In columns 6 and 8 of Table V, both the dissolved alumina and dissolved
Calolum oxide, in the extracts after precipitation, reach a maximum and
then decrease with further increases in amounts of original SCaG-Al2C
Further, as indicated in column 10 of Teble Y end as illustrated in figure
6, wherein the mol ratios of the extracts before and after precipitation
are plotted against the corresponding total arounts of dissolved alumina
and calcium oxide, the mol ratios (CaC to AI3M) of the extracts after pre-
cipitation Biarkaly increase with increasing amounts of original SOaO-AlgO3.
ljs connection with these results, the seemingly unusual optical rotatory
powers of the extracts after precipitation must also be considered. As
shown in figure 6, the extracts after precipitation, upon standing for ene
week, showed wry decided decreares In rotatory power. In fact, these dy-
er sees are much greater than can be accounted for from the amounts of dis-
solved calcium oxide in the solutions.
Explanation of the secondary precipitation reaction of SCaO-Al2 extracts
entile sn explanation of the above-eeatiocsd unusual reduction in rotatory

power of the extracts. Wferring to the rotatory powers of CaO-augar solu-
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tilvns illustrate in figure 1, attention is invited to the fact that the
period of standing trior to testing was Z hours for all u&Osug&r solutions
containing less than 2.5 g. of ealeiua 6x16*. Although amounts of salelute
oxide of less than 2.6 g were oMupletely dissolved within 2 hours, it sight
be that a precipitate of triosloius suerate would have fenced from ties,
bad they been permitted to stans for a sufficiently long tia;e. In ur-y event,
the doo.etedly greater reduction in optical rotatory power of tin BCaOeAlgOs
extracts after precipitation, as compared to that of CnOeugar Solutions,
can 6@ explained on the basis that, in t.-x case of the extracts, sugar not
cnly ocabineti in solution, with oaloiua hydroxide but also precipitated from
solution as insoluble tricalcium suerate during tiC 1-weok period of stand-
log. A further explanation, involving the eombinatioa of hyUrated alumina
and sugar at the relatively high hybrexyl-ion eoneontraticns existing in these
solutions, has sojt« merit but lacks any experimental confirmation.
It appears evident tn&t tho calcium oxide and alumina remining in solution
after precipitation was complete were act eosinaied with each other but that,
rather, the calcium oxide was eotifcined with sugar enu the alumina was present
aa free dissolved aluninum hydroxide because of tiss relatively high hydroxyl-
ion concentration. Although, as previously noted, it was not possible to
determine the pi values for several of the extracts after precipitation
because of the only available glass elsatrodo being broken, it night well be
timt the Sinr,,ed reduction in amount of dissolved alumina in the ease of tact
bo* 7-a is associated with a reduction in tlie pH of ti» extract. Ihe reduc-
tion in amount of dissolved calcium oxide in the case oi the same test is

probably due to an Inerwase in the amount of liiss precipitated as suerate.
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Although the precipitates from the SCaO-Al203 extracts hav approximately
the same composition, even though varying considerably In amounts, this con-
dition may be due to the limited range of concentrations of original alum-
inate studied. As indicated in column 11 of Table V, there is a slight in-
crease in the mol ratio, CaO to AI2(, in the precipitates, going from
original amounts of SCaO-Al2G3 of 0.90 g to 1.37 g. |In this connection,
reference is ade to figure 7, wherein the mols of dissolved calcium oxide
and alumina per 100 ml after precipitation are plotted against the corres-
ponding original amounts of SCaO-U2@. In this plot, one logical assumption
is made; that is, in the cases of greater amounts of SCaO-Al20s where sec-
ondary precipitation starts prior to completion of the initial solution
process, it is assumed that the Initial solution continues to completion
while the rooipltatlon reaction Is underway. |In this w*y, the nol ratios
of precipitates have been estimated beyond the range covered by the present
Investigation and arc shown in Table VI. It is evident from these data that
the mol ratio increases to a maximum of at least approxl ately 2.80. How
ever, because of the extensive hydrolysis that lias been found to take place,
the alumina and oalelur. oxide must be present in the precipitate mostly as
free h/irated alumina and calcium suerate rather than as combined calcium
aluminate. A SImUar conditon is probably associated with the well-known
r«ry deleterious action of sugar on the sotting of Portland cement.
A final summarisation of the reactions involved between SCaQ-Al2Gb and

sugar eelntion will be given in Section 1X-C, below.
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2.02 2.85
2.45 2.75
2.80 2.81
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IX. DISCUSSIOli OF BSULTS
A. Slgalfiosuioe of Hyclroxyl-lon Conoantration
tenth end Bogae (6), in studlee ontha hydrolysis of eompeuads Wiloh ..my
ooour in Portland oemnt, considered the hy:rosyl-ion consentratlocs of
solutions obtained from treating the anapoacde with water as measures of
the degree to Wioh the Oraapounds had been hydrolysed to liberate dissolved
oaloium hydroxide. The fast that, the anhytiroua calcium aluminatea,
5Ca0eSAIgOg and RCaCeAlgOg» are formed from Uio relatively strong base,
CaOe end the weak acid, AlyOge is considered by them to be indicative that
hydrolysis of these aluisinates should take place by ionisation Into a
relatively strongly basic constituent end a weakly acidic constituent. They
found that solid BCsOeSAlgOg and SCnOCeAlgOg, witeu extracted with water evs-r
a period of several months anti when the solutions were replaced by fresh
water et frequent intervals, yielded solid nseiuue# consisting only of hy-
drous alumina, frost which they deduced tie complete hydrolysic of the aluat-
Inates under these conditions. However, they did not report whether the
amount of almina remining, in each case «as tlw same as tlis amount of slum-
ins In the original sample of alumlnates It is therefore impossible to
determine from their published data whether the original oalaius) almieatea
were completely hydrolysed to calcium hydroxide and hydrous alumina or
whether they were only partially hydrolysed to more basic Polubla elumin-
aten with the exo- »s alumina remaining behind at residue.
As previously mentioned in this paper, Kells (16) found Utat FCaDeSAlgCgt
reacted with water to form a metestab le solution of CaCeAlgOj and Ca(OB)g,

from which hydrated triesleium alvuelnatc and hydrated aluaina precipitated



on stand Inge It la significant that, during the course of the secondary
precipitation reaction, the Itydroxyl-ion concentration oi the solution
jimse substantially increased, even though the concentration of total dis-
solved lirn was markedly reduced. During the secondary reaction, it was
necessary that part of the lime, which originally existed in the solution
in an uneoiiibined state, combined with CaOeAl2(3 to form the precipitated
SCaOeAI2QgeXli2O. These results indicate that the formation of relatively
highly ionised calcium hydroxide and a weakly lonised acid or acid salt
by hydrolysis is not the only possible explanation for the high pH values
observed in such solutions.
it .s byileved that the above discussion lends credence to an assumption
by the writer that, in those oases where both free Ume and lime combined
with alumina exist in solution, the free lime may well be the chief contri-
butor to the high pH values of such solutions, but that ionisation of a
hydrated dissolved calcium &uminate may also be a contributing factor.
In those eases where only combined lime exists in solution, as was found
with sugar extracts of SCaOeSAIgO3 in the present investigation and as was
found in the case of eygar extracts of the calcium silicates in previous
unpulLlis.-tod work by the writer, the entire hydroxyl-ion concentration must
came from ionisation rather than hydrolysis of the hydrated dissolved com-
pounds.
It is believed that the formation of hydroxyl ions by ionisation of dissol-
ved hydrated aluminate can tie illustrated in the following manneri
hoBocalcium alaminate, CaCeAl2C8, as found by Wells (15) to exist

in water solutions from BCaOeSAI2Cb and other calcium aluminatee.
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is a complex molecule with the Al-atoms undoubtedly playing the
ooordinati; g roll. The formation and structure of the unit CaO*
AlgOg group oar. be depleted aeoordiog to the Lewis theory of

valence (6) as follows*

(1)
(Oa0sAlI2(b)

By further additions of CaOt aluminates of increasing basicity
could be illustratede However, the Btanoosloiue aluslnete
structure adequately serves the present purpose if it Is borne
in mind that this represents only the baeio structure of the
ooBiourd and that each AI-Btom 1» probably eurrounded by six
O»aton$ In the crystal lattice, Alumlnate molecules containing
mere than one Al,.Og group In the basic structure cannot be satis-
factorily illustrated on paper by means of the lewis picture.
The above structure for AL-O5 is believed to be a reasonable
representation of that compound, by reason of the ampheterlc
nature of its hydrate. Thus, hydrated alumina oan be pictured

ac follows, according to the Lewis Theory*

m
From whioh H-lone and (AlOg)-lons or (OH)-lone and Al-ions may
result, depending on whether ionisation ta&es place at “A" or

bB".
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the elepleet bydrete of iaonoc»loiu» elu»dK*te, that Is,
("0*Alg0ge% 0, Qi reeeembly be pictured as follow**
H

Ca

where ttw hydroxyl ion Iroos the water is attached to the
Ca-atos aod the hydrogen ion from the water ie attached

to one of ti# Al-atome through act oxygen linkage*

The groups surrounded by dotted Ilnee in the formula immedia-
tely above 1» the basic alumlnat# group and it k believed that
this group Bust be oon#idered as a weakly acidic constituent in
such a compound* Ga the other band, ti* -Ca : 0.Mgroup im-
mediately above it must be considered relatively strongly
basic, from sliieli it follows Uiat ionisation of this latter
group at wA" to give a hydrexyl-loa must be stronger than
ionisation of tiie aluminate group at "B* to give a hydrogen
ion* Therefore, if the above is a reasonable representation
of actual conditions, it is to be expected that considerable
hydroxyl-ion concentretion can arise in such solutions simply

by lonisation of the hydrated aluminates
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B - Nature of Solutions of Cennnt Compounds.
Phillips (11) hfts studied the nature of solutions of SCaO-AlgOg in water
uno reports that a etrail amount of the aluminat.e goes into true solution
but that most of the alusdnate goes into colloidal solution. The results
he obtained with SCaO-AlgOg can be reasonably expected to apply in general
also for other calcium aluminate solutions.
The phenomenon of the formation of gelatinous precipitates from extracts
from the cement compounds studied in the present investigation, and as
noted by others in the case of water solutions of the compounds, is pro-
bably associated with the at least partially colloidal nature of the ex-
tracts. The pronounced "super-saturated* condition of these extracts,
can hardly be expected of entirely true solutions. Further, the speed
with which the precipitates form Indlcstes more a process of gelation or
coagulation than of precipitation from true solutions. Further, the slow
rate of hydrolysis noted in the original extracts from BCaOAlgOg, which
continued to take place even after clear extracts were obtained, indicated
that the initial solution process was probably fundamentally colloidal in
nature. Finally, the very gelatinous nature of the precipitate® is indi-
cative of colloidal processes, however, time and suitable equipment were
not available during the present investigation for an adequate study of
colloidal phases that might be present in the various extracts and solu-
tions studied.
The discussions throughout this paper have been concerned chiefly with two
types of reactions, first, the initial reaction of solution of the parti-

cular compound in the sugar solution end, next, the secondary reaction of
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precipitation of solid phase from these extracts which were s»testable#
In the case of the Initial reaction, there was no evidence except for the
calcium oxide-sugar solutions that an equilibrium point was ever reached
between solution and solid phase. This is indicative that the Initial re-
action of solution le primarily colloidal In nature, being more a process
of colloidal dispersion or peptization than of true solution. On the
other hand, in the secondary reaction of precipitation, definite equili-
brium points were attained or indicated between solution and solid phase,
as evidenced by the tendency of each metastable extract to go to a point
of constant composition* The secondary reaction therefore appears to in-
volve a true solution in equilibrium with a gelatinous solid phase, which
would necessitate that part of the material that originally entered the
extracts in the colloidal state be converted to the molecular state.
A further point w loh must be borne in mind while considering the possible
natures of the solutions studied In the present investigation is that of
calcium alaminates and dCaO+AlgOg"FegOg are highly complex eompouuds and
that their individual molecules are net limited In dimension to the sizes
represented by the hypothetical formulae used in this paper. |In dealing
with such compounds, the matter of differentiating between true molecules
and colloidal particles is purely a attar of selecting an arbitrary dimen-
sion above or below which a particular aggregation falls into one or the
other class. Certainly it is to w expected that one class will exhibit
to a considerable degree the same chemical properties as the other.
Based on these considerations, it is the opinion of the writer that a sharp

differentiation between true solutions and colloidal solutions in the pre-
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a«nt investigation is neither possible nor necessary to adequately inter-

pret the resultse
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C» SUwmrieation of Heacticw**
Series |. The result* obtained frc® teat* of Series | with oaloiusa oxide
are of value in the present investigation primarily for comparison with
results obtained in the other series. The fact that lime-eupar solution*
show decreased optical rotatory power with increased concentration of die-
solved lime i* considered useful in determining whether or not calcium
hydroxide has been liberated by hydrolyeia from cement compounds in sugar
solution* The phenomenon of increase in the apparent solubility of cal-
cium hydroxide in sugar solution in the presence of increasing amounts of
the solid phase should be an interesting subject for future investigation.
Series 2* Alimiinum hydroxide is too weak a base to form suerate compounds,
at least at the low hydroxyl-ion concentration existing in water solutions
containing only dissolved sugar and hydrated alumina.
eriea a* The results obtained from teats of Series 5 with BCaOeSAIgO3
indicate that the reactions involved may be represented as follows 1
I* Bolow eonoentrations where secondary precipitation starts before
initial solution is complete, the BCaOeSAIgOg goes completely
into solution without formation of calcium hydroxide by hy-
drolysis. The form of the initial solute can be either hydrated
BCaOeSAIgO, or a more basic hydrated aluminate plus dissolve#
hydrated alumina, the mol ratio of which mixture is the same
as that of BCaOeSAlgOg.
2. Extracts containing more than approximately 0.228 g of total
dissolved calcium oxide and alumina per 100 ml are metestable
or"*uner-aaturated". Secondary precipitation takes place

from 8uoh extracts without formation of calcium hydroxide by
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hydrolysis# The solution phase approaches a constant com-
positlon with the final solute probably having the formula,
ZCaOeAlgOg, or some multiple thereof#
The precipitate from the extracts, with a mol ratio (CaO to
AlgO8) of approximately 4*8, Is assumed to consist of a
hydrated aluminate, other than SGaOeSAlgOg or SCaOeAlgOg,
which is stable in the presence of sugar solution, plus pos-
sibly hydrated alumina* BCaOeSAIgQg and SCaOeAlgOg are
eliminated as possibilities because of their demonstrated
instabilities. Ko other aluminatea known to exist in the
anhydrous system, CaO-AlgOj;, comply with the requirements of
a mol ratio of 4*3 in the precipitates without free calcium
hydroxide* However, numerous other calcium alumlnatea,
meeting the requirements of the composition of the precipi-
tates obtained in the present case, can exist In the system,
CaO-AlgOg-HgO# In view of the fact that the basic formula
of the solute in the extracts at final equilibrium in probab-
ly ECaOeAlgOgeXHgO, a almllar basic formula for the calcium
aluminate in the precipitates is logical. In this case, the
precipitate also contains hydrated alumina.
The following equation is believed to schematically represent
the reactions Involved *
SCa0eSAlgOg (solid) + XHgO + (Sugar)

SCaOeSAIlgOgexXEgO (colloidal and true solution)-—»—

ECaCeAl20geXHgQ (true solution) + ECaOeAlgOgexXHgO (gel) +

AlgOgeXHgO (gel).
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where "x* denotes any undetermined number of molecules
of water of hydration.
In the ease of extracts from BCaOeSAI2(h alone, hydroxyl-ion
concentrations are not reached which are sufficiently high
to cause hydrolysis of the compound to tie extent of liber-
ation of oaleiUB hydroxide. The maximum pH values reached
In the present investlgation accomplished only the hydrolysis
of the compound to a more basic alumlinate plus hydrated
alumina. However, this does not preclude the possible hy-
drolysis of this compound to the extent of liberation of
free calcium hydroxide in oases where higher pH values
then 11.06 obtain. Such cases as mixtures of BCaOeSkI2Cb
with SCaQeAl5(b, alkalis, or large amounts of free calcium
oxide, or the ease of BCaOeSAI2G6 in Portland cement, might
result in complete hydrolysis of the BCaOeSAI5(h by sugar
solution; however, these possibilities were not investiga-
ted,

Keaults obtained from investigations of the reaction* between

sugar solution and "CaOeAl2(beFe5Cb are not sufficiently conclusive,

because of uncertainties as to the true composition of thematerial used,

to permit of summarisation. Undyr these conditions, the results are of

value only in connection with possible future studies of these reactions.

Series 6.

indicate

The results obtained from teste of Series 5 with BCaOeAl5(h
that the reactions Involved may be represented as follows 1

Amounts of SCaGeAI5Cb6 up to 2.28 g per 100 ml went complete-
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ly Into solution prior to initiation of second-ry precipi-
tation (within two minutes) and it is logically assumed
that Initial solution of larger amounts of the compound
would go to completion at the same time that secondary pre-
cipitation is urderwaye
Hydrolysis of the SCaOeAl2(Qg to the extent of liberation
of calcium hydroxide starts immediately upon entry of the
compound into solution, the onlcium hydroxide then combin-
ing with dissolved sugar to form sueratess
Ixtraota containing 0*220 g or more of total dissolved
calcium oxide and alumina per 100 ml are metastable or "super-
saturated” * Secondary precipitation progresses more rapidly
than in the case of extracts from 6Ca0O»3Alg0g, The composi-
tion of the solution phase at equilibrium ia dependent on
the amount of starting matsdal, the amounts of dissolved al-
umina and calcium oxide in the extracts at equilibrium going
to a maximum and then decreasing with increasing starting
amounts of the compound. The final solutes in the extracts
probably consist of free aluminum hydroxide plus calcium hy-
droxide combined with sugar as suerates.
The precipitates from the extracts are assumed to consist
chiefly of hydr-ted alumina plus tries lelusi suerate. Kew-
evsr, the possibility of the existence of a solid calcium
aluminate mors stable with respect to the final extracts

than oaloium Quorate was not investigated.
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Th* following equations are believed to schematically
represent the reactions involvedi
SCaOeAlgOg (solid) -r HQO —*- Ca(0OH}g (solution) +
Al(OH)s (solution) ¢ AI(CE)5 (gel)

Ca(OH)2 (solution) + C12%2°11 (®olutiB») —

CaOeC12H22011el*O (solution) + ZCaOeCl2H'gOl1eZH20O (solution)

SCa0eC12HggO11eSHgO (solid).
The high reactivity of SCaOeAlgOs with sugar solution is con-
sidered to be due to the high hydroxyl-ion concentrations
resulting in the extracts. The reverse of this is not the
ease, because the secondary precipitation reactions in those
tests where the pH values were measured caused no change in
hydroxyl-ion concentration. |In those tests where the pE
values of the final extracts could not be measured because
of the broken glass electrode, there was evidence to indicate
th t the hydroxyl-ion concentrations decreased rather than

increased.
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