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Abstract

Volumetric, gravimetric, calorimetric, flow methods, mercury porosimetry and laser granulometry were used to investigate the surface

structure and the sorption behavior of industrial cements and hydrated cement paste. The suitability of the measuring methods is assessed.

D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

To control the production of cement and to predetermine

the features of concrete, it is necessary to know the micro-

structure of cement as characterized by the grain size dis-

tribution and the specific surface area. For concrete and

cement stone, characterizing parameters are the specific sur-

face area and the pore size distribution [1]. Commonly, the

specific surface area is measured by means of flow methods

with air, mostly Blaine test and by nitrogen sorption at 77 K.

Today, methods of particle size measurement are preferred in

which the particles are conveyed individually by gas or liquid

flow through a slit. There, the particles are counted and the

diameter determined optically or by electrical sensing,

respectively. The pore size distribution is derived from the

nitrogen isotherm (meso- and micropores) and from mercury

intrusion measurements (meso- and macropores). Through

the water sorption isotherm, it is possible to observe the

reaction of the sample material with water. Recently, thermo-

porometry was applied to determine the pore size distribution

in the mesopore range as a function of the hardening process

of cement stone [2,3]. The present paper deals with the

comparison of different measurement methods in order to

evaluate their suitability for the microstructure analysis of

cement and hardened cement paste.

2. Materials and instrumentation

We investigated samples of typical cements (Tables 1

and 2) supplied from Dyckerhoff, and we compared them

with results published by Willems [4] using samples of
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Table 1

Cement characteristics

Product Type Manufacturer

Density

(g cm� 3)

Volume median

diameter (mm)

White Portland Dyckerhoff 3.10 13.6

PZ double Portland Dyckerhoff 3.10 11.4

PZ triple Portland Dyckerhoff 3.10 7.9

EPZ normal Iron

Portland

Dyckerhoff 3.04 15.8

Aquadur Blast

furnace

Dyckerhoff 3.00 12.1

PC Portland ENCI 3.13 13.0

PBC Blast

furnace

CEMIJ 2.97 11.3
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ENCI and CEMIJ. Measurements were performed with the

original cement powder and with samples mixed with a

surplus of water and subsequently dried in air at 22–25 �C
and 30% relative humidity for 24 h. The resulting cement

stone can be easily crushed to give a powder. Hydrated

cement paste is a heterogeneous material consisting of many

different hydrated products. In its dried state, it exhibits a

layered gel structure with water between the layers [5].

The grain size distribution of cement powder was deter-

mined with a laser granulometer (Sympatec HELOS VEC-

TRA) and the specific surface area with a WASAG

automatic Blaine test apparatus. Nitrogen sorption isotherms

at 77 K were measured with a volumetric apparatus (Quan-

tachrome AUTOSORB 6 B). From the isotherm and by

means of mercury porosimetry (THERMO Finnigan PAS-

CAL 140/440), pore size distributions were calculated. All

measurements fitted the standard rules of ISO, ASTM or

DIN [6].

Water sorption isotherms were measured gravimetri-

cally with a stepwise varied relative humidity (Surface

Measurement Systems DVS1). The sample placed in the

pan of a symmetric Cahn balance is exposed to a con-

tinuous flow of air of controlled humidity, to achieve

quickly equilibrium. Thermoporometry [7,8] was per-

formed using a differential scanning calorimeter (Mettler-

Toledo DSC 821).

3. Results and discussion

The results of surface area and pore volume determina-

tion are summarized in Table 3. Sgrain denotes the surface

area calculated from laser granulometry; SBlaine from the

Blaine test [9]. The different measuring principles cause

systematic differences in the results: Sgrain was always found

to be larger by a factor of 1.3. Prior to the measurement of

the nitrogen isotherm, the samples were degassed for 12 h in

high vacuum (2� 10� 2 Pa) at a temperature of 150 �C.
SBET and SBJH were calculated from the nitrogen isotherm

using the two-parameter equation of Brunauer et al. [10] and

the method of Barrett et al. [11], respectively. The latter was

applied to both the adsorption and desorption branch of the

isotherm. The larger surface which was always detected by

the sorption methods included the inner surface of the open

pores, whereas SBlaine and Sgrain reflects only the outer

particle surface. The nitrogen isotherms of all samples

Table 2

Addresses of the manufacturers

Cahn Instrument, 5225 Verona Road, Bldg. 1, Madison,

WI 53711-4495, USA

THERMO Finnigan, ThermoQuest Italia S.P.A., Str. Rivoltana,

I-20090 Rodano, Milano, Italy

CEMIJ-ENCI Maastricht, Postbus 1, NL-6200 AA Maastricht,

The Netherlands

Dyckerhoff, Biebricher Straße 69, D-65203 Wiesbaden, Germany

ENCI Ymmiden, Postbus 4262, NL-1970 AL Ymmiden, The Netherlands

Mettler-Toledo, CH-8606 Greifensee, Switzerland

Quantachrome, 5 Aerial Way, Syosset, NY 11791-9011, USA

Sympatec, Burgstädter Straße 6, D-38678 Clausthal-Zellerfeld, Germany

WASAGCHEMIE Sythen, Werkstraße 111, D-45721 Haltern, Germany

Surface Measurement Systems, 3 Warple Mews, Warple Way, London,

W3 ORF, UK

Table 3

Specific surface area and pore volume from the nitrogen isotherm of cement and (h) hydrated and dried cement paste

Sample

Sgrain
(m2 g� 1)

SBlaine
(m2 g� 1)

SBET
(m2 g� 1)

SBJH
(ads. m2 g� 1)

SBJH
(des. m2 g� 1)

SH20
(m2 g� 1)

VBJH

(ads. mm3 g� 1)

VBJH

(des. mm3 g� 1)

VG

(mm3 g� 1)

VDR

(mm3 g� 1)

White 0.47 0.36 1.42 1.80 2.32 9.02 9.22 8.88 0.59

Whiteh 3.55 4.13 5.36 5.8 26.54 27.17 26.33 1.46

PZ double 0.48 0.36 1.07 1.22 1.82 7.00 7.49 6.81 0.47

PZ doubleh 1.09 1.59 2.63 8.58 8.92 8.54 0.46

PZ triple 0.67 0.53 1.54 1.85 3.17 12.93 13.38 12.81 0.64

PZ tripleh 3.80 4.02 5.27 27.89 28.43 27.85 1.59

EPZ normal 0.39 0.30 0.37 0.48 0.84 2.94 3.06 2.90 0.15

EPZ normalh 2.76 2.96 4.34 8.4 22.00 22.79 21.97 1.21

Aquadur 0.45 0.36 1.22 1.58 2.47 7.40 7.92 7.27 0.52

Aquadurh 2.20 2.56 3.41 13.23 13.50 13.11 0.92

PC 0.42 1.71 1.90 3.02 10.9 13.02 13.92 13.01 0.98

PBC 0.30 1.05 1.31 2.03 11.6 6.23 6.80 6.70 0.49

Fig. 1. Nitrogen sorption isotherm at 77 K on hydrated Portland cement

Dyckerhoff white.
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correspond to type II isotherm of the IUPAC classification

[12], Fig. 1 demonstrates an example. The small hysteresis

loop of the isotherm is due to the sum of mesopores within

the particles and interparticulate voids. From the isotherms,

the cumulative mesopore volume VBJH and the Gurwitsch-

volume VG [13] were calculated. The pore size distributions

reveal a mesopore structure with diameters in the range 1–2

nm. A part of the total pore volume was due to micropores

VDR, derived by the method of Dubinin and Radushkevich

[14]. After hydration of the cement, the specific surface area

and the pore volume increased as a result of the layer

structure developed. The pore size distribution obtained by

mercury porosimetry exhibited a broad pore spectrum in the

range 0.1–50 mm for all samples which is attributed to

interparticulate voids.

The water vapor adsorption proceeds slowly so that

equilibrium could not be established within a reasonable

time (Fig. 2). Due to the swelling process, all isotherms

exhibit a very large hysteresis loop, going down to zero

relative pressure (Fig. 3).

This may be explained as follows: The dried hydrated

cement paste has a layered gel structure with interlayers of

water. At low relative water vapor pressure first, the outer

surface of the gel and the walls of the free pores are wetted.

Near saturation pressure the water is able to penetrate into

the layered gel structure, which is demonstrated by the

steep increase of the isotherm at about 90% relative

humidity. Upon decreasing water vapor pressure first, the

multilayers at the outer surface are reduced, the free pores

are emptied successively and, finally, at very low relative

pressure, the water between the layers dries out, leaving

behind the initial gel structure with interlayer water. Will-

ems [4] proved that, at each stage, an equilibrium can be

adjusted. The time needed, however, can cover days and

weeks. The values of the specific surface area SH2O in Table

3 are calculated by means of the two-parameter BET

equation. Our values are less correct, because equilibrium

was not reached. The pore size distributions indicate

frequent pore diameters below 2 nm.

For most samples, only one broad peak corresponding to

the freezing of bulk water was observed by thermoporome-

try. This peak is distorted towards higher temperature

because melting of the big water mass surrounding the

sample is time consuming, and the x-axis indeed is a

time-axis. An example in which a second peak could be

detected is shown in Fig. 4. This peak is near the upper

detection limit of � 1 �C, corresponding to a pore width

> 100 nm. Since that peak is overlapped for the most part by

the bulk water peak, the calculation of a pore volume and a

pore size distribution seems to be unsuitable.

4. Conclusions

The specific surface area is a central value to characterize

the microstructure of cement and hardened cement paste,

and in principle all the discussed methods are allowing for

its determination. It is, however, an integral value and much

more information can be obtained from both the particle size

distribution and from the pore size distribution.

The values of specific surface area recorded in Table 3

depend strongly on the measuring method. Values from the

Blaine-test describe the outer surface of the cement grains.

Apart from a systematic deviation due to the different

measuring principles, they give the same information as

those derived from the grain size distribution.Fig. 3. Water sorption isotherm at 25 �C on hydrated Dyckerhoff white.

Fig. 4. Thermoporometric curve on hydrated Portland cement double.

Fig. 2. Stepwise measurement of water adsorption and desorption at 25 �C
on hydrated Dyckerhoff white.
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For processing cement powder with water, the surface

area and the pore volume accessible for water are relevant

parameters. Commonly, the parameters are calculated from

the nitrogen isotherm at 77 K. Also, cement paste may be

characterized in this way. Unfortunately, prior to the mea-

surement, it is necessary to outgas the sample in vacuum at

elevated temperature. Hereby, the stronger bound water

between the layers of the gel is removed and additional

pores may be opened up. Also, cooling down to the

measurement temperature of 77 K may affect the porous

structure. The isotherms are evaluated in various ways on

the basis of different models (BET, BJH and Gurwitsch). As

can be seen in Table 3, the results differ systematically. On

account of the lack of quantitative theories, the measure-

ments should be performed according to the standardization

rules so that the results can be used as comparative figures.

It should be kept in mind that the water molecule is smaller

than nitrogen, and thus the accessible surface and pore

volume indeed are larger.

Water sorption isotherms allow for the observation of

hydration, development of the gel structure and its drying.

Since the measurements are time consuming and equili-

brium values are uncertain, extrapolation by analysis of the

kinetic curves should be applied [15]. When curtailing the

measuring time by such an extrapolation method the adsorp-

tion branch of the water isotherm could well be used to

determine the specific surface area and the pore size

distribution [16]. This would be very favorable, because in

this way just the surface and pores accessible for the reactant

water could be determined. A source of error is swelling

processes with water.

Mercury porosimetry is widely used in the investigation

of cement products [17–19]. We found pores in the high

meso- and the macropore range, which we attribute to

interparticulate voids. To detect pores below 2 nm, much

higher pressures are required and that is beyond the range of

commercial instruments.

In the present measurements, the restricted range of

thermoporometry became obvious. In accordance with the

results of mercury porosimetry with thermoporometry, we

found pores above 0.1 mm, which is the upper practical limit

of the method. Pores with diameter below 2 nm are revealed

from the nitrogen and the water sorption isotherms; this is

below the lower detection limit of thermoporometry. Ther-

moporometry may be useful for characterizing concrete and

possibly cement stone after an extended hardening process

[20]. Recent reports [2,3] are not detailed enough to judge

this and additional investigations are necessary.
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