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THE ROLE OF THE PH VALUE ON SETTING OF CA CEMENT BONDED REFRACTORY CASTABLES
CONTAINING PHOSPHATE, CITRIC ACID AND LI,CO,

J. Kasper, M. Bastian, C. Dannert

Forschungsgemeinschaft Feuerfest e. V. at the European Centre for Refractories, Hohr-Grenzhausen, Germany

ABSTRACT

The stiffening of refractory castables and the hydration reaction of
CA cement in the refractory castables strongly depend on the con-
centrations of additives. The combination of additives used influence
the first stiffening of the refractory castables as well as the duration
of the dormant period respectively the time span of the hydration of
CA cement. It is well known that the pH value of the CA cement
reaction reaches values of around 13 during the setting period. Re-
cent literature discussed the hampered dissolution of an Al-O-H pas-
sivation layer on CA cement particles at low but still alkaline pH
values as the reason for the dormant period, prior to the main reaction
of CA cement. However, a systematic comparison of the pH value
during setting with the kinetics of CA cement hydration in refractory
castables is not given.

The role of the pH value on the setting kinetics of CA cement bonded
refractory castables was demonstrated using sodium tripolyphos-
phate (S-TPP), citric acid and Li2COs (as dispersing, retarding resp.
accelerating system) in refractory castables by measuring sonic ve-
locity and pH value during setting. It is shown that citric acid retards
the hydration of CA cement by a reduction of the pH value during
the dormant period. S-TPP (distinctly) and Li2COs (strongly) accel-
erate the hydration of CA cement by an increase of the pH value
during the dormant period. Therefore, there is strong evidence of a
pH influenced dissolution of the passivation layer.

INTRODUCTION

The processing of refractory castables is an important step to ensure
high quality of the product. A freshly mixed refractory castable
should be workable for a certain time (flow should be stable for this
period), stiffen rapidly in the final shape (coagulation of the matrix
suspension) and then build a high green strength which permits
demoulding respectively further handling.

Generally, the first stiffening by coagulation is evoked by the com-
plexation respectively precipitation of molecules of the dispersant
with Ca?*. For example, Ca-citrate or Ca-phosphate are formed early
during setting [1,2].

Using CA cement, the increase towards final strength is due to the
massive precipitation of different hydrate phases (CxAyH. and AH3)
and the corresponding bonding of water after a couple of hours [3].
The massive precipitation is preceded by a dormant period, which is
the origin of a retardation of the hydration reaction of CA cement.
However, the reason for the dormant period is under discussion: One
theory favours that the dormant period results from a hampered nu-
clei formation and hampered precipitation of CAH phases [4,5,6],
while another theory favours the formation of a passivation layer on
CA cement particles by depletion of Ca?* [7,8]. This Al-O-H-rich
passivation layer then has to go through an aging process [7]. Fujii
et al. and Klaus et al. postulate the formation of cracks within the
passivation layer as the reason for the aging [8,9]. Kasper has shown
that deviations of the pH value during the dormant period reasonably
explain the duration of the dormant period: an increased pH value
increases solubility and probably also the rate of solution of the pas-
sivation layer. The successive main hydration, which causes the final
and major increase in strength, will be accelerated or decelerated de-
pending on the pH value [10,11].

Specific behaviour of the applied additive system

Using CA cement as bonding agent, phosphates and citric acid lead
to sufficient flow after mixing by the way of adsorption of phos-
phates and citric acid on surfaces of fine ceramic particles within the
refractory castables. Citric acid is well known to retard the first stiff-
ening as well as the final hydration of CA cement bonded refractory
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castables [12]. For S-TPP there is a discrepancy in the state of the
art. While some established literature notes a retarding effect for S-
TPP [12], Kasper et al. have shown that S-TPP tends to accelerate
the first stiffening and the final hydration of CA cement beside its
dispersing effect [13]. For Li2COs it is known that it is a strong ac-
celerator for the hydration of CA cement [7,12,14]. The mechanism
of the acceleration is discussed to be evoked by the formation of
LiAl-DLH (DLH=double layer hydrate), which enables a passivation
layer that is permeable for diffusion and acts as a nucleus for the
precipitation of CAH phases [7]. The influence of Li2COs3 on the first
stiffening is indistinct.

However, the influence of pH within a refractory castable on the on-
set of the final hydration of CA cement, quite after the end of the
dormant period, is deemed to be a neglected aspect.

Aim

The theory of a pH dependant dissolution of the passivation layer on

CA cement particles and how it influences the setting of refractory

castables is under discussion. Therefore, clarification is required on

- the stiffening of refractory castables,

- the duration of the dormant period respectively the start of the
main hydration of CA cement,

- correlation of the pH value during the dormant period with the
duration of the dormant period,

all exemplified on refractory castable containing S-TPP, citric acid

and Li2COs.

METHODS

Investigations of setting kinetics were performed on CA cement
bonded, alumina based refractory castables (table 1). Sodium tripol-
yphosphate (S-TPP), citric acid and Li2CO3 were used as dispersing,
retarding and accelerating system.

Tab. 1: Composition of the refractory castables under investigation.

components function wt.-%
1-3 mm 25
. E 0.5-1 mm + medi . 21
< 0-0.2 mm 12
0-0.045 mm 9
CTC20, Almatis matrix fines 10
RG4000, Almatis reactive alumina 7
Secar 71, Imerys | bonding agent, CA cement 5
sum 100
S-TPP, Budenheim | dispersantiaccelerator ) 50 6 5
phosphate
citric acid dispersant/retarder 0/0.035/0.07
Li>COs accelerator 0-0.01
deionized water 6.5

The refractory castables were mixed in batches of 3.5 kg using a
planetary intensive mixer (kitchen aid professional) for 3.5 min
(0.5 min dry and 3 min wet).

The setting kinetics were followed by sonic velocity measurements
(IP8, ultra test) and pH measurements (atlas scientific) with one-use
electrodes. The measurements were performed for up to 72 h. Char-
acteristic values over time were identified according to the scheme
in figure 1 (stiffening = 1% increase of sonic velocity, duration of
dormant period = end of constant intermediate sonic velocity).
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Fig. 1: Scheme defining stiffening, end/duration of dormant period
and main hydration.

RESULTS & DISCUSSION

Influence of citric acid and S-TPP on first stiffening and CA ce-
ment hydration

The stiffening time of the refractory castables as function of the con-
centration of S-TPP and citric acid is displayed in figure 2. The stiff-
ening time increases significantly with the increase of the concentra-
tion of the citric acid and the decrease of the concentration of the
S-TPP. It is possible to retard the stiffening from 0 min to about
115 min if the concentration of citric acid is increased from 0 to
0.07 wt.-% at a constant and low concentration of S-TPP
(0.05 wt.-%). If the concentration of S-TPP is increased to 0.1 and
0.2 wt.-%, the increase of the stiffening time is reduced to 35 and
10 min, respectively, at a concentration of citric acid of 0.07 wt.-%.
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Fig. 2: Shift of first stiffening of refractory castable as a function of
the concentrations of citric acid and S-TPP.

The retardation of the stiffening time by the increase of the concen-
tration of citric acid is well known and can be explained by the com-
plexation of Ca?" ions with citric acid [1]. At the point in time when
the final portion of citric acid has been consumed, the matrix suspen-
sion of the refractory castable starts to coagulate [13]. This effect
results in the stiffening of the refractory castable. Therefore, an in-
creased concentration of citric acid results in a retarded stiffening of
the refractory castables. Hence, this behaviour should be present for
S-TPP as well, because Ca-phosphate precipitates should be formed
analogue to the complexation of Ca-citrate [2]. This was not found
in the study. However, an increase of the concentration of S-TPP re-
sults in an acceleration of the stiffening.

The change of pH value is exemplified for the refractory castables
with a concentration of S-TPP of 0.1 wt.-% in figure 3. The increase
of the pH value is hampered significantly if the concentration of cit-
ric acid is increased from 0 to 0.07 wt.-%. Such refractory castable
show a rapid increase of the pH value within the first 2 h after mix-
ing. This first increase of the pH value is stronger at lower concen-
trations of citric acid, which corresponds to the acid character of

citric acid and its complexation ability with Ca?* ions. The further
increase of the pH value is hampered as well. While the refractory
castable without citric acid reaches a pH value of about 12.5 after 6 h
and a final pH of 13.3 after 18 h, the pH value of the refractory casta-
bles with citric acid reaches the pH of 12.5 after 6 h as well and of
13.1 after about 66 h (at 0.035 wt.-% of citric acid). At a concentra-
tion of citric acid of 0.07 wt.-%, the pH value was found to be around
of 12 after 72 h (the time when the measurement was stopped).

The end of the dormant period of the refractory castables during set-
ting as function of the concentration of S-TPP and citric acid is dis-
played in figure 4. The duration of the dormant period increases sig-
nificantly with the increase of the concentration of citric acid and the
decrease of the concentration of S-TPP. The beginning of the main
hydration of CA cement is retarded from 9 to > 72 h if the concen-
tration of citric acid is increased from 0 to 0.07 wt.-% at concentra-
tions of S-TPP of 0.05 and 0.1 wt.-%. If the concentration of S-TPP
is increased to 0.2 the retardation effect of citric acid is compensated
drastically to 6 and 10 h, respectively, due to an increase of the con-
centration of citric acid from 0 to 0.07 wt.-%.
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Fig. 3: The pH value of the refractory castables during setting, ex-
emplified at S-TPP of 0.1 wt.-% and citric acid of 0-0.07 wt.-%, pur-
ple arrow indicates slower increase of the pH value by the increase
of the concentration of citric acid.
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Fig. 4: Shift of CA cement hydration of refractory castable as a func-
tion of the concentrations of citric acid and S-TPP.

The results of the sonic velocity measurements (regarding the end of
the dormant period (figure 4)), combined with the pH measurements
of the refractory castables (figure 3), strongly indicate a correlation
between the end of the dormant period and the pH value of the re-
fractory castable up to this point in time.

As long as free citric acid is available in the refractory castables, it
consumes newly dissolved Ca”* ion by complexation and thus ham-
pers the increase of the pH value. The lower pH value results in a
slower dissolution of the passivation layer on CA cement particles
and is the reason for a prolonged dormant period respectively for the
retardation of the CA cement hydration.
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As long as free S-TPP is available in the refractory castables, it con-
sumes newly dissolved Ca®* ions by precipitation of Ca-phosphate.
The bond of Ca”" on the one side hampers the increase of the pH
value. On the other side Na* from the S-TPP remains dissolved in
the pore water of the refractory castable. NaOH is known to be an
accelerator for the hydration of CA cement [12]. Therefore, it is as-
sumed that the remaining Na* increases the pH value leading to an
accelerated dissolution of the passivation layer on CA cement parti-
cles. This effect leads to a reduction of the duration of the dormant
period and an accelerated hydration of the CA cement.

Accordingly, it seems to be consistent that the initial assumption of
a pH dependant solubility is the reason for differing aging times of
the Al-O-H-rich passivation layer on CA cement particles. This ef-
fect corresponds to the differing durations of the dormant period,
prior to the main hydration of these castables. These findings support
the model of Kasper made on PCE partly with citric acid dispersing
systems [10,11].

Influence of Li2COs on first stiffening and CA cement hydration
Li2CO3 was added in increasing concentrations to determine the ac-
celerating effect of Li2COs3 on the stiffening and the end of the
dormant period of the refractory castables. Therefore, a combination
of citric acid and S-TPP with a prolonged stiffening time, to achieve
a comfortable time to mould a refractory structure and an unsatisfac-
tory longsome duration of the dormant period, was chosen as the ba-
sis for the experiments (0.05 wt.-% of S-TPP and 0.07 wt.-% of citric
acid).

The influence of the concentration of Li2CO3 on the stiffening and
the end of the dormant period is shown in figure 5. The lowest addi-
tion of 0.00125 wt.% leads to an acceleration of the stiffening from
about 115 min with no Li2CO3 to about 80 min. Further additions of
Li2COs, up to a concentration of 0.01 wt.-%, does not influence the
stiffening time anymore. The duration of the dormant period is, how-
ever, reduced significantly with the increasing concentration of
Li2COs. The increase of the concentration of Li2CO3; from 0 to
0.0025 wt.-% results in a reduction of the duration of the dormant
period from about 90 h to 13.5 h. The further increase of the concen-
tration of Li2CO3 up to 0.01 wt.-% results in a further distinct de-
crease of the duration of the dormant period to 5 h.
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Fig. 5: Shift of stiffening and CA cement hydration of refractory
castable as a function of the concentration of Li2COs at 0.05 wt.-%
S-TPP and 0.07 wt.-% citric acid.

The corresponding pH values with 0.05 wt.-% of S-TPP and
0.07 wt.-% citric acid, while the concentration of Li2COj3 increases,
is displayed in figure 6. The pH value of the refractory castables
without Li2COj increases to about 12.5 within the first 6 h. After-
wards the further increase of the pH slows down and pH reaches
about 12.8 at 72 h. The addition of every concentration of Li2COs
leads to a very fast increase of the pH value to > 13 within 2 h after
mixing. At the end of the dormant period every refractory castable
has reached a pH value of about 13.5 and during the main hydration
the pH is at 14 (end of measurement scale, see discussion in the next
section). The time when the pH value in the refractory castables
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reaches 14 is accelerated from 30 h at 0.00125 wt.-% Li2CO3 to 6 h
at 0.01 wt.-% Li2COs. The time of reaching pH 14 corresponds to the
main hydration of the CA cement within the refractory castables.
The strong early increase of the pH during the dormant period by the
addition of Li2COs leads to a reduction of its duration. This implies
that the solubility and the rate of solution of the passivation layer is
increased by an increased pH value. However, the reason for the in-
creased pH value results from the presence of Li* ions. The exact
mechanism remains unclear, since the concentration of Li2COj3 is too
low to affect this pH increase in this drastic way. However, a possible
explanation is the formation of a LiAl-DLH [7]. LiAl-DLH is per-
meable to the diffusion of Ca?" and enables a faster increase of the
pH value by Ca?" [7] and thereby accelerating the dissolution of the
passivation layer of CA cement. This effect shortens the duration of
the dormant period drastically and the following hydration of CA
cement is accelerated significantly.

14

11 0,05 wt.-% S-TPP, 0,07 wt.-% citric acid
+0,00125 wt.-% Li2CO3
+0,00250 wt-% Li2CO3

— +0,00500 wt-% Li2CO3

— +0,01000 wt-% Li2CO3
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time /h

Fig. 6. The pH value of refractory castables during setting as a func-
tion of the concentration of Li2CO3, exemplified at 0.05 wt.-% S-TPP
and 0.07 wt.-% citric acid, purple arrow indicates accelerated in-
crease of the pH value by the increase of the concentration of
Li>CO:s.

Resilience of the pH measurements? A short consideration.

The use of relatively cheap one-use electrodes conducting the pH
measurements may lead to measurement errors. Therefore, an un-
known measurement error will be present. The applied calibration
procedure will reduce this measurement error to a minimum. There-
fore, the measured pH values of the refractory castables during set-
ting are distinctive for different compositions. The maximum pH, the
intermediate pH and the time dependent progression of the pH value
is characteristic between different measurements.

Nevertheless, it is not clear if the pH value of the refractory castables
really reaches 14 in some cases, but it is obvious that there are dis-
tinct pH differences between different concentrations of S-TTP, cit-
ric acid and Li2CO:s.

SUMMARY

Studying the stiffening and the end of the dormant period of refrac-

tory castables containing citric acid, S-TPP and partially Li2COs, the

following conclusions were reached:

- citric acid: The retarded stiffening when introducing citric acid
results from a complexation reaction of citric acid with Ca?".
When citric acid is being consumed, the rheological system is col-
lapsing. In parallel, citric acid hampers the increase of pH, which
results in a low solubility/low rate of solution of the AI-O-H pas-
sivation layer on CA cement particles and causes a prolonged du-
ration of the dormant period. Thereby, the main hydration of CA
cement is retarded significantly. In summary, citric acid is a
strong retarder related to the stiffening and the main hydration.
While a retarded stiffing is often desired, the strongly retarded
hydration of CA cement is a significant drawback, which makes
it necessary to combine citric acid with accelerating additives.

- S-TPP: The nature of the accelerated stiffening when increasing
the concentration of S-TPP remains unclear. At first, Ca®" is
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bonded to TPP molecules and Na* remains dissolved in the pore
solution. This might be a reason why the solubility/rate of solu-
tion of the Al-O-H passivation layer increases and the dormant
period is shortened at an increased pH level.

S-TPP is a moderate accelerator regarding the first stiffening and
the hydration of CA cement. Especially between a concentration
of 0.1 and 0.2 wt.-% S-TPP, the acceleration effect of the hydra-
tion of CA cement is distinctive. The desired effect of the accel-
eration of the CA cement hydration is accompanied by the accel-
eration of stiffening. Therefore, it is only possible to use S-TPP
in a specific range.

- Li2COs: Only the first little addition (0.00125 wt.-% Li>CO3) ac-
celerated the stiffening of refractory castables. This indicates that
neither Li* nor CO3* influence the stiffening in a dominant man-
ner. In contrast, the solubility of the Al-O-H passivation layer is
increased significantly at a quite high pH level, which results in a
significant acceleration of the CA cement hydration (reduced du-
ration of the dormant period). Therefore, Li2COs is considered as
a quite good accelerating additive. It is possible to manipulate the
period of the CA cement hydration and the duration of the
dormant period by adding different amounts of Li2CO3, without
generating a major influence on the stiffening behaviour of the
refractory castable.

Using citric acid, S-TPP and Li2CO3, it is possible to realize a spe-
cific stiffening time of the refractory castables and a specific hydra-
tion time of the CA cement. Technically speaking, this is only valid
for the applied concentration of CA cement. However, the general
mechanisms should be transferable to other CA cements and their
concentrations in refractory castables.

The presented pH value measurements clearly indicate that the pH
value during the dormant period plays an important role for the aging
of the passivation layer on CA cement particles. These results em-
phasize the pH dependence of the duration of the dormant period by
a hampered dissolution of the Al-O-H passivation layer on CA ce-
ment particles at a low (but still alkaline) pH value and an accelera-
tion of the dissolution at a quite high pH value. Therefore, the as-
sumption made by Kasper et al. was verified [10,11].
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