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Article history: There are many commercially important multiphase materials which contain amorphous phases, such as cement
Rece“’bed 18 November 2016 pastes, porcelains, glass-ceramics or pharmaceutical compounds. However, the analysis of amorphous phase(s)
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within cement matrices that contain high amounts of crystalline phase(s) is a challenge. Here, we report mea-
surements of total scattering data quantitatively analyzed by Pair Distribution Function (PDF) minimization
and Rietveld methodology to determine phase compositions including both amorphous and nanocrystalline
phase contents in cement-related samples. Furthermore, laboratory techniques were used to complement the
sample characterization. In addition to five reference materials, the main phase of calcium aluminate cements,
CaA|;04 hydrated at 50 °C to yield crystalline hydrogarnet, CazAl,(OH)1,, (43 wt%) and nanocrystalline aluminum
hydroxide gel, AI(OH)3-0.1H,0 (50 wt%) was also investigated. The PDF analyses revealed that the hydroxide gel
has a gibbsite local structure with an average particle size close to 5 nm. PDF and Rietveld quantitative phase anal-
ysis results fully agree.

Accepted 24 February 2017
Available online 19 March 2017

Keywords:

X-ray diffraction (B)

Calcium aluminate cement (D)

Hydrogarnet (D)

Amorphous material (A)

Aluminum hydroxide gel (D)
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Crystalline, nanocrystalline and amorphous Al(OH)3; materials are
important in a number of fields including the aluminum production
by the Bayer process, some types of cements, flocculants in water puri-
fication, antacid in medicine, precursors for catalysts, anti-flame addi-
tive for polymers, and so on. Gibbsite, doyleite, nordstrandite and
bayerite are the four known polymorphs of crystalline Al(OH); belong-
ing to the wider family of water-containing aluminum oxides including
amorphous compounds [1-4].

The characterization of both nanocrystalline and amorphous mate-
rials is challenging, but their analysis in samples containing large
amounts of crystalline materials is even more difficult. At this point it
is important to clarify the differences between nanocrystalline and
amorphous phases. In a nanocrystalline phase, the atomic structure
can be described to a good approximation by using the crystal structure
truncated in the real space by a nanosized shape function. Finite models
that take into account surface relaxation effects may be employed. Con-
versely, an amorphous compound cannot be properly described by
using a truncated crystal structure [5].
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Regarding calcium aluminate cement hydration, amorphous/nano-
crystalline aluminum hydroxide coexists with other crystalline mate-
rials as a result of the hydration reactions [6]. For instance, CaAl,04 is
the main phase of calcium aluminate cements [6] and its hydration
mechanism has been widely studied [6-9]. The mechanism of this hy-
dration reaction strongly depends on temperature, as different crystal-
line phases can be formed with temperature [10]. For temperatures
lower than 15 °C it hydrates according to reaction (1) where no gel is
formed.

CaAl,04 + 10H,0—-CaAl;04 - 10H,0 (1)

At intermediate temperatures, between 15 and 30 °C, CaAl,04 hy-
drates according to reactions (2) and (3).

3C&A1204 + (21 + 2n)H20—>CaA1204 - 10H,0 + Ca2A1205 -8H,0
+2[Al(OH), - nH,0] 2)

2CaAl,0, + (11 + 2n)H,0-CayAl, 05 - 8H,0 -+ 2[Al(OH); - nH,0]  (3)

At temperatures higher than 30 °C, CaAl,0,4 hydrates according to
reaction (4) to give hydrogarnet, CaszAl;(OH);; and aluminum
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hydroxide gel [8].

3CaAl,04 + (12 + 4n)H,0-CasAl(OH),, + 4[Al(OH), - nH,0]  (4)

Calcium aluminate cements (CAC) are currently used for special ap-
plications. Some of their main advantages are: high early strength de-
velopment, high chemical resistance, workability at low temperatures
and rapid strength development at low temperatures [6]. However,
the use of CAC for concrete manufacture became highly controversial
after some incidents occurred mainly in the United Kingdom and
Spain. The complex evolution of this material, under some environmen-
tal conditions, is still not fully understood and it may lead to collapses.
CaAl;04- 10H,0 slowly transforms into hydrogarnet jointly with alumi-
num hydroxide gel and water. This conversion, whose rate depends at
least on humidity and temperature, could be completed within several
years. This causes an increase in concrete porosity and a loss of strength.
Moreover, chemical reactions facilitated by the porosity can cause a
continuous loss of strength [11].

The crystal structure of the crystalline component, CasAl;(OH)1, is
well known [12]. However, the chemical nature of the accompanying
aluminum hydroxide gel is still to be unraveled. Related aluminum hy-
droxide gels are also formed in more complex systems such as the hy-
dration of calcium sulfoaluminate cements [13-16]. The composition,
including possible water content and local structure of aluminum hy-
droxide gels in cementitious systems is difficult to study because of its
nanocrystalline/amorphous nature.

The Rietveld method has been extensively used to characterize the
hydration mechanisms of calcium aluminate cements in particular
[17], and of other cementitious systems in general [18-21]; however,
it is worth highlighting the importance of using alternative methods
for the characterization of amorphous and nanocrystalline phases. In
particular, atomic Pair Distribution Function (PDF) analysis of powder
diffraction data can give information about the local structure of those
components [22]. This approach, using synchrotron radiation [23], has
been used in the characterization of calcium-silicate-hydrate gels in ce-
ment studies [24-26]. It was found that this type of gel shows nanocrys-
talline ordering with coherent diffraction particle diameters close to
3.5 nm [26]. Other amorphous cementitious components such as
geopolymers [26,27] and fly ash [28] have also been studied by PDF.
We highlight the recent PDF study of several calcium-(aluminum)-sili-
cate-hydrate gels [5] where the differences between nanocrystalline
and amorphous phases were extensively discussed.

The PDF function, also known as G(r), shows the probability of find-
ing pairs of atoms separated by a distance r. G(r) is experimentally ob-
tained by a Fourier transform of the total scattering powder diffraction
pattern, according to Eq. (5) [22,29,30].

G(r) = 4mlp(r)—po] = 2 [3QIS(Q)—1] sin(Qr)dQ 5)

where p(r) is the microscopic atomic pair density, po is the average
atomic number density, S(Q) is the total scattering structure function
and Q is the momentum transfer [22], Q = 4mnsin(0) / \). In order to ob-
tain PDF patterns with very good quality, the recorded Q-range has to be
large. For this reason, the use of a short wavelength and high 26
diffracting angles is very important [31].

As in the Rietveld method, the experimental PDF data can be used to
refine a structural model but only if the correct r-range is used for the
calculations [30,32]. Similarly, the quantitative phase analysis of mix-
tures is also possible but again the correct r-range must be employed
[30,31]. The phase content analyses of complex samples that usually in-
clude amorphous phases are very important and they are being current-
ly studied in depth in pharmaceutical compounds [31,33-35].

To the best of our knowledge, there is just one paper reporting PDF
data of crystalline Al(OH )3 phases [36]. However, the corresponding re-
sults concerning gibbsite and bayerite were just qualitative. We are not

aware of PDF studies dealing with amorphous aluminum hydroxides;
there is only one report using PDF data, collected from Mo-radiation,
where the local environment of nanocrystalline boehmite AIO(OH) is
characterized [37]. Finally, there are some PDF studies for characterizing
amorphous y-Al,03 [38,39].

This work is framed within a research project aiming to better char-
acterize aluminum hydroxide gels formed in cement hydration (calci-
um aluminate, calcium sulfoaluminate, sulfobelite cements, and so
on). In order to do that, we have studied five reference samples and
one model specimen containing aluminum hydroxide gel. The reference
materials were commercial crystalline gibbsite, ground gibbsite, com-
mercial amorphous aluminum hydroxide, laboratory-synthesized
boehmite and laboratory-synthesized hydrogarnet. The investigated
sample, prepared from the hydration of CaAl,0,4, contained hydrogarnet
and aluminum hydroxide gel. In addition to qualitative and quantitative
PDF analyses, Rietveld methodology, internal standard methodology,
27Al MAS-NMR and thermal analysis techniques have also been
employed for a thorough characterization of cement pastes.

2. Experimental section
2.1. Sample preparation

Six samples have been studied, five references and the hydrated
specimen. (1) Gibbsite and (2) amorphous aluminum hydroxide pow-
ders were both bought from Sigma-Aldrich and used as received. (3)
Crystalline gibbsite powder was attrition milled with isopropanol for
80 min (8 cycles of 10 min and 10 minute rest-time each). (4) Boehmite
powder was prepared by heating the commercial gibbsite powder at
300 °C for 18 h. (5) Hydrogarnet sample, CasAl,(OH);,, was prepared
by hydrating CaszAl,Og, at a water-to-solid mass ratio of 1 for one
week at room temperature (RT). The resulting powder was finally
dried at 50 °C. Ca3Al,0¢ was synthesized by using suitable amounts of
CaC0s (99.95%, Alfa-Aesar) and Al,03 (99.997%, Alfa-Aesar). The mix-
ture was preheated at 1000 °C for 6 h and ground for 15 min in an
agate mortar. The resulting powder was dye pressed (20 mm diameter
and 500 MPa) and heated at 1450 °C for 6 h. (6) CaAl,04 was hydrated,
at a water-to-solid mass ratio of 1 for eight days at 50 °C in order to ob-
tain a mixture of hydrogarnet and aluminum hydroxide gel. The sample
was filtrated in a Whatman system (90 mm diameter Whatman filter
with a pore size of 2.5 um on a Teflon support) and washed twice
with acetone and finally with ether [40]. CaAl,04 was prepared by
using suitable amounts of CaCOs3 (99.95%, Alfa-Aesar) and Al,03
(99.997%, Alfa-Aesar). The mixture was ground in a planetary mill
(Fritsch, model Pulverisette 7, with a 45 cm® agate vessel containing 7
agate balls with a diameter of 15 mm) during 30 min at 200 rpm with
reverse rotation. The resulting powder was heated at 1250 °C for 1 h
and finally heated twice at 1300 °C for 2 h.

The reference samples can include some minor additional phases
that will be reported in the result section.

2.2. Thermal analysis

Differential thermal analysis (DTA) and thermogravimetric (TGA)
measurements were performed in a SDT-Q600 analyzer from TA instru-
ments (New Castle, DE). A selected sample, commercial amorphous
Al(OH)s, was also studied in a TGA/DSC 1 analyzer from Mettler Toledo
(Switzerland) which is connected to a mass spectrometer (Pfeiffer Vac-
uum, model Thermostar) in the exhaust gasses. In all cases, the temper-
ature was varied from RT to 1000 °C at a heating rate of 10 °C/min.
Measurements were carried out in open platinum crucibles under nitro-
gen flow. The weighed loss from RT to 700 °C was considered to be
water and that from 700 to 1000 °C was considered as CO,, see Table
S1 provided as supporting information.
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2.3. Synchrotron X-ray powder diffraction (SXRPD)

SXRPD data were collected in Debye-Scherrer (transmission) mode
using the X-ray powder diffraction endstation of BLO4-MSPD beamline
at ALBA synchrotron (Barcelona, Spain) [41]. The wavelength,
0.41286(3) A, was selected with a double-crystal Si (111) monochro-
mator and determined from a Si640d NIST standard (a = 5.43123 A)
measurement. The diffractometer is equipped with a MYTHEN detector
especially suited for time-resolved and extremely good signal-to-noise
ratio experiments. The glass capillaries, 0.7 mm of diameter, were rotat-
ed at 20 rpm during data collection to improve diffracting particle statis-
tics. The data acquisition time was 30 min per each individual pattern.
Several patterns were collected for each sample and added in order to
improve the signal-to-noise ratio in the large recorded angular range,
1 to 120° (26). No changes between individual patterns were observed.
The overall data acquisition times ranged between 2 and 5 h.

24. Laboratory X-ray powder diffraction (LXRPD) and internal standard

LXRPD data were collected on a D8 ADVANCE (Bruker AXS) diffrac-
tometer (SCAI - Universidad de Malaga) equipped with a Johansson
monochromator, using strictly monochromatic Mo-Ko; radiation,
N\ = 0.7093 A, in transmission geometry (6/6). Samples were mixed
with 20 wt% of a-Al,03 (AlfaAesar 42571) as internal standard. o-

Al,03 was previously heated up to 1500 °C for 20 h and sieved <125 pum.

The non-crystalline content (amorphous and nanocrystalline) of the
samples was determined by internal standard methodology [42] from
LXRPD data.

2.5. Rietveld data analysis

Rietveld analyses were performed using the GSAS suite of programs
and the EXPGUI graphic interface [43]. Final global optimized parame-
ters were: background coefficients, zero-shift error, cell parameters,
and peak shape parameters using a pseudo-Voigt function. The atomic
positional coordinates and isotropic atomic displacement parameters
(ADPs) for gibbsite, boehmite and hydrogarnet were optimized in
their corresponding patterns.

2.6. PDF data analysis

PDF experimental data were obtained using PDFgetX3 [44] with
Qmax = 25 A=, Quantitative phase analysis information was obtained
from the PDF data by using the PDFgui software [45]. Final global opti-
mized parameters were: scale factors, cell parameters, ADPs (for high
content phases), and delta2 (low-r correlated motion peak sharpening
factor) [46,47] parameters. Moreover, spdiameter, the diameter of the
nanoparticle, was also optimized for the nanocrystalline phases. The in-
strumental parameters were obtained by measuring a similar data set
for crystalline nickel. Nickel PDF data analysis converged to Qgamp =
0.0036 A~ and Qpyoaa = 0.0080 A~ .

2.7. NMR study

27Al MAS-NMR (magic angle spinning nuclear magnetic resonance)
spectra were recorded at RT in an AVANCEIII HD 600 (Bruker AXS) spec-
trometer using a trigamma MAS probe of 2.5 mm at a spinning rate of
15 kHz. The magnetic field was 14.1 T corresponding to a >’Al resonance
frequency of 156.37 MHz. The ?’Al chemical shifts are referenced to 1 M
Al(NO3)3 aqueous solution. 2”Al MAS NMR spectra were recorded with a
short excitation pulse (1 us corresponding to 1/12 flip angle) with 'H
decoupling and summing up 200 scans.

2.8. TEM-EDS analysis

High resolution transmission electron microscopy (HRTEM) mea-
surements were carried out using a FEI Talos F200X microscope
equipped with X FEG and super-X EDS system with four silicon drift de-
tectors (SDDs) which operates at an accelerating voltage of 200 kV.
Spectra were collected in Scanning TEM (STEM) mode. The calcium alu-
minate hydrated sample was placed on a 200 mesh copper grid coated
with formvar and carbon.
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Fig. 1. Thermogravimetric data for gibbsite, amorphous Al(OH)3, CasAl;(OH);, and
CaAl,04-hydrated.
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2.9. Helium pycnometry

Helium pycnometry characterization was performed using an
AccuPyc Il 1340 Pycnometer (Micromeritics). The system contains a
chamber of 10 cm® where the sample, ~3 g, is placed. The measure-
ments were carried out at room temperature under a Helium flow of
1.34 x 10° Pa.

3. Results
3.1. Thermal analysis

The thermogravimetric data of three of the reference materials and
the hydrated paste are shown in Fig. 1. The top panel of Fig. 1 displays
the thermal data for crystalline gibbsite. The temperature for the main
water loss step is located at 295 °C which correspond to the dehydration
of gibbsite to form y-Al,0s. Two additional small signals appear at 230
and 515 °C which correspond to the reactions of gibbsite to form
boehmite and boehmite to yield y-Al,Os3, respectively [48]. The overall

Concrete Research 96 (2017) 1-12

measured weight loss for AI(OH)3 is 34.8 wt%, being 34.4 wt% from
RT up to 700 °C. These weight losses are in very good agreement
with the expected theoretical water loss to give aluminum oxide,
34.6 wt%.

Fig. 1 also shows the thermogravimetric data of the commercial
amorphous aluminum hydroxide powder. The overall measured weight
loss was 44.2 wt%. The weight loss from RT to 700 °C was 39.4 wt%, see
Table S1, where the main loss is spread over a wide range, between 100
and 200 °C. A second thermal analysis using mass spectroscopy in the
exhausted gasses indicated that the chemical species released above
700 °C has an atomic mass of 44 and therefore it is identified as CO,.
Under the assumption that all the weight loss below 700 °C is water
and that the full mass is aluminum hydroxide, the derived stoichiome-
try of the sample must be close to Al(OH)s3-0.4H,0 with a content of
amorphous Al(OH)COs of about 12 wt%.

The thermogravimetric traces for the hydrogarnet sample are also
shown in Fig. 1. The temperature for the main water loss step is located
at 300 °C. There is a small signal close to 400 °C which could also corre-
spond to the water loss of Ca(OH), [49]. The overall measured weight
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Fig. 2. SXRPD Rietveld plots (\ ~0.41 A) for (a) crystalline gibbsite and (b) boehmite. The high angle regions, 20-40° (26), have been enlarged by multiplying by a factor (shown above) for

a better observation. The tic marks are the allowed Bragg reflections, in (b) black for boehmite and red for K-Al,05.
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loss for the CasAl,(OH), sample is 26.3 wt% while the expected theo-
retical water loss to yield calcium aluminate is 28.6 wt%.

Finally, Fig. 1 also displays the thermogravimetric plot for the calci-
um aluminate hydrated sample. The overall measured weight loss is
34.2 wt% up to 1000 °C and 32.7 wt% up to 700 °C. The temperatures
for the two main water loss steps are located at 260 and 290 °C. The ex-
pected water loss depends upon the sample composition (and water
content of the aluminum hydroxide gel) which will be discussed below.

3.2. Rietveld and NMR characterization

Rietveld analyses were performed for all the samples except for the
commercial amorphous aluminum hydroxide specimen. The powder
pattern for this sample as well as that for an empty capillary is shown
in Fig. S1. In addition, commercial gibbsite has a measured density of
2.43 g/cm?, determined by helium pycnometry, which matches very
well with the theoretical crystallographic density of gibbsite,
2.40 g/cm?’. This fact, together with the absence of additional diffraction
peaks, see below, indicates that this phase is pure and that the amount
of amorphous phase is very low, if any. As expected, the measured den-
sity of the commercial amorphous aluminum hydroxide was much
lower, 2.13 g/cm®.

The Rietveld analysis of the SXRPD pattern for crystalline gibbsite
was carried out using the crystal structure previously reported [50] as
starting model. The optimized unit cell values converged to a =
8.66879(3) A, b = 5.06913(2) A, c = 9.72131(4) A, p = 94.557(1)°
and V = 425.836(3) A3, After refining the atomic parameters, the final
Rwp and Rg values dropped to 3.1 and 2.9%, respectively. Table S2 re-
ports the refined final atomic parameters; since the improvement in
the description of the crystal structures is minor, we have not deposited
the structures at the ICSD data base. However, it is worth highlighting
that the quality of the powder diffraction data is high enough to allow
the refinement of the hydrogen atomic positions. Fig. 2a shows the
final Rietveld plot where all diffraction peaks were accounted for the
gibbsite structure. A LXRPD study with internal standard methodology
was also performed to determine the overall amount of amorphous
and nanocrystalline material. It was found that, within the errors, this
content was 0. Fig. S2a shows the LXRPD Rietveld plot for gibbsite
with the peaks belonging to the internal standard starred. The 27Al

——Gibbsite
——AI(OH);-amorphous
Ca;Al,(OH),,
CaAl,O,-hydrated

MAS-NMR spectrum for crystalline gibbsite is displayed in Fig. 3
which main resonance is located at 9.3 ppm as previously reported
[51,52].

The Rietveld analysis of the SXRPD pattern for milled gibbsite was
carried out using the gibbsite structure determined just above. The op-
timized unit cell values converged to a = 8.6700(1) A, b = 5.0694(1) A,
c=9.7202(2) A, p = 94.529(2)° and V = 425.89(2) A3. The final Rwp
and Rg values were 3.5 and 2.8%, respectively. Fig. S3 shows the final
Rietveld plot where all diffraction peaks were accounted for the gibbsite
structure. The most noticeable features in the pattern, compared to
those of the as-received gibbsite, were broader diffraction peaks and
higher background contribution.

The SXRPD pattern of boehmite, AIO(OH), was also studied by the
Rietveld methodology using the crystal structure previously reported
[53]. The optimized unit cell values converged to a = 3.6940(1) A,
b = 12.2383(4) A, c = 2.8649(1) A and V = 129.52(1) A3, The final
Rwp and Rg values were 4.6 and 1.8%, respectively. Table S3 reports
the refined final atomic parameters. Fig. 2b shows the final Rietveld
plot. It is important to highlight that the dehydration of crystalline
gibbsite to form crystalline boehmite led to the precipitation of a nano-
crystalline phase which was identified as k-Al,05 (ICSD #84375) [54].
Some humps arising from aluminum oxide were identified in the
Rietveld plot, and the quantitative phase analysis of this sample gave a
phase assemblage of 42.4(1) wt% of crystalline boehmite and
57.6(3) wt% of nanocrystalline k-Al,0s. The overall non-crystalline con-
tent was determined by internal standard methodology from LXRPD
data. The obtained amount for amorphous/nanocrystalline was
67.3(3) wt%. Fig. S2b shows the LXRPD Rietveld plot with the peaks be-
longing to the internal standard starred.

An initial estimation of the particle size of nanocrystalline k-Al,03
was obtained by the Scherrer approach [55], see Eq. (6), by using the
SXRPD data.

. KN\
" Pcosd

(6)

where T is the mean particle size of the ordered domains, k is a dimen-
sionless parameter which depends upon the shape of the particles, \ is
the employed wavelength, (3 is the integral breath after subtracting the

" T J T ' T J 1
-20 -40 -60 -80

3 (ppm)

Fig. 3. 27Al MAS-NMR spectra measured at a spinning rate of 15 kHz and a magnetic field of 14.1 T for gibbsite, amorphous Al(OH)s, CasAl,(OH);, and CaAl,0,-hydrated.
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instrumental line broadening contribution and 6 is the Bragg angle of
the studied diffraction peak. This study was carried out for the (202) re-
flection of K-Al,03, 260 = 11.07°, and 3 = 0.0117 rad, and by assuming a
K shape factor of 0.9, the obtained particle size was 3 nm.

The Rietveld analysis of the SXRPD pattern of hydrogarnet was car-
ried out using the crystal structure previously reported [11] as starting
model. The optimized unit cell value converged to a = 12.57863(2) A
and V = 1990.22(1) A3. In addition to the peaks corresponding to
CasAl,(OH)4,, tiny diffraction peaks from other three phases were ob-
served: Ca(OH)z, CazAl(OH)G-[(CO3)0.25(0H)0'5'2H20] and C33A1206.
The crystal structures of these phases were introduced in the Rietveld
control file and their contents were optimized. After refining the atomic
parameters for hydrogarnet, the final Rywp and R values were 4.9 and
2.6%, respectively. The phase contents converged to 97.22(4), 1.51(2),
0.88(2) and 0.40(2) wt% for CasAl,(OH);,, Ca(OH),, CayAl(OH)g-
[(CO3)0.25(0OH)g5-2H,0] and CasAl,0g, respectively. Table S4 reports
the refined final atomic parameters but, as discussed above, this

structural description has not been deposited. As in the previous case,
the hydrogen position could be refined. Fig. 4a shows the final Rietveld
plot. The 2Al MAS-NMR spectrum for hydrogarnet is also reported in
Fig. 3 where its resonance is located at 12.1 ppm, as previously reported
[56].

Finally, the hydrated CaAl,0,4 paste was also studied. According
to reaction (4), this sample should contain a mixture of hydrogarnet
and aluminum hydroxide gel. The crystal structures of both
hydrogarnet and gibbsite, previously obtained, were used for the
Rietveld refinement of this pattern. The diffraction peaks arising
from the aluminum hydroxide gel were very broad although they
were located as predicted from the gibbsite crystal structure, see
inset in Fig. 4b. This clearly shows the nanocrystalline structure of
the aluminum hydroxide gel. Some additional peaks were observed
in this pattern and they were identified as arising from
CaAl(OH)6[(CO3)o.5-2.5H,0], CaAl(OH)g[(CO3)0.25(0H)q.5-2H,0]
and CaCOs5 (calcite).
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Fig. 4. SXRPD Rietveld plots (\ ~0.41 A) for (a) hydrogarnet and (b) CaAl,04-hydrated. The high angle regions, 20-40° (26), have been enlarged by multiplying by a factor (shown above)
for a better observation. The bottom inset shows an enlarged view of the low angle region of the hydrated paste, where the gibbsite contribution is highlighted. Tic marks denote the
allowed Bragg reflections: in (a) blue for CasAl,Og, yellow for Ca(OH),, red for CasAl,(OH)g and black for Ca,Al(OH)e-[(CO3)0.25(0OH)o.5-2H,0] and in (b) yellow for CaCOs, green for
CazAly(OH)g, blue for AI(OH)3, red for Ca,Al(OH)g-[(CO3)0.25(0H)o5-2H,0] and black for Cap,Al(OH)g[(CO3)0.5°2.5H,0].
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The atomic parameters were not refined for the pattern of hydrated
CaAl,0, paste. The parameters used for this fit were those obtained in
the gibbsite and hydrogarnet structural studies. The refined unit cell pa-
rameters of the five phases are given in Table S5. The final Ryp was 4.7%
and the Rietveld plot is displayed in Fig. 4b. The phase contents con-
verged to 43.54(5), 48.0(2), 5.05(9), 2.24(5) and 1.16(6) wt% for
CagAlz(OH)IZ, AI(OH)3, CazAl(OH)G[(CO3)05 25]’[20], CazAl(OH)G—
[(CO3)0.25(0H)5-2H,0] and CaCOs, respectively. The 2’Al MAS-NMR
spectrum for this paste, see Fig. 3, presents only two signals lo-
cated at 12.0 and 9.5 ppm which correspond to hydrogarnet and
gibbsite, respectively. No additional bands were found in other
regions.

The Scherrer methodology, see eq. (6), has also been employed for
an initial characterization of the particle size of nanocrystalline
AI(OH)3 by using the SXRPD data. This study was carried out for the
(002) reflection of AI(OH)3, 26 = 4.88°, and > = 0.0042 rad, and by as-
suming a k shape factor of 0.9, the obtained average particle size was
9 nm.

A LXRPD study with internal standard methodology was also carried
out for this sample. The crystalline contents were 42.3(4), 2.5(5), 1.7(4)
and 22(5) wt% for Ca3A12(OH)12, CazAl(OH)s[(CO3)Q5 . 25H20],
CayAl(OH)g-[(CO3)0.25(0H)g.5-2H,0] and CaCOs, respectively. More-
over, the resulting non-crystalline content was 51.3(5) wt%. Fig. S4 dis-
plays the corresponding LXRPD Rietveld plot for the hydrated CaAl,04
paste. A key conclusion from the SXRPD and LXRPD studies is nanocrys-
talline nature of the aluminum hydroxide phase with no evidence of an
amorphous phase.

3.3. Qualitative PDF study

The raw PDF data for the five reference specimens and the hydrated
sample are displayed in Fig. 5. The PDF data for crystalline gibbsite have
only the features expected from the crystal structure of gibbsite, includ-
ing the peaks at 1.91 due to Al—O,, 2.40 related with Al---H and O---O
and 2.85 A due to Al--Al and O--O interatomic distances. These inter-
atomic distances were calculated from the CIF file using the GSAS soft-
ware. In addition, the corresponding data for the milled gibbsite show
less pronounced interatomic peaks. Peaks below 1.5 A are considered
as termination ripples and they are due to imperfect corrections and ter-
mination errors [22]. It is worth pointing out that for data collection is-
sues, the acquisition time for milled gibbsite was lower than that for
other compounds and consequently, the quality of the PDF pattern
was poorer.

The PDF data for commercial amorphous aluminum hydroxide, see
Fig. 5, show the main interatomic peaks corresponding to gibbsite,
1.88, 2.35 and 2.86 A. However, only interatomic peaks up to a correla-
tion length of ~6 A are observed. Further characterization of this amor-
phous sample is out of the scope of this paper.

The PDF data for boehmite show the interatomic peaks at 1.89,
2.55, 2.86 and 3.40 A due to Al—O,, Al---H, Al---Al and Al--O inter-
atomic distances, respectively, see Fig. 5. We note that the second
and third peaks also contains a contribution from O-:-O correlations
and that the peak at 3.40 A is characteristic of this oxo-hydroxide
phase and it is not present in the aluminum hydroxide phases, see
Fig. S5.

———Gibbsite

— Gibbsite-milled
—Al(OH);-amorphous
Boehmite
Ca;Al,(OH),;

CaAl,0,-hydrated

o

G (r) (A?)

5 10

r(A)

20 25 30

Fig. 5. Experimental PDFs for as-received commercial crystalline gibbsite, milled gibbsite, as-received commercial amorphous aluminum hydroxide, boehmite, Ca3Al,(OH);, and hydrated

CaAl,04 sample.
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The PDF data for CazAl,(OH)y5, see Fig. 5, have all the features ex-
pected from its crystal structure, including the peaks at 1.93, 2.46,
3.50, due to Al—0O,, Ca-0 and Ca--- Al interatomic distances, respective-
ly and the peak at 3.90 A related with a mixture of Ca---Ca, Al+- O and
Ca--0.

The PDF data for the hydrated sample, see bottom of Fig. 5, show the
expected features for a mixture of hydrogarnet and gibbsite: 1.92, 2.47,
2.85, 3.51 and 3.87 A. The presence of aluminum oxo-hydroxide
(boehmite) is discarded because there are no interatomic peaks in the
region of 3.40 A. Moreover, the signal at 4.17 A, which is also present
in boehmite, it is neither included in this hydrated sample, see Fig. S5.

3.4. Quantitative PDF analysis

Four patterns (commercial crystalline gibbsite, hydrogarnet, boehm-
ite and hydrated calcium aluminate paste) have been quantitatively
studied by using the PDFgui software. The main final objective of the
study was to quantify the presence of nanocrystalline aluminum hy-
droxide in the cement paste. For the crystalline samples, commercial
crystalline gibbsite and hydrogarnet, the 1.5-10 A range was selected
for the analyses. The final fits of the PDF data for these two samples
are displayed in Fig. 6. It is worth noting that we do not report errors
in the results as the standard deviations are not properly calculated by
PDFgui. This is because the standard data reduction obtained by
PDFgetX3 [44] does not include the dG column, standard deviations of
G, which is needed to properly calculate the errors.

The PDF data for commercial gibbsite was fitted with the crystal
structure determined from the Rietveld study described just above.
After optimizing the scale factor, the ADPs values for aluminum and ox-
ygen atoms, the delta2 parameter and the unit cell parameters, the final
refinement led to a Ry value of 17.8%. The final fit is displayed in Fig. 6a,
the final ADPs values are reported in Table S2 and the unit cell values for
gibbsite converged to a = 8.665 A, b = 5.074 A, c = 9.765 Aand p =
94.61°.

The PDF data for CasAl,(OH),, sample was fitted with the crystal
structure determined from the Rietveld study, also described just
above. In the final refinement, Ry dropped to 15.2% and the Ca(OH),
content was 1.9 wt%. The contribution to the PDF analysis by
CaAl(OH)g[(C0O3)0.25(0H)g5- 2H,0] was tested but it did not improve
the fit, therefore it was not considered in the last refinements. The
final fit is displayed in Fig. 6b, the final ADPs values are reported in
Table S4 and the unit cell value for hydrogarnet converged to a =
12585 A.

The PDF data for boehmite is more complex due to the presence of
two main phases of different nature. Boehmite is crystalline and alumi-
num oxide is nanocrystalline. In this case, a different strategy was used
for the PDF fit. The crystalline boehmite was fit over a high r region, i.e.
30-50 A, where no contributions from nano-crystalline or amorphous
phases were apparent. The final Ry value was 19.8%. The final fit is
displayed in Fig. 7c. The final ADPs values are reported in Table S3 and
the unit cell values converged to a = 3.696 A, b = 12.244 A ¢ =
2.866 A. After this refinement, all the parameters for the boehmite
phase were kept fixed and the contribution from nanocrystalline alumi-
num oxide was refined in a lower region, from 1.5 to 30 A, see Fig. 7b. In
addition, Fig. 7a shows a zoom of the smallest r-range. The final Ry
value in this region was 26.7% and the unit cell values for aluminum
oxide were a = 4.885 A, b = 8.429 A and c = 8.683 A. Moreover, for
nanocrystalline aluminum oxide, spdiameter was also refined converg-
ing to 2 nm. Finally, the obtained phase contents were 33.4 wt% for crys-
talline boehmite and 66.6 wt% for nanocrystalline aluminum oxide.

As the hydrated CaAl,04 paste contained crystalline hydrogarnet
and nanocrystalline gibbsite, the same strategy explained just above
was used here. Initially, the PDF data in the high r-region, 60 to 80 A,
was fitted with the crystal structure of crystalline hydrogarnet, see Fig.
8d. After optimizing the scale factors, unit cell and ADPs, the Ry con-
verged to 14.9%. The unit cell value for hydrogarnet converged to a =

12.581 A and the final ADPs values obtained for Ca;Al,(OH);, were
0.0058, 0.0066 and 0.0174 A? for Ca, Al and O, respectively. Subsequent-
ly, all the parameters for the crystalline hydrogarnet phase were kept
fixed and the r-region, 1.5-60 A, was used to fit the nanocrystalline alu-
minum hydroxide gel contribution. After optimizing all the parameters,
the scale factors, unit cell parameters, ADPs, delta2, atomic parameters
and spdiameter, Ry converged to 21.0%. The final fit is displayed in
Fig. 8b and c. In addition, Fig. 8a shows a zoom of the smallest r-range.
The unit cell value for gibbsite converged to a = 8.727 A,b = 5.044 A,
c = 9.609 A, B = 95.2°. Moreover, the final ADPs values obtained for
nanocrystalline gibbsite were 0.0082 and 0.0072 A? for Al and O, respec-
tively. The phase contents were 42.0, 52.8 and 5.2 wt% for CazAl,(OH)15,
Al(OH)3 and CayAl(OH)g[(CO3)q.5-2.5H,0], respectively. Chiefly, the
spdiameter coefficient for aluminum hydroxide converged to 5.3 nm.

4. Discussion

The SXRPD pattern for commercial amorphous aluminum hydrox-
ide, see Fig. S1, indicates that the sample does not present long range
order. The raw PDF data for this amorphous sample, Fig. 5, shows inter-
atomic peaks up to ~0.6 nm. At short interatomic distances, the expect-
ed octahedral Al—O and Al---Al peaks, located at 1.88 and 2.86 A,
respectively, are observed. The presence of additional Al—O bonds, like-
ly arising from Al(OH)COs has been observed by 2’Al MAS-NMR, see Fig.
3. The profile presents a main broad signal around 6.1 ppm which corre-
sponds to octahedral coordination, AlOg, from amorphous aluminum
hydroxide. Moreover, two additional small signals are observed. The
band located at 36.4 ppm is likely due to aluminum in pentacoordinated
environment(s) [52], AlOs, and the band centered at 69.4 ppm is due to

1.5
1.0
&
— 0.5 4
=
QO 00
f“\.]-‘.
<L
=
o
-1.04

r (A)

Fig. 6. Experimental (blue circles) and fitted (red solid line) PDFs for (a) gibbsite and (b)
CasAl(OH) 1.
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Fig. 7. Experimental (blue circles) and fitted (red solid line) PDFs for boehmite (a) from 1.4
to 5 A (b) from 1.4 to 30 A and (c) from 30 to 50 A.

aluminum(s) in tetrahedral environment(s), AlO4 [52]. The contribu-
tion of this tetrahedral coordination, interatomic distance ~1.75 A, is
not visible in the PDF pattern. We speculate that this is due to its low in-
tensity and being partly overlapped with the main broad interatomic
peak of this sample, Al—0O,, which appears at 1.88 A. Finally, and tak-
ing into account the thermal analysis, a stoichiometry close to
Al(OH)3-0.4H,0 was deduced for this sample which also contains
about 12 wt% of Al(OH)COs.

Concerning the Al(OH)3 reference materials, the Rietveld analysis of
the commercial crystalline gibbsite sample showed that it contains one
crystalline phase. The determination of the non-crystalline content by
using the internal standard methodology gave a value close to zero.
Therefore, this study indicated that the amorphous content in the com-
mercial crystalline gibbsite sample was negligible. In addition, the
Rietveld analysis of the powder pattern of milled gibbsite also indicated
the presence of one crystalline phase. However, the low quality of the
PDF pattern does not allow us to perform an adequate quantitative
study for this sample.

Regarding the CasAl,(OH), reference sample, it is worth highlight-
ing the agreement between the phase composition determined from
Rietveld analysis and PDF investigation. The crystalline Ca(OH), content

was determined to be 1.51(2) wt% by Rietveld methodology in very
good agreement with an overall Ca(OH), content of 1.9 wt% obtained
by PDF calculations. Finally, it has been found heterogeneity in this sam-
ple and some regions contained significant amount of the pristine anhy-
drous phase, CaszAl,0g. This could justify that the measured overall
weight loss, 26.3 wt%, was slightly lower than the expected theoretical
value, 28.5 wt%. However, we noted that only a small amount of

G (r) (A?)

G (r) (A2)

064

G (r) (A?)

-0.6 4

G (r) (A?)

-0.6 T T T T 1

60 64 68 72 76 80
o
r(A)

Fig. 8. Experimental (blue circles) and fitted (red solid line) PDFs for CaAl,04-hydrated
sample (a) from 1.4to 5 A, (b) from 1.4 to 30 A (c) from 30 to 60 A and (d) from 60 to 80 A.
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CasAl,0g was detected in the scanned region of the capillary used for ac-
quiring the synchrotron powder diffraction pattern.

On the one hand, boehmite was studied as a reference material in
order to highlight the differences with crystalline gibbsite. The charac-
teristic bands of boehmite allow discarding its presence in the CaAl,0,4
hydrated sample. On the other hand, a different protocol was followed
to fit the PDF patterns of a mixture of crystalline and nanocrystalline
phases [5]. Although the Rietveld methodology is not likely the best
strategy to fit nanocrystalline phases with small particle sizes, the quan-
titative phase analysis was performed as an initial approximation which
yielded 57.6 wt% of aluminum oxide and 42.4 wt% of boehmite. The
quantitative results obtained by using PDF data are in good agreement.
The PDF analysis of boehmite sample gave 66.6 wt% of aluminum oxide,
with an average particle size of ~2 nm, and 33.4 wt% of crystalline
boehmite. The particle size obtained by SXRPD data using the Scherrer
Eq. (6), 3 nm, is very close to that obtained by using the PDF methodol-
ogy. Moreover, the total amount of non-crystalline material (amor-
phous and nanocrystalline) was determined through the internal
standard methodology. This study gave a 32.7(3) wt% of boehmite and
a 67.3(3) wt% of amorphous and nanocrystalline content. The agree-
ment of this value with the amount of nanocrystalline k-Al,03 content
determined by PDF analysis, 66.6 wt%, indicates that the amorphous
content of the sample is negligible.

Finally, we focus on the study of the CaAl,0,4 hydrated sample con-
taining the nanocrystalline aluminum hydroxide gel. The stoichiometric
hydration reaction of CaAl,04 to yield both CasAl,(OH);; and stoichio-
metric non-hydrated Al(OH); should theoretically give a sample with
54.8 wt% of hydrogarnet and 45.2 wt% of gibbsite. Both Rietveld and
PDFs analyses yielded quantitative phase contents with a lower amount
of hydrogarnet than gibbsite, 43.5 and 48.0 wt% (by Rietveld), 42.0 and

52.8 wt% (by PDF), respectively. Firstly, it must be noted the excellent
agreement between the Rietveld and the PDF results, chiefly consider-
ing the nanocrystalline nature of the aluminum hydroxide component.
Secondly, 5.05(9) wt% of CaAl(OH)g[(CO3)g5-2.5H,0] and
2.24(5) wt% of CayAl(OH)g[(CO3)0.25(0H)o5-2H,0] was determined
by Rietveld methodology and 5.2 wt% of Ca;Al(OH)g[(CO3)o5-2.5H,0]
was determined by PDF approach. The agreement between these two
determinations is outstanding and shows the high accuracy of the PDF
phase analysis. Furthermore, the accuracy of the reported data allows
explaining the apparent disagreement between the expected and mea-
sured hydrogarnet/gibbsite ratio. As the hydrated sample contained
mono (and hemicarbonate) phases which have higher Ca/Al ratios, larg-
er amounts of aluminum hydroxide are needed for mass balance. There-
fore, the presence of these phases justifies the higher than expected
measured gibbsite content. The average size of the gibbsite nanoparti-
cles was found to be close to 5.3 nm from the quantitative PDF study.
The obtained value by using the Scherrer approach was a bit larger,
9 nm. Finally, it is important to point out that the LXRPD study using
the internal standard methodology gave a value for the non-crystalline
content of 51.3(5) wt%. The closeness of this value with the nanocrystal-
line aluminum hydroxide content determined by PDF, 52.8 wt%, indi-
cates that the amorphous content is also negligible.

An electron microscopy study has also been carried out to determine
the possible calcium content of nanocrystalline aluminum hydroxide
particles in CaAl,04-hydrated sample [14]. These aluminum hydroxide
nanoparticles were unstable under the electron beam. Therefore a fast
HRTEM study was carried out and, as an example, a HRTEM image of
an isolated nanoparticle is displayed in Fig. 9. This Figure also shows
the Al/Ca mapping. The results from 20 analyzed aluminum hydroxide
nanoparticles yielded 97.7(9) and 2.3(8) at% for Al and Ca contents,

e

asor Pl calie

1 20 Nnm

Fig. 9. HRTEM micrograph of an aluminum hydroxide gel nanoparticle presents in the hydrated sample. The cation distribution mapping, Al and Ca, is also shown. The red boxes highlight

very small Ca slightly-rich nanoparticles, with sizes close to 4-5 nm.



A. Cuesta et al. / Cement and Concrete Research 96 (2017) 1-12 11

respectively. It can be seen that there are very small particles, smaller
than 4-5 nm, which contain a bit of calcium. This could be explained
as trapped hydrogarnet nanoparticles as previously reported for alumi-
num hydroxide gels from calcium sulfoaluminate cements [14].

Finally, although crystalline (or nanocrystalline) gibbsite does
not contain hydration water, small nanoparticles may enclose tiny
channels where water molecules can be located interacting with
the outer surface of the pack of layers. This is sometimes referred
as ‘inter-nanoparticle water’. This water is different from the ‘free
water’ concept of cement pastes as it cannot be easily released.
Since the phase assemblage of CaAl,04-hydrated sample was accu-
rately determined by Rietveld and PDF analyses as 42.1, 49.6, 5.0,
2.2 and 1.1 wt% for Ca3A12(OH)12, AI(OH)3, CazAl(OH)G[(CO3)0_5 . 2.5H20],
CaAl(OH)g[(C0O3)p25(0OH)g5-2H,0] and CaCOs, it is possible to estimate
the water content that strongly interacts with the layers of nanocrystal-
line gibbsite. It can be performed by considering the overall water loss
of this sample, 32.7 wt% and the theoretical water loss of all components,
31.7 wt%. This easy calculation yields a composition close to
Al(OH)3-0.1H,0 for the aluminum hydroxide gel formed in the reported
hydration conditions, 50 °C. We are aware that lower hydration temper-
atures lead to nanocrystalline aluminum hydroxide gels with smaller par-
ticle sizes that may contain more inter-nanoparticle water. Under certain
conditions, amorphous aluminum hydroxide gel could be formed. It is
also worth noting that the temperature of the water loss of hydrogarnet
phase in the cement phase, 290 °C, is quite close to that measured in high-
ly crystalline hydrogarnet sample, 300 °C. Conversely, the temperature of
the water loss of the nanocrystalline gibbsite phase in the cement phase,
260 °C, is significantly lower than that measured in crystalline gibbsite
sample, 295 °C, as expected [48].

5. Conclusions

Firstly, commercial crystalline gibbsite is a single phase and the use
of Rietveld, PDF and density measurements indicates that its amor-
phous content was very low, if any. Secondly, commercial amorphous
aluminum hydroxide had a complex PDF profile with very small scatter-
ing domains with size close to 0.6 nm. The thermal analysis revealed a
very significant release of CO, and the characterization techniques
point towards a large content, close to 12 wt%, of amorphous
Al(OH)COs. Thirdly, the PDF pattern of a mixture of crystalline boehmite
and nanocrystalline aluminum oxide was properly fit by performing a
two-stage study in different regions: a high-r region was employed for
analyzing the crystalline phase and a low-r region was used for analyz-
ing the mixture of crystalline and nanocrystalline phases. The average
size of aluminum oxide nanoparticles was found to be around 2 nm. Fi-
nally, the key hydrated aluminate paste mainly contained crystalline
CasAl,(OH)1» and nanocrystalline gibbsite gel, 43 and 50 wt%, respec-
tively. The LXRPD study with internal standard methodology ruled out
the presence of amorphous content in this paste. The aluminum hy-
droxide gel composition has been determined as AI(OH)3-0.1H,0
which takes into account the strongly interacting inter-nanoparticle
water. The PDF analysis revealed that this gel has a gibbsite local
structure with an average nanoparticle size close to 5 nm. Finally,
the accuracy of the phase contents determined from PDF analyses
has been established by the agreement with the corresponding
values determined from the Rietveld study and the internal standard
methodology.
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