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Abstract

The formation conditions, crystallographic properties, and stability of C;A - Ca(C4sHsSOs), - nH,O at different temperatures and rela-
tive humidities were studied using X-ray powder diffraction, thermal and optical methods, and infrared spectroscopy. Further investiga-
tions in the system C;A - Ca(C¢HsSOj), - nH,O-C;A - Ca(OH), - nH,O at 23°C at 100 and 35% relative humidity were made. No solid so-
lutions series C3A - (1-x)Ca(C¢HsSO5),xCa(OH), - nH,0 0 < x < 1 were formed, either at 100 or 35% relative humidity. The lattice
parameter of C;A - Ca(C¢HsSO3), - 12H,0 at 35 and 100% were refined using least squares refinement with a, = 0.5780 = 0.0001 nm and
¢y = 1.5784 = 0.0006 nm at 100% relative humidity and a, = 0.5763 = 0.0001 nm and ¢, = 1.5752 = 0.0002 nm at 35% relative

humidity. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In cement chemistry, AFm phases such as C;A - CaCl, -
10H,0 and C;A - CaS0O, - 12H,0 [1-3] play an important
role as hydration products of C;A and C,AF. The basic
structure of AFm phasesis made of sequences [Ca,Al(OH)g]*
(mainlayer) and [X - nH,O]~ (interlayer) perpendicular c,.
Calciumionsare sited in the octahedral cavities of the hexag-
ond Al(OH)g network [3]. Dueto an additional coordination of
an oxygen atom and awater molecule of the interlayer, the co-
ordination number of the calcium atoms is seven [3,4]. In the
interlayer, single or double charged anions of organic [5-7] or
inorganic origin can be fixed.

CsA - Ca(CgH5S03), - NH,0 was synthesised to study the
influence of benzenesulfonic acid on the course of hydration
of ordinary Portland cement and thein situ fixation of benzene-
sulfonic acid ionsin the interlayer of lamellar AFm phases.

Therefore, investigations on the formation conditions and
the stability concerning temperature and relative humidity of
calcium aluminate benzenesulfonate hydrates were realised.
Furthermore, the incorporation of large ions in relation to
structural possibilities was determined in order to get results
of the phase relations of lamellar cal ciumaluminatehydrates

* Corresponding author. Tel.: +49-0345-55-26-110; fax: +49-0345-55-
27-780.
E-mail address; STOEBER@GEOL OGIE.UNI-HALLE.DE (S. Stéber)

with organic ions. Theinvestigations on the pure phase C;A -
Ca(CgH5S05), - nH,O can be used as a research model for
further AFm phases containing sulfonic acid anions.

2. Methods

The preparation of C;A - Ca(CgHsSOs3), - nH,O was
done using different raw materials of reagent grade quality.
Fresh CaO was prepared by burning pure CaCO; at 1000°C
for 3 h. CaO - Al,O; was prepared by burning molar
amounts of CaO and y-Al,O; at 1350°C for 2 days. 3Ca0 -
Al,O; was burnt at 1400°C for 3 days with grinding in be-
tween. The calcium salt of the benzenesulfonic acid was
prepared by addition of CaCO; to a benzenesulfonic acid
solution and further evaporation at 40°C.

Pure phases of lamellar calcium auminate benzene-
sulfonate hydrate were synthesised in three different ways.
To investigate the stability of C;A - Ca(CzH5S05), - nH,O
under extent of 2 mole Ca(C¢H5SO5),, the following reac-
tion mixture was prepared as shown in Eq. (1)

CA +2Ca0 + 3Ca(C4H5S0,), [(H,0 + nH,O
~ C4A [Ta(C¢HgS05), [hH,0
+2Ca(OH), + C4HgSO,~ @)
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Reaction mixtures for investigations in the system C,A -
Ca(C4HsS0O5), - NH,O-C5A - Ca(OH), - nH,O were prepared
stochiometrically with C;A - (1-x)Ca(CgH5S05),xCa(OH), -
nH,OO0<n<1linsepsof n= 0.1

The whole synthesis of the lamellar calciumauminate-
benzenesulfonatehydrate was performed under a CO,-free
atmosphere. A glove box with continuous circulation of N,
was used to avoid carbonation that would cause the crystal-
lisation of C;A - 0.5Ca(OH), - 0.5CaCO; - 11,5H,0 or CAA -
CaCO; - 11,5H,0. The homogenised raw materials were
placed in sealed polyethylene bottles and mixed with awa-
ter/solid ratio of 10 using CO,-free water. The pastes were
shaken continuously for 4 months to improve the formation
of C;A - Ca(CgHsS03), - NH,0. The bottles were stored in a
box filled with hydro-lime to prevent diffusion of atmo-
spheric CO, into the bottles. The reaction temperature was
kept constant at 23°C.

2.2. Investigation methods
Reactions 1 to 3 are shown in Egs. (2), (3), and (4):

CA +2Ca0 + Ca(C4H:SO5), -

H,O+nH,0O
nH,O ()]

CA +3Ca0 + 2C¢H¢SO,H + nH,0
- C4A - Ca(CgH5S0,), - NH,O ®)

C3A + Ca(CgH5S0;), + nH,0

- C3A - Ca(CtzHsS0O5), - NH,O 4
The precipitates of these reactions were filtered in a glove
box and immediately investigated by X-ray powder diffrac-
tion. Si (99.999%) was used as an internal standard mate-
rial. X-ray patterns of wet pastes were obtained at 100% rel-
ative humidity (rh) on a Siemens D5000 diffractometer with a
special humidity camera of Paar Austria. Nitrogen at 100%
rh was pumped through the climate camera to guarantee ho-
mogenous moist and CO,-free conditions during the mea-
surements. The samples were dried for further X-ray inves-
tigations in a box under circulating CO,-free air at a rh of
35% using saturated CaCl, solution.

Scanning electron microscopy (SEM) techniques were
used to get informations on particle size, habitus, and sur-
face properties of C;A - Ca(CgHsSO5), - nH,O crystals
formed in reactions 1 to 3. Semiquantitative analysis were
performed using the electron diffraction X-ray analysis
(EDX) system. Chemical analysis was carried out using
atomic absorption spectroscopy (AAS) to determine the
Ca0 and Al,O5 concentrations. C and S amounts were anal-
ysed quantitatively by direct element analysis. The amount of
water was determined by Karl-Fischer method and thermal
anaysis. The bonding energy of water molecules, stability
ranges of different hydration stages of C;A - Ca(CgHsS0O5), -
nH,O, and thermal stability of the benzenesulfonic ion were
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Fig. 1. SEM image of C,A + Ca(CgHsSOy), * 12H,0.
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Tablel

Metric parameters of C;A - Ca(CgH5S03), - nH,0 at 100% rh

3, (Nm) Co (NM) v (%)
0.5780 + 0.0001 1.5784 * 0.0006 120
Table2

Chemical analysis of C;A - Ca(CgHsSO5), - 12H,0 at 35% rh

Compounds Measured weight (%) Theoretical weight (%)
Ca0 26.8 26.1

Al,O, 118 119

(CeHsS057) 36.5 36.7

H,O 25.6 253

Tota 100.7 100

Table 3

Metric parameters of C;A - Ca(CgH5S05), - 12H,0 at 35% rh

3, (Nm) Co (NM) v (%)

0.5780 = 0.0001 1.5784 *+ 0.0006 120

carried out by thermal analysis. Infrared (IR) spectroscopy
was used to determine benzenesulfonic acid ions on the ba-
sis of the different IR vibrations of the SO;H and CgHg
group. IR spectroscopy is aso used to control CO, exclu-
sion because minor contamination can be detected.

3. Results

After the reaction time of 4 months at a measured pH
value of 12 to 13, the precipitates were investigated imme-
diately by X-ray powder diffraction at 100% rh. The lamel-
lar phase C;A - Ca(CgHsS05), - nH,0 crystallised even un-
der excess of extra 2 mole Ca(CzHsSO5),. No ettringite-like
phase could be detected by X-ray diffraction methods. Due
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Fig. 2. DSC of C,A * Ca(CH5S05), * 12H,0 at 35% rh.
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Fig. 3. Thermad analysis TG/DTG of C,A + Ca(CgH5S0y), *+ 12H,0 at 35% rh.

to the typical platy hexagonal habit (Fig. 1), a preferred ori-
entation of the crystals in the sample holder occurred.
Therefore the intensities of (00l) reflections in powder pat-
terns are extremely high. The hexagonal unit cell with the
dimensions a, and ¢, (Table 1) contains one layer with the
composition of [Ca,Al(OH)g] " - [CsHsSO; - NH,0] .

The reflections were indexed and refined on the basis of
ahexagonal cell with the following specifications: after dry-
ing C;A - Ca(CgHsS05), - nH,0 to 35% rh over a saturated
CaCl, solution, the composition C;A - Ca(CzHsSOs), -
12H,0 (Table 2) was calculated on the basis of the chemical
analysis. The metric parameters refined on the basis of re-
flections of powder patterns measured at 35% rh show a
small decrease of 0.004 nmin ¢, (Table 3).

Using thermal analysis and Karl-Fischer methods, lower
hydrates were determined at higher temperatures. Two
overlapping endothermic processes with an onset tempera-
ture at 45 and 80°C were determined using differential scan-
ning calorimetry (DSC) (Fig. 2). According to the weight
loss curve (Fig. 3), two steps were detected (Table 4). The
first step at 45°C is due to the loss of six molecules or H,O
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Fig. 4. Decrease of the interlayer dimension ¢’ of C;A - Ca(CgHsSO53), -
12H,0 at 35% rh with increasing temperature.
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Table4
Dehydration of C;A - Ca(CgH5S03), - 12H,0 at 35% rh

Weight loss (%)
Temperature (°C) N, atmosphere  H,O (mole)

[(CeHsSOy), - 6H,012~ RT 0 12

45 11.7 6
[CayAl(OH)gJ2* 200 20.6 3
Table5

Development of the layer thickness ¢’ of C;A - Ca(CgH5S05), - 12H,0 at
different temperatures

Chemical composition

Temperature (°C)  H,O ¢’ (nm) = dqy  Of theinterlayer

25 6 1575 [(CeHsSOy), - 6H,01%
40 0 1.558 [(CeHsS03), - OH,012~
~80 0 <1.358 X-ray amorphous

of the interlayer [(CgHsSO5), - 6H,0]? at 35% rh. The sec-
ond step at 200°C describes the release of three molecules of
structurally necessary H,O of the mainlayer [Ca,Al(OH)4]%".
Further dehydration reactions of the mainlayer could not be
determined because of the destruction of the organic com-
pound. In combination with high temperature X-ray diffrac-
tion (XRD) (Fig. 4) the layer distances ¢’ (Table 5) de-
creases with increasing temperatures and the layer distance
¢’ reduces to 1.558 nm.

The fixation of benzenesulfonic ions can be detected
qualitatively using IR spectroscopy (Fig. 5, Table 6). C-C
single (690 cm™1) and double bondings (1630-1620, 1480,
and 1450 cm™?) of the aromatic ring system and the S-O
bondings (1200-1170 cm~* and 1125 cm™1) of the sulfonate
group indicate the fixation of the organic anion in the inter-
layer of the salt structure. Carbonation effects [8] could not
be detected. Further absorption lines [see Egs. (2) through

Transmission [%]
¥ 8 5 g 3
— 1 .
T
P
1

0k
| IR |

IS T T T T N AR SN NN T SO T S T S '
4000 3500 3000 2500 L. 1500 1000 500
Wavenumber [cm™]

Fig. 5. IR spectraof C;A * Ca(CgHsSOs), * 12H,0 at 35% rh.

Table 6
IR freguencies of C;A - Ca(CzH5S05), - 12H,0
Wave number (cm™?) Vibration type
3650 OH vibration of the mainlayer
3560 v1(H,0)
3460 v4(H,0)
3050 v (C-H)
1630-1620 v (C=C) and v, (H,0)
1485 v (C=C)
1450 v (C=C)
1310 v (5=0)?
1200-1170 Sulfonicion
1125 v (S=0)
1065, 1045 3 (C-H) and v (SO5)
1020, 1000, 850840 3 (C-H)
755 3 (C-H)
690 3 (C-C)
670 v (C-9)
635 Sulfonicion
560 Al-O vibrations
550 Metal-OH vibrations
425, 300-310 Ca-O vibrations

(4)] in the region of 3600 cm™? indicate water molecules
fixed in the interlayer of C;A - Ca(C¢HsSO,), - 12H,0 at
35% rh and OH vibration of the mainlayer. At lower wave
numbers the absorption lines of Al-O and Ca-O bondings
arevisible.

In the system C,A - Ca(C¢HsSOj3), - nH,O-C,A -
Ca(OH), - nH,0 (Fig. 6), the stable phases under equilib-
rium are C;A - Ca(CzHsS05), - nH,0 and C;A - Ca(OH), -
18H,0 and under 35% rh are C;A - Ca(OH), - 12H,0 and
C;A - Ca(OH), - 12H,0. No intermediate phase or solid so-
Iutions were formed at either 100 or 35% rh. The amount of
lamellar phases formed under equal conditions depends on
the mixtures C;A - (1-X)Ca(CgH5SO4),xCa(OH), - nH,O 0 <
n < 1. Amorphous gel phases were possibly formed at ben-
zenesulfonic acid ion concentrations higher than 70 mole%

1,65
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£.1,60 C,A-Ca(CH,S0O,),nH,O
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g ] e —
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© >
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B C,A-Ca(OH),18H,0
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C,A-Ca(OH),18H,0 mole-% C,ACa(CH.S0,),-nH,0
Fig. 6. Layer distance c’ in the system C;A + Ca(C4H5S03), * 18H,0-CsA -

Ca(OH), * nH,O at 100% rh.
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nH,O at 100% rh [5].

4. Discussion

It could be proved that benzenesulfonic acid anions can
be fixed in the interlayer of lamellar calciumaluminatehy-
drate. Neither solid solution series nor intermediate phases
were formed in the system C;A - Ca(CzH;SOs), - nH,O-
C;A - Ca(OH), - nH,0 at 100 and 35% rh. [Ca,AlI(OH)g] * -
[CeHsSO; - nH,O]~ and [Ca,Al(OH)g] ™ - [OH - nH,Q]~
were the only hydration products. Higher CzHs;SO;~ con-
centrations led to the formation of gel structures. No phases
with ettringite-like structures crystallised. The metric pa-
rameters of the unit cell of calciumbenzenesulfonatehydrate
were refined by least squares methods of X-ray patterns
taken at 100 and 35% rh with layer distances at 1.5784 +
0.0006 and 1.5752 + 0.0002 nm, respectively. The hydrates
at 100 and 35% rh crystallise hexagonally.
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