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ABSTRACT

Following addition of 0.1, 0.25, 0.35, 0.5 and 1.0 per cent
triethanolamine, studies have been made cf the hydration and hardening
characteristics of (a) tricalcium aluminate, (b) tricalcium aluminate
+ gypsum, (c) tricalcium silicate, (d) dicalcium silicate, and

(e) portland cement. Triethanolamine (TEA) accelerated the hydration
of 3Ca0.A1,03 and 3Ca0.Al,03-CaS0, .2H,0 systems and extended the
induction period of the hydration of 3Ca0.Si0,. In portland cement
paste TEA decreased the strength at all ages and setting character-
istics were drastically altered, especially at higher TEA contents.
Evidence was obtained also of the formation of a complex of TEA with
the hydrating silicate phase.

On a étudié 1'hydratation et les caractéristiques de durcissement

a) de 1'aluminate tricalcique, b) de 1'aluminate tricalcique + gypse,
¢) du silicate tricalcique, d) du silicate bicalcique, et e) du
ciment portland, apré&s 1'addition de 0.1, 0.25, 0.35, 0.5 et 1.0
pour cent de triéthanolamine (TEA). La TEA accélére 1'hydratation des
systémes de 3Ca0.Al;03 et de 3Ca0.Al;03-CaS0, .2H,0 et prolonge la
période d'induction de l'hydratation de 3Ca0.Si0,. Pour ce qui est
de la pate de ciment portland, la TEA réduit sa résistance pour tous
les degrés de vieillissement et modifie profondément ses caracté-
ristiques de durcissement, surtout pour les teneurs plus &levées en
TEA. On obtient également des indications de la formation d'un
complexe de TEA avec la phase de silicate en hydratation.

Presented at the VIth International Congress on the Chemistry of
Cement, Moscow, September 1974.
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Introduction

Triethanolamine (TEA) is used as a grinding aid in cement manu-
facture and is a constituent in certain admixture formulations in concrete
practice. Its addition in hydrating cements is thought to reduce the
excessive retarding action of water reducing admixture. Part or complete
replacement of CaC%, by TEA is also favoured because, unlike CaC®,, TEA does
not promote corrosion of embedded metals in reinforced concrete.

The exact mechanism of the action of TEA in hydrating cements is not
known. It seems to be complex, and it is not even certain whether it acts as
an accelerator or as a retarder (1-5). Practically no work has been published
of a systematic investigation of the effect of TEA on the hydration of
different phases of cement or of cement itself (5,6).

From a practical standpoint a study of the action of TEA on the
hydration behaviour of cement would be useful, but the admixture may act in a
complex way on the hydration of the individual phases and their hydration
products. It seems more meaningful, therefore, to study the role of TEA in
the hydration of individual, binary, and ternary systems before extending the
study to cement itself. This paper briefly describes the effects of different
amounts of TEA on the hydrating characteristics of C3A, C3A + gypsum, BC,S and
C3S (C = Ca0, S = Si0y, A = Al,03, F = Fey03, H = Hp0). It also attempts to
extend this knowledge to the role of TEA on the hydrating and hardening
behaviour of portland cement.

E§Eerimenta1

Materials

Tricalcium aluminate of high purity was prepared by calcination of
CaCO3 and Al,0;3. The Blaine surface area was 4350 cm®/g. Tricalcium silicate
and B dicalcium silicate prepared by calcination of CaC0O3 and Si0; had a
Blaine surface area of 3310 cm?/g and 2770 cm?/g, respectively. Reagent grade
gypsum and triethanolamine were used. The portland cement, type 1, used in
this work had the following characteristics:

Chemical Analysis = Si0, = 21.38 per cent; Fe,03 = 1.91 per cent;
Al,03 = 4.91 per cent; Ca0 = 64.42 per cent;
Mg0 = 4.0 per cent; S03 = 1.86 per cent;
Nay0 = 0.13 per cent; Ky0 = 0.59 per cent;
Free lime = 0.10 per cent;
Insoluble residue = 0.10 per cent;

Loss on ignition = 0.78 per cent

Potential

Composition = C3S = 54.22 per cent CpS = 20.68 per cent
C3A = 9.99 per cent CuAF = 6.11 per cent

Fineness (Blaine) = 3100 cm?/g

Soundness (Auto-

clave expansion) 0.46 per cent
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Hydration

C3A, C35, C,5, C3A + gypsum, and portland cement with and without
TEA in amounts varying between 0.1 and 1.0 per cent were each mixed with
double distilled water at a water/solid ratio of 0.5 or 1.0 and placed in a
tightly covered polyethylene container and rotated continuously over rollers.
At specified intervals varying between a few minutes and 28 days each sample
was placed in an excess of cold acetone, washed with cold acetone, and
subsequently evacuated for 24 hours using liquid air trap.

Methods

Differential thermal analysis was carried out in N, or air using a
DuPont-900 thermal analyser. A Cahn balance was used for thermogravimetric
analysis. Surface area values were obtained, with N, as the adsorbate, with a
Numinco Orr surface area-pore volume analyser. Free lime was estimated by
the solvent variation method, and TEA in solution by Perkin-Elmer UV-VIS-NIR
350 spectrophotometer. The rate of heat development during hydration was
determined by a conduction calorimeter having a sensitivity of 20 mV/W. X-ray
diffraction patterns were obtained by a Hilger and Watts unit using Cukg
source. Scanning electron microscopic work was carried out with the Cambridge
steroscan Mark 2A unit.

Details of all these techniques are available in other publications
(7,8). The time of initial and final setting of mortar specimens was carried
out according to ASTM test method C403-70 (9); and compressive strengths were
determined using ASTM C109-70 (10).

Results and discussion

A brief discussion of the
effect of TEA on the hydration
behaviour of C3A, C3A + gypsum, C3S,
C5S and cement systems follows. I'”CA“GMR

Hydration of C3A and C3A + gypsum in

presence of TEA

Without TEA, C3A hydrates
initially to the hexagonal aluminate
hydrate before it transforms to the cubic
form. With TEA, in additions of 0.5, 1.0
or 5.0 per cent, a larger amount of hexa-
gonal hydrate forms at a given time and
conversion to the cubic form is acceler-
ated. Conduction calorimetric curves in
Figure 1 illustrate these effects clearly.

Hydration of C3A with 5 or 25 4 =
per cent gypsum, with or without 1 per
cent TEA, shows some differences. In the _ )
absence of TEA gypsum reacts initially to
form ettringite; with TEA the formation
of ettringite is accelerated (5,7). _ 1%

HEAT EVOLVED CALIGIHR

FIG. 1

Conduction calorimetric curves of ol L L 1 1 1 1 7 2y

3Ca0.Al5,03 with different amounts ¢ 1 20 30 40 50
of added TEA. TIME, MINUTES




626 Vol. 6, No. 5
V. S. Ramachandran

Hydration of C3S and C,S in the presence of TEA

In the presence of TEA the hydration characteristics of C3S and CjS
are significantly altered. DTA curves in Figures 2(a) and 2(b) illustrate the
thermal characteristics of C3S hydrated with and without TEA. The change in
the intensities of the initial endothermal peaks below 200°C correspond to the
expulsion of Hy0 from the C-S-H phase; the endothermal effect between 480 and
500°C represents decomposition of Ca(OH),; and the emergence of an exothermic
effect in the region of 400°C and an endothermal effect in the region of 720
to 760°C are evident in TEA-treated samples. The amount of Ca(OH), found at
1, 3, 7 or 28 days was in the order C3S + O per cent TEA > C3S + 0.1 per cent
TEA > C3S + 0.5 per cent TEA > C3S + 1.0 per cent TEA, independent of the
method adopted for estimation, viz. X-ray, DTA, TGA and chemical analysis.
There was an increase in the induction period, probably owing to the formation
of a surface complex of TEA on the hydrating C3S. The N, surface areas at 28
days with 0, 0.1 and 1.0 per cent TEA are, respectively, 24.8, 30.9 and 44.6
m?2/g. 1In addition, TEA promotes the formation of C-S-H with a high Ca0/S8i0;
ratio and enhances the formation of non-crystalline Ca(OH), (8).

The behaviour of C,S is similar to that of C3S except that the
reaction proceeds more slowly.

Hydration of portland cement with TEA

Attempts were made to explain the effect of TEA on the hydration and
hardening behaviour of portland cement, mainly on the basis of the effect of
TEA on the individual phases, viz. aluminate and silicate phases. Portland

e

TEMPERATURE —

-—— DIFFERENTIAL

f?dqys Y1 day

Vv\ AN
\ | |

«—— DIFFERENTIAL TEMPERATURE —*

28 days

1 |
0 200 400 600 800 1000
TEMPERATURE, °C

| | 1 |
0 200 400 600 800 1000
TEMPERATURE , °C

FIG. 2(a) FIG. 2(b)
Thermograms of 3Ca0.5i0p Thermograms of 3Ca0.5i0;
hydrated to different periods hydrated to different periods

in presence of 0.5% TEA




. 6 .5 627
Vol. 6, No TRIETHANOLAMINE, EFFECT, CEMENT HYDRATION

cement is, however, a complex mix- 1.2 = T T T
ture of several other components
and its behaviour is probably also
1.0 1

influenced by the alkali and SOj3
contents.

o
oo

A sequential study of
the hydration characteristics of
cement was carried out by DTA and
TGA. Cements containing 0, 0.1,

o
o

ENDOTHERMAL AREA, Ca{OH)p, ARBITRARY UNITS

0.25, 0.35 and 0.5 per cent TEA :

were hydrated for periods varying o j ==== 0.1 TEA |
from 6 hours to 28 days. Thermo- ! i 35;?5%35%TEA
grams indicated that samples con- ]

taining TEA formed ettringite and 02 I8 |
that this converted to monosulfate

at an increasing rate as the

amount of TEA was increased. od . -+ = - = A
Figure 3 illustrates that at any TIME. DAYS

period of hydration less Ca(OH), ’

is formed in TEA-treated samples

(presumably for the same degree FiG. 3

of hydration), suggesting that DTA estimation of lime

TEA promotes formation of C-S-H in cement pastes hydrated

with a higher C/S ratio. TGA with triethanolamine

curves showed a generally higher

initial loss of water for samples

treated with TEA. This may be due to the higher amounts of Hp0 contained in
the C-S-H phase with a higher C/S ratio (11). There is evidence that TEA
forms a complex with the hydrating cement. Water extracts 80 per cent TEA,
but with ethyl alcohol none can be extracted from the hydrated sample.

Figure 4 shows the conduction calorimetric curves of cement contain-
ing 0, 0.25, 0.35 and 0.5 per cent TEA. Immediately on contact with water
each sample evolves heat (not shown in the figure) that may be ascribed to the
heat of wetting, hydration of free lime and reaction of C3A with gypsum to
form ettringite. The magnitude of the heat developed increases with amount of
TEA, indicating that TEA accelerates the reaction between C3A and gypsum in
forming ettringite.

The second peak,occurring after 9 to 10 hours in cement without ad-
ditive, is mainly caused by hydration of C3S. A small hump at about 22 hours
denotes the formation of low sulfoaluminate from the reaction between ettrin-
gite and excess C3A. In samples treated with TEA, the pattern of the curves
(Figure 4) suggests that dual peaks appear between 10 to 15 hours. One of
them represents the ettringite-monosulfate reaction, which appears to be accel-
erated by TEA. The other peak may represent the hydration of a small amount
of C3S, triggered by the heat developed by the aluminate-gypsum reaction. DTA
examination of the samples, carried out at different periods of hydration, '
shows that below 20 hours some hydration of C3S has proceeded in all samples,
although it is less than in the sample containing 0 per cent TEA. The peak
resulting from C3S hydration is extended in the presence of TEA. For example,
the peak at 27 to 28 hours for C3S + 0.5 per cent TEA represents the heat from
€3S hydration, indicating that hydration of C3S is retarded in the presence of
higher amounts of TEA.

Calcium chloride is widely used as an accelerating admixture in
concrete. It acts by accelerating the hydration of the C3S phase. Figure 5
gives the conduction calorimetric curves for cement containing different
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The curves are different from those obtained with cement-

TEA mixtures. Calcium chloride mainly accelerates the hydration of C3S, as is
evident from the appearance of a peak at earlier periods. At C3S + 0 per cent
CaC%, the peak appears at 9 to 10 hours, whereas with C35 + 5 per cent CaC4%»

the peak appears as

early as after only 2 hours. The thermograms demonstrate

that the action of TEA is not similar to the action of CaC%,.

TABLE I

INITIAL AND FINAL SETTING CHARACTERISTICS OF

No.

(o)W I FN I

CEMENT MORTARS WITH ADDED TEA
Per Cént TEA Initial Setting Final Setting

Time Time
0 4.3 hr 8.3 hr
0.01 4.7 hr 8.1 hr
0.025 4.9 hr 8.1 hr
0.05 4.8 hr 8.4 hr
0.1 ~ 2 min 24 hr
0.5 ~ 6 min -

The initial and final setting characteristics of portland cement
treated with 0, 0.01, 0.025, 0.05, 0.1 and 0.5 per cent TEA are shown in
Table I. With up to 0.05 per cent TEA the initial setting time is retarded
slightly and there is an accompanying slight extension in the induction

T 1oscauicmr

/\/\m

CALORIES/GIHR

k/~\\“~u3n

\./\0.255

0.1%

%
) 9%

I 1.0scaucmr

CALORIES/G/HR

FIG. 5
1% Conduction calori-
metric curves of

FIG. 4
Conduction calori-
metric curves of

0 20 40 60
TIME, HOURS

cement hydrated in &0%[ I cement hydrated in
g0 the presence of o 20 4 60 80 the presence of
triethanolamine TIME, HOURS calcium chloride
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COMPRESSIVE STRENGTH, LB/SQ IN. x 10

pl 1 l |

0 3 7 14
CURING, DAYS

FIG. 6

Compressive strengths of cement
pastes containing triethanolamine

28

period of the hydration of C3S.
At 0.1 and 0.5 per cent TEA, how-
ever, rapid setting occurs.
During the calorimetric studies a
considerable amount of heat is
registered in the first few min-
utes in those mixtures containing
more than 0.1 per cent TEA. Ther-
mograms also indicate more intense
endothermal peaks below 150°C at
higher TEA concentrations. These
results suggest that the rapid
setting phenomenon may be asso-
ciated with the accelerated form-
ation of the ettringite phase in
the presence of TEA. In the C3A
+ gypsum system small amounts of
TEA have practically no effect on
the rate of hydration, whereas in
larger amounts TEA accelerates
the reaction between C3A and

gypsum,
The final setting times

vary between 8.1 and 8.4 hours for TEA contents between 0 and 0.05 per cent.
At 0.1 per cent TEA, however, the final setting occurs at about 24 hours and
the cement with 0.5 per cent TEA does not show the final setting time (corres-

ponding to a penetration resistance of 4000 1b/sq in.) even after a day.

The

weaker cement structure produced in the presence of larger additions of TEA
may be due to quick initial setting, change in composition, surface area and

morphology of the hydrated
products.

Compressive strength
of cement pastes and mortar
cubes with and without TEA
is shown in Figures 6 and 7.
At all periods of curing all
samples containing TEA show
lower strengths than the
standard specimen; strengths
decrease as TEA is increased.
There is a particularly
steep drop in strength in
the sample with 1.0 per cent

TEA, notably at early periods.

Very low amounts of TEA
(<0.1 per cent) do not
significantly alter strength.

Portland cement is a
mul ti-component system and
the addition of TEA signifi-
cantly alters the rate of
reaction of individual com-
ponents and the nature of
the hydration products. It
is not easy to assess the

-2

COMPRESSIVE STRENGTH, LB/SQ IN. x'10

T 14 28 60
CURING, DAYS

FIG. 7

Compressive strengths of cement
mortars containing triethanolamine
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relative influence of the factors responsible for the slow development of
strength in samples containing TEA. Formation of C-S-H with higher C/S ratio,
retardation of hydration of C3S, and rapid initial setting followed by
development of a large amount of heat may be some of the important factors.

Pastes prepared at a higher initial temperature and autoclaved
cement pastes are also known to yield lower strengths. Some of the explana-
tions offered for the low strengths in pastes containing large amounts of TEA
may be applicable to these systems also. They include:

(1) Rapid early hydration may create a dense zone of hydration product around
the grains and retard subsequent hydration.

(2) Formation of hydration product with higher density may promote a more
porous structure.

(3) Cement that has set in a few minutes has obviously not been thoroughly
mixed, and consequently there will be a non-uniform distribution of hydration
products within the structure that will prevent the development of full
strength.

(4) Rapid formation of ettringite may alter the initial matrix and disturb
subsequent bonding characteristics.

(5) Rapid setting may promote initial cracks; heat development and cooling
may also initiate shrinkage cracks.

(6) Evaporation of water due to heat may be a factor for low strengths.

Conclusions

In very small amounts triethanolamine has practically no effect on
the setting, hydration, heat development and strength development of portland
cement pastes. In amounts greater than 0.1 per cent it has significant
influence. TEA acts as a retarder in the hydration of the silicate phases
and as an accelerator in the hydration of the aluminate phase. The mechanism
of this action may be traced to a complex formed between TEA and the hydrating
components of portland cement.
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