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A B S T R A C T   

In order to understand the rheological properties of cementitious suspensions at early stages, among other 
phases, the formation of ettringite and its time-dependent influence, whether by amount or morphology, has to 
be examined in detail using a suitable method to stop the hydration process. It is state-of-the-art to exchange 
water with isopropanol, however, the water initially remains in the system possibly leading to reduced time 
resolution. Our group raised the question if freeze-drying or the combination of the water-isopropanol exchange 
with subsequent freeze-drying might be a suitable technique to achieve an almost complete hydration stop at any 
time. Recently, it was shown under which circumstances low-pressure characterization techniques can be 
employed without destroying the samples due to loss of crystal bound water. Here, by implementing these recent 
results, we show under which circumstances freeze-drying indeed can be employed as fast hydration stop 
method.   

1. Introduction 

In the early stages of the hydration of Portland cement, small needle- 
shaped crystals of ettringite are formed on the surface of cement parti-
cles, which have a noticeably impact on the suspension's rheological 
properties [1–7]. For a time-variant quantitative assessment of the in-
fluence of ettringite on the rheological properties, it is essential to gain 
knowledge about the amount of ettringite and its morphology at specific 
points of time during the early stage of hydration. This in turn requires a 
suitable method to stop the hydration process of cementitious suspen-
sions at any possible time. In previous works by Wyrzykowski et al. [8] 
and Flatt et al. [9] it was stated that the reduction of relative humidity to 
80% is sufficient to stop the hydration process. Here, Wyrzykowski et al. 
[8] showed that the hydration stop occurs under normal conditions and 
below a relative humidity of 80%, which takes several days (up to 10 
days). The work of Flatt et al. [9] demonstrates a theoretical study of the 
kinetics of heat release by C3S (alite) hydration and the evolution of 
ionic concentration in solution. In it, hydration stop under 80% relative 
humidity after a period of 90days are shown. Here, below 80% relative 

humidity, the hydration stops due to negative pressure within the 
capillary system of the porous structure. Since our work focuses on a 
different time scale (up to 90 min) and the early stages of hydration, 
where no porous system is formed, the distinct decrease of the water 
content seemed to be the most reproducible way to stop the hydration. 
To achieve a hydration stop, it is state-of-the-art to exchange the water 
matrix with an organic solvent, mostly isopropanol (iPrOH) [10,11]. In 
some studies it was shown that it is difficult to extract the iPrOH 
completely from the hydration stopped sample after the solvent ex-
change [12–16] Alternatively, a suitable technique might be based on 
freezing with liquid nitrogen (LN2) with subsequent freeze-drying [10]. 
Both methods possess specific advantages as well as disadvantages. The 
iPrOH-H2O-exchange preserves the pore structure [17–19] but the sur-
face of the hydrated cement is morphed, carbonate-like phases are likely 
to form already after an exchange time of several minutes [10,16,20], 
and certain hydration products are damaged [10,11,17–19,21]. The 
latter is due to the mechanical mixing process of the solvent exchange 
leading to a perturbation of the cement matrix and dehydration of 
ettringite [10,18,19,22]. In contrast, by submerging the cementitious 
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suspension in LN2 no perturbation and thus no damage to the micro-
structure occurs [23–25]. It was also shown that the combination of both 
aforementioned techniques, meaning a gradual hydration stop by 
iPrOH-H2O-exchange combined with subsequent freeze-drying, has the 
great potential to complement their distinct advantages, having a 
hydration-stopped sample whose cement matrix remained undisturbed 
and being completely dry [26]. Nevertheless, low pressure treatment is 
suspected to diminish the early stage hydration product ettringite 
[10,11,27–31] which is generated within the first 90 min of hydration of 
cement (Table S1) [7]. Based on our recent results [32] about the in-
fluence of low pressure on the crystal structure, morphology, and 
chemical composition of ettringite, freeze-drying as a potential hydra-
tion stop technique is further developed and optimized regarding 
duration and level of low-pressure treatment. Hence, all steps imple-
menting vacuum or low pressure treatment were performed under 
conditions that are non-invasive to ettringite's morphological and 
compositional stability. 

Therefore, in this work, we report on the influence of three different 
hydration stop techniques on cement and its hydration product ettrin-
gite to find both, the most non-invasive and complete, as well as the 
fastest hydration stop technique. Fig. 1 illustrates the synthesis route of 
the three hydration stop techniques: (1) solvent exchange with iPrOH 
(Iso), (2) freezing with LN2 and subsequent freeze-drying (FD), and (3) 
gradual solvent exchange with iPrOH, freezing with LN2 and subsequent 
freeze-drying (IFD). To assess changes in the crystal structures induced 
by these three hydration stop techniques X-ray diffraction analysis 
(XRD) was performed. The change in the chemical decomposition 
behaviour, as well as the bound water content, were evaluated by 
thermogravimetric analysis (TGA). As imaging technique for the 
morphology of the hydration-stopped and anhydrous cement particles, 
environmental scanning electron microscopy (ESEM) was applied. In 
this work, the aforementioned characterization techniques were carried 
out as time-dependent measurements to discuss the morphological 
changes at different hydration states (10 min, 30 min, 60 min, and 90 
min) using three different hydration stop techniques. 

2. Materials and methods 

2.1. Materials 

The main materials for this study were Portland cement CEM I 42.5 R 
from Heidelberg Cement AG (in the following referred to as cement or 

CEM I), anhydrous isopropanol (≥99.95%) and anhydrous copper sul-
phate (≥98%) from Carl Roth, Millipore water (18.2 MΩ⋅cm) cleaned by 
an Arium 611DI from Sartorius (in the following referred to as water) 
and liquid nitrogen (≥99.999%) from Linde. As an internal standard for 
XRD measurements silicon (97.5%) from Riedel-de Haën was used. The 
cement was stored at ambient temperature (20 ◦C ± 2 ◦C) and humidity 
(18%–45%) for the whole study. 

2.2. Methods 

2.2.1. Cementitious suspension 
Following the mixing program shown in Table 1, cementitious sus-

pensions with a water to cement ratio w/c = 0.5 and a total volume of 
500 mL were prepared. 610 g cement and 305 mL water (precooled to 
10 ◦C) was mixed with a balloon whisk using a Kenwood KitchenAid 
KM336 S Chef Classic to simulate concrete mixing as usually performed 
at larger scales. During the first 10 min, the mixture's temperature rose 
to 20 ◦C. The last step of slow stirring at level 2 (approx. 72 rpm) was 
performed for different durations (6, 26, 56, and 86 min) to investigate 
the reaction kinetics. Afterwards, all samples were withdrawn for hy-
dration stoppage, dried, and stored at 19.2 ◦C ± 0.4 ◦C in a dry nitrogen 
atmosphere for 0 to 2 d before characterization was performed. 

2.2.2. Procedure for solvent exchanged samples (Iso) 
After a total reaction duration of 10 min, 30 min, 60 min, and 90 min 

after adding water, 10 mL of the cementitious suspension were taken 
with an Eppendorf pipette, instantly transferred into 50 mL anhydrous 
isopropanol (precooled to 5 ◦C) in falcon tubes and agitated for 5 min at 

Fig. 1. Scheme of hydration stop by isopropanol-water exchange (Iso, synthesis route in black arrows), freezing with liquid nitrogen and subsequent freeze-drying 
(FD, synthesis route in red arrows), and isopropanol water exchange with subsequent freezing with liquid nitrogen and successive freeze-drying (IFD, synthesis route 
in green arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Mixing program for cementitious suspensions.  

Step Duration Mode (Kenwood KitchenAid) 
[rpm] 

Dry mixing of CEM I 60 s Level 2 [approx. 72] 
Adding water 30 s Level 2 [approx. 72] 
Pre-homogenisation 15 s Level 2 [approx. 72] 
Homogenisation 15 s Maximum [approx. 220] 
Stop and manually scraping 

off 
60 s Off 

Homogenisation II 120 s Maximum [approx. 220] 
Slow stirring Until 

stopped 
Level 2 [approx. 72]  
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1487 rpm with a shaker (Multi Reax by Heidolph Instruments GmbH & 
Co. KG), so no mechanical stirring was performed. Using a Buchner 
funnel the iPrOH-H2O-suspension was filtrated using a fibreglass filter 
(retention 0.4 μm, MN-GF 5 by Macherey-Nagel GmbH & Co. KG). The 
sample was washed twice by adding 50 mL anhydrous isopropanol 
(precooled to 5 ◦C), filtrated for 5 min, and stored under ambient con-
ditions (19.2 ◦C ± 0.4 ◦C) for 28 h in the fume hood (Fig. 1). This pro-
cedure is referred to as Iso. To address the possible influence of drying 
under ambient conditions instead of vacuum drying, five repetitions 
with vacuum-drying at 4 mbar for 3 h (Iso2) were done and analysed by 
TGA. 

2.2.3. Procedure for subsequent freeze-drying (FD) 
After a total reaction duration of 10 min, 30 min, 60 min, and 90 min 

after adding water, 10 mL of the cementitious suspension were taken 
with an Eppendorf pipette, transferred to a 250 mL flask, which was 
slowly rotated to get a homogenous thin layer of cementitious suspen-
sion, and transferred quickly into LN2 (− 196.15 ◦C) for 20 min. Each 
sample was freeze-dried using a freeze-dryer (Alpha 1–2 LDplus from 
Martin Christ Gefriertrocknungsanlagen GmbH) coupled with a two- 
stage rotary vane pump (RV 12 from Edwards Vacuum) for 3 h at 4 
mbar (Fig. 1). This procedure is referred to as FD. 

2.2.4. Procedure for solvent exchanged samples with subsequent freeze- 
drying (IFD) 

After a total reaction duration of 10 min, 30 min, 60 min, and 90 min 
after adding water, 10 mL of the cementitious suspension were taken 
with an Eppendorf pipette, instantly transferred into 50 mL anhydrous 
isopropanol (precooled to 5 ◦C) in falcon tubes and agitated for 5 min at 
1487 rpm with a shaker (Multi Reax), so no mechanical stirring was 
performed. Using a Buchner funnel the iPrOH-H2O-suspension was fil-
trated using a fibreglass filter (retention 0.4 μm). The sample was 
washed twice by adding 50 mL anhydrous isopropanol (precooled to 
5 ◦C) and filtrated for 5 min. Each humid sample was transferred first 
into a 100 mL flask and second quickly into LN2 for 20 min. All samples 
were freeze-dried using a freeze-dryer (Alpha 1–2 LDplus) coupled with 
a two-stage rotary vane pump (RV 12) for 3 h at 4 mbar (Fig. 1). This 
procedure is referred to as IFD. 

2.2.5. Dryness test 
To assess the residual water content of the samples after the hydra-

tion stop, anhydrous copper sulphate [CuSO4] (up to 5 mg for freeze- 
dried and 50 mg up to 200 mg for solvent exchanged samples) was 
added to 1.0 g of the samples. If the residual water content was at least 
five times the molar amount of CuSO4, hydration to copper sulphate 
pentahydrate [CuSO4 ⋅ 5 H2O] [33–37], indicated by a deep blue colour, 
occurred. 

2.2.6. X-ray diffraction 
The crystallinity was investigated by X-ray diffraction (XRD) using a 

Bruker D8 Advance in reflection mode. It was operated at 20 ◦C, 40 kV, 
and 40 mA using Cu-Kα radiation. Each measurement was done in a 2θ- 
range from 5◦ to 85◦, with a step size of 0.010540856◦, and 4 s per step, 
resulting in a total measurement time of 8.75 h. Additionally, to ensure 
ettringite being present, a zoom-in of the diffractogram was done in a 2θ- 
range from 8◦ to 10◦, with a step size of 0.010540856◦, and 12 s per step, 
resulting in a total measurement time of 1.62 h. The powder of each 
sample was transferred into an X-ray amorphous PVC powder carrier 
and smoothed, to avoid sample displacement. The diffraction patterns 
were evaluated by the database of Powder Diffraction File (PDF-2) 2020 
of the International Centre for Diffraction Data (ICDD). 

Furthermore, the phase ratio in anhydrous cement was evaluated by 
Rietveld refinement [38,39] using literature data [40–54], the measured 
XRD data of this work, and the software TOPASv6 by Bruker. 

2.2.7. Thermogravimetric analysis 
To evaluate the content of bound water (mainly from ettringite) any 

dried sample was investigated by thermogravimetric analysis (TGA) 
using a TGA/DSC 3+ from Mettler-Toledo GmbH. The samples were 
transferred into aluminium oxide crucibles (70 μL), before measure-
ment. It was operated in a temperature range from 20 ◦C to 1100 ◦C 
under a nitrogen flow of 25 mL/min, a heating ramp of 5 K/min followed 
by holding the temperature at 1100 ◦C for 15 min. The data was 
normalized by mass (mg), derived once by time (s), multiplied by 3600 
(for plotting in h) and plotted against temperature (◦C). 

Based on the results of Jakob et al. [7] dealing with the content of C- 
S-H and ettringite at different hydration stages, we stated that the 
decomposition at 130 ◦C ± 80 ◦C is attributed solely to ettringite 
because at this point of hydration according to observations from liter-
ature [7,57,55–57], we assume that no detectable amount of C-S-H is 
formed. The right shoulder of this decomposition peak could also belong 
to gypsum [10,58,59]. Additionally, we always compared the decom-
position integral at 127.5 ◦C ± 17.5 ◦C with the integral at 445 ◦C ±
25 ◦C, which both belong to gypsum. Its ratio stayed essentially iden-
tical, so its contribution to the integral at 130 ◦C ± 80 ◦C changed only 
marginal. Therefore, we used the integral at 130 ◦C ± 80 ◦C for com-
parison of decomposition behaviour of ettringite. Nevertheless, it was 
recently shown by Zhang et al. [16] that after a solvent exchange with 
iPrOH, the solvent could not be released under normal conditions, 
therefore, it has to be clarified, that in the cases of Iso and IFD the first 
decomposition peak might be influenced by the unknown amount of 
chemically bound iPrOH [10]. 

2.2.8. Nitrogen physisorption 
To assess the specific surface area and the specific volume of hy-

drated cement, nitrogen (N2) physisorption was performed at a NOVA 
3000e from Quantachrome GmbH & Co KG operating at 77 K. Before 
physisorption measurements, the samples were degassed under vacuum 
at 298 K for 24 h. Specific surface area and specific volume were esti-
mated by applying the Brunauer-Emmett-Teller (BET) [60] equation. 
Pore volume was estimated at p/p0 = 0.95345 by applying Density 
Functional Theory (DFT) [61,62] as well as pore size distributions by 
applying DFT [61,62] and Barrett-Joyner-Halenda (BJH) [63]. 

2.2.9. Environmental scanning electron microscopy and particle size 
distribution 

To assess the morphology of the dried samples, environmental 
scanning electron microscopy (ESEM) using a Zeiss Supra VP 55, 
equipped with a cold field emission gun and a 4 Quadrant Backscatter 
Electron Detector (QBSD) was used as an imaging method. The accel-
eration voltage was 10 kV, the current 6 nA, and the pressure 1.0 mbar 
for each measurement. The powder was transferred onto an adhesive 
carbon disk and was cleaned from an excess sample through a com-
pressed air gun. Each sample was degassed in the antechamber for 2.5 
min for safety reasons. At a pressure of 375 nbar in the antechamber, the 
“Variable Pressure” mode was started. The particle size distribution for 
each hydration state was achieved by the evaluation of eight ESEM 
micrographs with a magnification of 1000 times, wherein 1000 ± 50 
particles from two out of five syntheses were measured with the software 
ImageJ 1.52a. 

2.2.10. Prolonged hydration duration 
To compare the four different hydration stop techniques (Iso [drying 

under ambient conditions for 28 h in the fumehood], Iso2 [drying 
directly after filtration for 3 h @ 4 mbar], FD, and IFD) at later hydration 
states (9 h, 16.5 h, and 24 h) at which an appreciable amount C-S-H has 
formed, two repetitions were done, analysed by TGA and XRD, and 
evaluated. The results are shown and discussed in the Supplementary 
Data (Figs. S9 and S10). 

P.A. Kißling et al.                                                                                                                                                                                                                               



Cement and Concrete Research 159 (2022) 106841

4

3. Results and discussion 

3.1. Portland cement CEM I 42.5 R 

The anhydrous Portland cement CEM I 42.5 R was analysed using 
ESEM, TGA, and XRD to assess the state before hydration took place. 
ESEM micrograph (Fig. 2a) shows a non-homogeneous particle size 
distribution with a mean size of d50 = 4.2μm ± 0.1μm. The TGA mea-
surements were performed at three different heating ramps (5 K/min, 
10 K/min, and 25 K/min) and the TGA spectra (Fig. 2b) show two as-
pects. Firstly, the usage of a steeper heating ramp leads to a decompo-
sition slightly shifted to a higher temperature, as the system has less time 
to spread the thermal energy. Thus, all further TGA measurements were 
conducted using the lowest heating ramp of 5 K/min. Secondly, for the 
anhydrous cement, the following decomposition processes were identi-
fied: (1) dehydration of adsorbed water until roughly 100 ◦C, (2) 
decomposition of gypsum [CaSO4 ⋅ 2 H2O] at 127.5 ◦C ± 17.5 ◦C as well 
as at 445 ◦C ± 25 ◦C [10,58,59,64–66], and (3) calcite [CaCO3] at 645 ◦C 
± 125 ◦C [58,59,66,67]. 

Fig. 3 shows the diffractograms of CEM I (black), synthetic C3S 
(Ca3SiO5, green), synthetic C3A (Ca3Al2O6, red) and its most prominent 
reflections in a range of 10◦ ≤ 2θ ≤ 71◦ (Ireflection > 0.1 Imax), which align 
with the literature data [40–54]. Further, the identified phases (C3A 
orthorhombic, C3A cubic, C3S, C2S, CaSO4, C4AF, MgO, CaSO4 ⋅ 0.5 H2O, 

CaO, and SiO2) and their ratio derived from Rietveld refinement (pur-
ple) [38,39] match the data shown by Lu et al. [68] with slight differ-
ences in their respective intensities (Fig. 3b). 

3.2. Hydration stop of cementitious suspension 

The hydration process of cementitious suspensions with a water to 
cement mass ratio of w/c = 0.5 was stopped at four defined times (10 
min, 30 min, 60 min, and 90 min after the addition of water) by three 
different techniques (Iso, FD, and IFD). In order to demonstrate the 
reproducibility of all hydration stop techniques, five equal repetitions of 
the syntheses and characterisations with each analytical technique were 
conducted. The hydration stop enables the analysis of the cementitious 
suspension with slow techniques as N2 physisorption, XRD, TGA, and 
ESEM to evaluate the influence of the hydration process on the chemical 
composition and morphology of cement. This includes information 
about the formation of the hydration product ettringite as well as the 
influence of the applied hydration stop method on the specific surface 
area, specific volume, porosity, crystal phases, morphology, and the 
content of bound water in the cementitious suspensions. To assess the 
possibility of further hydration processes after drying, a copper sulphate 
test was conducted. This test showed that in the case of solvent exchange 
(Iso), residual water was present, while methods involving freeze-drying 
(FD and IFD) yielded totally dry samples. Consequently, in the latter two 
cases further growth (after employing the hydration stop method) can be 
ruled out, while in the case of Iso, further hydration reactions might still 
occur. 

3.2.1. Nitrogen physisorption 
To gain knowledge about the anticipated changed morphology of 

cement grains after hydration, ad- and desorption behaviour during N2 
physisorption was examined. The isotherms (Figs. S1-S5) show small 
hysteresis, with varying width at different hydration durations and by 
different hydration stop techniques. The broadest hysteresis results from 
using the gradual IFD method. Fig. 4 summarizes the evaluation of the 
specific surface area (Fig. 4a), as well as specific volume (Fig. 4b), which 
shows a small increase for all techniques and durations of hydrated 
cement paste. It is noticeable that the combined technique IFD leads to 
the highest specific surface area and volume followed by Iso and FD, 
with a maximum after 30 min of hydration. This finding can be 
explained as the remaining water leads to further hydration of solvent 
exchanged samples (Iso), resulting in bigger ettringite crystals on the 
surface and therefore higher specific surface area and volume. The 
increasing specific surface area and volume itself can be explained by 
looking at the reaction's course. During hydration, early hydration 
products are formed on cement particles' surfaces, which leads to an 
increase of the specific surface area. It can be assumed that this process is 
more dominant than the agglomeration of the cement particles, which 
occurs simultaneously during the reaction and would possibly lead to a 
reduced specific surface area [69]. 

The pore size distribution (Fig. 5a–c) derived from N2 physisorption 
measurement shows only a slight but homogenous increase of the mean 
pore size p50 relative to anhydrous cement (Fig. 5dþe). Compared to the 
starting material CEM I (0 min), the pore size distribution after hydra-
tion becomes broader independent of the applied hydration stop tech-
nique. This behaviour can be explained by the presence of various 
hydration products leading to larger surface roughness and hence to 
both a larger specific surface area and a larger amount of small pores. 

For the sake of clarity, we note that the shown pore size distribution 
cannot directly be transferred to real cementitious materials, as it is most 
likely that the drying process leads to different pore sizes [70,71]. The 
reason is that during the first hours of cement hydration no robust 
structure occurs, which in turn conserves the pore structure during hy-
dration. Furthermore, it can be derived that for cement samples the 
change of pore sizes in the nanometre range, as well as the change of 
surface area, is of the same order of magnitude for all three hydration 

Fig. 2. (a) ESEM micrograph of anhydrous cement with mean particle size d50 
and (b) TGA data plotted as normalized weight loss per hour against the tem-
perature of anhydrous CEM I with different heating ramps (5 K/min, 10 K/min, 
and 25 K/min). 
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stop techniques. This indicates that all three methods indeed lead to a 
reaction stop. 

Summarizing, evaluation of physisorption measurements showed at 
each specific duration and hydration stop technique the same direction 
of change of specific surface area, volume and pore size distribution of 
stopped cementitious suspensions relative to anhydrous cement. Iso has 
always the lowest value which could be an indication for the breakdown 
of ettringite occurring after a hydration duration of several hours [72]. 

3.2.2. X-ray diffraction 
To link the aforementioned changes to the specific surface area, 

volume and pore size distribution with the presence of ettringite, XRD is 
employed. The diffractograms (Fig. 6) of the samples dried with the 
freeze-drying method (FD) proved their effectiveness, as all of the 
samples (100%, 20 of 20 measured samples), show, independent of the 
hydration duration, a distinct ettringite reflection in the range of 8◦ ≤

2θ ≤ 10◦ (Fig. 6b). Meanwhile, samples stopped by the state-of-the-art 
method iPrOH-H2O-exchange (Iso) show a distinct (45%, 9 of 20 
measured samples) and a weak noisy ettringite reflection (55%, 11 of 20 
measured samples). The combination of both techniques (IFD) shows 
identical results as Iso (Fig. 6b). 

Summarizing, the evaluation of XRD micrographs indicates that the 
hydration stop technique FD prevented the dehydration of ettringite in 
all 20 investigated samples, but in the case of Iso and IFD only 9 samples 

(45%) had a distinct ettringite reflection. Therefore, XRD results seem to 
indicate that FD is possibly a more suited hydration stop technique to 
preserve ettringite, which can enable a time-variant analysis of cemen-
titious suspensions. However, constant growth of ettringite's content in 
the cementitious suspensions could not be derived from the XRD data. 

3.2.3. Thermogravimetric analysis 
The results shown by XRD measurements are confirmed by ther-

mogravimetric analysis (TGA) (Fig. 7). Evaluation of samples stopped by 
the FD method (Fig. 7b) shows, compared to anhydrous cement, an 
enhanced dehydration peak at 130 ◦C ± 80 ◦C, which aligns with pre-
served ettringite [32]. In contrast, the samples stopped by the Iso 
method as well as the IFD method show a less pronounced dehydration 
peak at 130 ◦C ± 80 ◦C, which is due to the lower ettringite content as 
also observed by aforementioned XRD investigations. The integral of 
this first dehydration peak varies depending on the applied hydration 
stop technique and hydration duration, i.e. FD > Iso > IFD and 90 min 
> 60 min > 30 min > 10 min. The anhydrous cement's degree of gypsum 
at 127.5 ◦C ± 17.5 ◦C and 445 ◦C ± 25 ◦C [10,58,59,64–66] as well as 
the content of calcite at 645 ◦C ± 125 ◦C [58,59,66,67] did not change 
during hydration for each applied drying technique. In case of Iso and 
IFD it is not possible to state that the first dehydration peak at 130 ◦C ±
80 ◦C belongs solely to ettringite because it was shown previous studies 
that adsorbed iPrOH is also released in this temperature range [15]. 

Fig. 3. (a) Powder X-ray diffraction pattern of anhydrous cement, its synthetic main components C3S and C3A, literature reflections for all identifiable phases 
[40–54], the result of Rietveld-Refinement indicated by difference, and (b) phase content of anhydrous Portland cement CEM I 42.5 R derived by Rietveld- 
Refinement compared to data by Lu et al. [68]. 
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Fig. 4. N2 physisorption data; (a) specific surface area, (b) specific volume of anhydrous and hydrated CEM I; stopped after various hydration durations (up to 90 
min) by three different techniques (Iso, FD, and IFD), and (c) respective values; corresponding isotherms in Figs. S1–S5. 

Fig. 5. N2 physisorption measurement; pore size distribution of anhydrous and hydrated cement stopped after various hydration durations (up to 90 min) by three 
different techniques (a) Iso, (b) FD, and (c) IFD, (d) mean pore size p50 of anhydrous and hydrated cement, and (e) corresponding mean values. 
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Additionally, Trenwith [73] showed the decomposition of iPrOH being 
at 488 ◦C ± 40 ◦C, however, within the present work the described 
process has no significant influence in this temperature range. 

These findings suggest that freeze-drying retains the highest amount 
of ettringite, which aligns with XRD results. Furthermore, FD has the 
advantage that one parameter less has to be considered, as in the pro-
posed FD technique no solvent exchange is needed. Therefore, freeze- 
drying FD seems to be superior to or at least on par with the state-of- 
the-art iPrOH-H2O-exchange technique Iso and the combined iPrOH- 
H2O-exchange freeze-drying technique IFD. 

To assess the influence of the drying technique after isopropanol- 
water exchange, two types of drying, (1) under ambient conditions 
(19.2 ◦C ± 0.4 ◦C) for 28 h in the fume hood (Iso) and (2) vacuum 
drying at 4 mbar for 3 h (Iso2) were implemented and analysed by TGA 
(Fig. 8). Both techniques point to the same result that at this early stage 
of hydration no influence of the applied drying technique is distin-
guishable. The evaluation by TGA shows that the main decomposition 
peak of ettringite at 130 ◦C ± 80 ◦C has nearly the same topology for 
both solvent exchange-based hydration stop techniques (Iso2 and Iso). 
Differences are slightly visible at 445 ◦C ± 25 ◦C belonging to gypsum 
[10,58,59,66,64–66] and more distinguishable at 645 ◦C ± 125 ◦C, 
wherein at hydration stages (up to 60 min) the integral of samples 
stopped by Iso2 are steeper, indicating a higher amount of calcite 
[58,59,66,67] in these samples. Therefore, in our opinion the used 
drying under ambient conditions (Iso) is as applicable as vacuum drying 
at 4 mbar for 3 h or even better suited at these early hydration states. 

Fig. 6. Powder X-ray diffraction patterns of anhydrous and hydrated CEM I 
stopped after various hydration durations (up to 90 min) by three different 
techniques (Iso, FD, and IFD) in an angle range of (a) 5◦ ≤ 2θ ≤ 85◦ and (b) of 
8◦ ≤ 2θ ≤ 10◦; complete overview in Fig. S6. 

Fig. 7. TGA data plotted as mass normalized time derived weight loss (dΔm ⋅ 
(dt)− 1) per hour against the reference temperature of anhydrous and hydrated 
CEM I with a heating rate of 5 K/min; stopped after various hydration durations 
(up to 90 min) by three different techniques (a) Iso, (b) FD, and (c) IFD; 
complete overview in Fig. S7. 
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3.2.4. Environmental scanning electron microscopy 
Finally, to visualize the particles' morphology and texture environ-

mental scanning electron microscopy (ESEM) was employed (Fig. 9). 
Their visual reproducibility was verified by taking micrographs of 
different syntheses of the same hydration state. It is noticeably that after 
different hydration durations (up to 90 min) independent of the applied 
hydration stop technique (Iso, FD, and IFD) the particles are non- 
homogenously distributed, but a higher amount of small particles, 
relative to anhydrous cement (Fig. 2a), is detectable. The surfaces of the 
bigger particles seem to be less rough, leading to the assumption that 
these are non-reacted C3S particles, as the hydration process of C3S starts 
only after several hours [6,10,74–76]. 

Additionally, based on the ESEM micrographs, particle size distri-
butions, as well as mean particle sizes, were evaluated (Fig. 10). Dif-
ferences in the distribution of the particles, independent of the hydration 
stop technique applied, are marginal (Fig. 10a–c). The mean particle size 
(Fig. 10d+e) of freeze-dried samples (FD) decreases by 17% (from 4.21 
μm to 3.49 μm, 0.83 d50, CEM I) over the first 10 min, rises slightly by 6% 
(from 3.49 μm to 3.69 μm, 0.88 d50, CEM I) to its maximum after 30 min of 
hydration, whereby the longest hydration duration of 90 min shows the 
smallest particles (2.99 μm, 0.71 d50, CEM I). Solvent exchange (Iso) leads 
to a similar decrease by 20% (from 4.21 μm to 3.30 μm, 0.80 d50, CEM I) 
over the first 10 min of hydration, rises by 18% (from 3.30 μm to 3.97 
μm, 0.94 d50, CEM I), decreases again by 7% (from 3.97 μm to 3.68 μm, 
0.87 d50, CEM I) and reaches its maximal particle size after 90 min (4.27 
μm, 1.01 d50, CEM I). The combination of both techniques (IFD) shows a 
less pronounced decrease by 12% (from 4.21 μm to 3.69 μm, 0.88 d50, 

CEM I) over the first 10 min, rises by 15% (from 3.69 μm to 4.25 μm, 1.01 
d50, CEM I) after 30 min and 60 min (4.20 μm), before a decay of 13% 
(from 4.20 μm to 3.67 μm, 0.87 d50, CEM I) is visible. The stagnating 
growth could be explained as at the dormant stage, which has been re-
ported to be between 30 min and 90 min [69], the hydration kinetics are 
reduced, which in turn means that the forming of hydration products on 
the surface of cement particles is in equilibrium with the agglomeration 
of the cement particles. After a short hydration period of 10 min, freeze- 
dried samples show a slightly higher d50-value compared to samples 
treated with isopropanol (Iso and IFD). Although, the following hy-
dration period shows larger particle sizes for solvent exchanged samples 
(Iso and IFD). The larger particles could be, as previously hypothesized 
[26], identified as agglomerations of smaller particles induced by iPrOH 
treatment, although the difference is less concise. 

In summary, the imaging technique ESEM reveals, dependent on the 
applied hydration stop technique (Iso, FD, and IFD), small differences in 
the respective particle size distribution, and ESEM reveals growing 
particles with longer hydration duration and points out that solvent 
exchange with iPrOH leads to enlarged particles. 

4. Conclusions 

The method used to stop the hydration of cementitious suspensions, 
namely freeze-drying of samples frozen in liquid nitrogen (FD), solvent 
exchange with isopropanol (Iso), and solvent exchange with subsequent 
freeze-drying (IFD), has an impact on the mineralogical composition as 
well as the morphology of hydrated Portland cement (CEM I 42.5 R). It 

Fig. 8. TGA data plotted as mass normalized time derived weight loss (dΔm ⋅ (dt)− 1) per hour against the reference temperature of anhydrous and hydrated CEM I 
with a heating rate of 5 K/min; stopped after various hydration durations (up to 90 min) Iso and Iso2; (a) Iso2, (b) Iso, and (c) direct overlay; complete overview 
in Fig. S8. 
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was shown by X-Ray diffraction (XRD) and thermogravimetric analysis 
(TGA) that the technique FD preserves the highest amount of ettringite 
at every hydration stage (10 min, 30 min, 60 min, and 90 min). Methods 
using solvent exchange with isopropanol (Iso and IFD) lead to an 
inconsistent degree of ettringite at the aforementioned hydration stages. 
These results are supported by nitrogen physisorption measurements of 
treated samples, wherein the specific surface area and the volume 
indicate the growth of ettringite. Noteworthy, Iso and IFD show their 
respective maxima earlier compared to FD. This can be explained by the 
fact that the use of Iso has the disadvantage that after the solvent ex-
change the samples are not water-free, which in turn might lead to 
further hydration of the cementitious suspension as well as undermines 
the idea of a time-variant analysis since it is not known in which hy-
dration state the sample was stopped. The particle size distribution 
derived from environmental scanning electron microscopy (ESEM) 
showed only a slight change compared to anhydrous cement. Never-
theless, ESEM depicts, dependent on the applied hydration stop tech-
nique (Iso, FD and IFD), small differences in the respective particle size 

distribution, shows growing particles with longer hydration duration, 
and points out that solvent exchange with iPrOH leads to enlarged 
particles. 

The freeze-drying technique (FD) shown in this article was optimized 
to the point that it is a suitable technique to stop the hydration process of 
cementitious suspensions nearly instantly without disturbing the cement 
matrix, damaging or morphing the surface of hydrated cement, as well 
as without changes to the chemical composition e.g. formation 
carbonate-like phases. The freeze-drying technique (FD) enables the 
hydration to be stopped completely after defined hydration durations, 
enabling a precise time-variant analysis of the hydrated cement. The 
proposed freeze-drying technique (FD) allows compared to Iso and IFD 
the preparation of more reproducible samples and further, has the 
advantage that one parameter less has to be considered as no solvent 
exchange is needed. Therefore, freeze-drying (FD) seems to be a superior 
alternative to the state-of-the-art method, solvent exchange with iso-
propanol (Iso). 

Supplementary data to this article can be found online at https://doi. 

Fig. 9. ESEM micrographs of hydrated cement stopped after various hydration durations (up to 90 min) by three different techniques (Iso, FD, and IFD); 1.0 mbar, 6 
nA, and 10 kV. 
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