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SHAPE-CONTROLLED CEMENT HYDRATE 

SYNTHESIS AND SELF-ASSEMBLY 


CROSS-REFERENCE TO RELATED 

APPLICATIONS 


This application claims priority to U.S. Provisional Patent 
Application No. 61/989,461, filed on May 6, 2014. The 
entirety of the aforementioned application is incorporated 
herein by reference. 

STATEMENT REGARDING FEDERALLY 

SPONSORED RESEARCH 


This invention was made with govermnent support under 
Grant No. 1346506, awarded by the National Science Foun
dation. The government has certain rights in the invention. 

BACKGROUND 

Current methods of making cementitious materials have 
numerous limitations, including the inability to control the 
shape of the formed materials. The present disclosure 
addresses such limitations. 

SUMMARY 

In some embodiments, the present disclosure pertains to 
a method of preparing calcium silicate hydrate (CSH) par
ticles by using a controlled surfactant-assisted sonochemical 
method. In some embodiments, the present disclosure per
tains to methods of forming CSH particles by mixing a 
calcium source with a silicate source to result in the forma
tion of the calcium-silicate-hydrate particles. In some 
embodiments, the mixing comprises sonication. In some 
embodiments, the mixing occurs in the presence of a sur
factant and a solvent. 

In some embodiments, the methods of the present disclo
sure further comprise a step of controlling the morphology 
of the calcium-silicate-hydrate particles. In some embodi
ments, the controlling comprises at least one of controlling 
the sonication time, controlling the sonication temperature, 
controlling the sonication amplitude, selecting the solvent, 
selecting the solvent volume, selecting the calcium source, 
selecting a concentration ofthe calcium source, selecting the 
silicate source, selecting a concentration of the silicate 
source, selecting the surfactant, selecting a concentration of 
the surfactant, selecting a stoichiometric ratio of the calcium 
source over the silicate source, controlling the rate of adding 
a calcium source or a silicate source to a reaction mixture, 
adjusting a gas flow during the reaction, adjusting the 
reaction pH, and combinations thereof. 

In some embodiments, the step of controlling the mor
phology of calcium-silicate-hydrate particles comprises 
selecting a stoichiometric ratio of the calcium source over 
the silicate source. In some embodiments, the stoichiometric 
ratio of the calcium source over the silicate source ranges 
from about 0.5 to about 3. In some embodiments, the 
stoichiometric ratio of the calcium source over the silicate 
source ranges from about 1.2 to about 1.8. In some embodi
ments, the stoichiometric ratio of the calcium source over 
the silicate source is at least one of less than 1.0, 1.0, 
between 1.0 and 1.5, 1.5, between 1.5 and 2, 2.0, or greater 
than 2.0. 

In some embodiments, the formed calcium-silicate-hy
drate particles comprise cubic shapes, rectangular shapes, 
spherical shapes, rod-like shapes, rhombohedra shapes, 

2 
core-shell-like shapes, dendritic shapes, agglomerated den
dritic shapes, irregular shapes, and combinations thereof. In 
some embodiments, the formed calcium-silicate-hydrate 
particles have cubic shapes. In some embodiments, the 
formed calcium-silicate-hydrate particles have rod-like 
shapes. In some embodiments, the formed calcium-silicate
hydrate particles have rectangular shapes, such as rectangu
lar prisms. 

In some embodiments, the formed calcium-silicate-hy
drate particles are in the form of nanoparticles, micropar
ticles, and combinations thereof. In some embodiments, the 
formed calcium-silicate-hydrate particles are in the form of 
self-assembled particles. In some embodiments, the self-
assembled particles are non-porous. 

In some embodiments, the formed calcium-silicate-hy
drate particles are in semi-crystalline form. In some embodi
ments, the formed calcium-silicate-hydrate particles include 
semi-crystalline cubes. 

Additional embodiments of the present disclosure pertain 
to the calcium-silicate hydrate particles formed in accor
dance with the methods of the present disclosure. Further 
embodiments of the present disclosure pertain to composi
tions that contain the calcium silicate-hydrate particles ofthe 
present disclosure. 

DRAWINGS 

FIG. 1 provides a scheme (FIG. lA) and an illustration 
(FIG. 1B) of methods of forming calcium silicate hydrate 
(CSH) particles. 

FIG. 2 provides a comparative illustration of the forma
tion ofCSH particles by prior art methods (FIGS. 2A-B) and 
the methods of the present disclosure (FIG. 2C). Images on 
the right panel of FIG. 2C represent typical CSH particles 
formed by the methods of the present disclosure. 

FIG. 3 provides scamiing electron microscopy (SEM) 
images of CSH particles synthesized from Na2 SiO3 .5H2O 
and Ca(NO3 ) 2 .4H2 O (FIG. 3A), Ca(NO3 ) 2 .4H2O under N2 

(FIG. 3B), and Ca(OH)2 (FIG. 3C). The CSH particles 
formed in 100 mL of dd-water after 2 hours of sonication in 
the presence of cetyltrimethylammonium bromide (CTAB). 

FIG. 4 provides powder-X-ray diffraction (PXRD) pat
terns of the CSH particles synthesized from Na2 SiO3 .5H2O 
and Ca(NO3 ) 2 .4H2 O (FIG. 4A), Ca(NO3 ) 2 .4H2O under N2 

(FIG. 4B), and Ca(OH)2 (FIG. 4C). 
FIG. S provides Fourier transform infrared spectroscopy 

(FT-IR) spectra of CSH particles synthesized from 
Na2 SiO3 .5H2 O and Ca(NO3 ) 2 .4H2O (FIG. SA), Ca(NO3 ) 2 . 

4H2O (reaction performed under N2 ) (FIG. SB) and 
Ca(OH)2 (FIG. SC). 

FIG. 6 provides SEM images of CSH particles with 
different stoichiometric ratios of the calcium source over the 
silicate source (C/S ratios), including 1.0 (FIGS. 6A-B), 1.5 
(FIG. 6C), and 2.0 (FIG. 6D). 

FIG. 7 shows PXRD patterns of CSH particles synthe
sized with C/S ratios, including 1.0 (FIG. 7A), 1.5 (FIG. 
7B), and 2.0 (FIG. 7C). 

FIG. 8 provides SEM images of CSH particles synthe
sized in the presence of different water amounts, including 
50 mL (FIG. SA) and 200 mL (FIG. 8B). 

FIG. 9 provides transmission electron microscopy (TEM) 
images ofCSH particles at various magnifications, including 
0.5 µm (FIG. 9A), 100 nm (FIG. 9B), and 5 nm (FIG. 9C). 

FIG. 10 provides comparative results on the effects of 
solvents and surfactants on the shape of CSH particles. 

FIG.11 provides a UV-Vis absorption spectruni of sodium 
metasilicate pentahydrate (0.05 M) and calcium nitrate tetra 
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hydrate (1 M) before and after adding calcium to a silicate 
solution. The UV-Vis spectrum of the solution was taken 
during 65 minutes for 12 times. 

FIG. 12 provides data and images relating to CSH prod
ucts with a C/S ratio of 1.5. FIG. 12A provides SEM images 
ofthe CSH products. The insets show a higher magnification 
image (top) and energy dispersive X-ray spectroscopy 
(EDAX) (bottom). FIGS. 12B-D show elemental mapping 
ofthe CSH microstructure by scanning electron microscopy
energy dispersive X-ray spectrometry (SEM-EDAX). FIG. 
12E shows a TEM image of the cubic CSH particles under 
TEM (C/S=l.5). FIG. 12F provides selected area electron 
diffraction (SAED) of the cubic CSH particles (C/S=l.5). 
FIGS. 12G-H provide high resolution TEM (HRTEM) of the 
cubic particles (C/S=l .5). The insets show zoom-in pictures 
where the interlayer distances of (101) and (110) crystalline 
planes are visible. Scale bars are 3 nm. FIG. 121 provides a 
solid state Magic Angle Spectroscopy (29Si MAS NMR) of 
the CSH product (C/S=l.5). FIG. 12J provides an IR spec
trum of the CSH product. FIG. 12K provides an XRD 
pattern of the CSH product. FIG. 12L provides a thermo
gravimetric (TG) analysis of the CSH product. 

FIG. 13 provides TEM images of a molten CSH particle 
after few seconds of melting (FIG. 13A) and after 2 minutes 
of melting (FIG. 13B). The scale bars are 500 nm. 

FIG. 14 provides a schematic illustration of the semi
epitaxial growth of CSH micro-cubes on calcium carbonate 
seeds. 

FIG. 15 provides an SEM image (FIG. 15A) and an XRD 
pattern (FIG. 15B) of a CSH precipitate under carbon 
dioxide bubbling. 

FIG. 16 provides an SEM image of CSH particles syn
thesized under N2 . 

FIG. 17 provides XRD patterns of samples synthesized 
under different precursors concentrations. 

FIG. 18 provides data and illustrations regarding CSH 
synthesized with different C/S ratios. SEM images of the 
CSH products with C/S of 1.0 (FIG. 18A) and 2.0 (FIG. 
18B) are shown. All scale bars show 1 µm. FIG. 18C 
provides an EDAX of the CSH products with C/S of 1.0 
(Blue) and 2.0 (Black). FIG. 18D provides a powder-XRD 
pattern of the CSH samples synthesized with C/S 1.0 (Blue) 
and 2.0 (Black). 29Si MAS NMR of CSH samples with C/S 
of 1.0 (FIG. 18E) and 2.0 (FIG. 18F) are also shown. 

FIG. 19 provides SEM images of CSH particles synthe
sized in the presence of different precursor concentrations. 
For FIGS. 19A-C, the solvent volumes are 25 mL and the 
C/S ratios are 1.0 (FIG. 19A), 1.5 (FIG. 19B), and 2.0 (FIG. 
19C). For FIGS. 19D-F, the solvent volumes are 50 mL and 
the C/S ratios are 1.0 (FIG. 19D), 1.5 (FIG. 19E), and 2.0 
(FIG. 19F). For FIGS. 19G-I, the solvent volumes are 200 
mL and the C/S ratios are 1.0 (FIG. 19G), 1.5 (FIG. 19H), 
and 2.0 (FIG. 191). The scale bars shown are 5 µm. 

FIG. 20 provides SEM images of CSH particles synthe
sized in the presence of cationic and anionic surfactants, 
including CTAB (FIG. 20A), cethylpyridinium bromide 
(CPB) (FIG. 20B), tetra(decyl)annnonium bromide (TDAB) 
(FIG. 20C), and an anionic surfactant dodecyl sulfate 
sodium salt (SDS) (FIG. 20D). The scale bars shown are 5 
µm. 

FIG. 21 provides a comparison of the reaction of sodium 
metasilicate pentahydrate and calcium nitrate tetrahydrate 
conducted via stirring (FIG. 21A) and sonication (FIG. 21B) 
methods. 

FIG. 22 provides data and illustrations of CSH particles 
synthesized in the presence of different calcium salts 
(C/S=2.0). SEM images of the CSH synthesized from 

Na2 SiO3 .5H2 O and Ca(Cl)2 (FIG. 22A) and Ca(OH)2 in the 
presence of CTAB (FIG. 22B), in 100 mL of CO2 free 
dl-water after 2 hours of sonication. All scale bars show 1 
µm. FIG. 22C provides PXRD pattern ofthe CSH (*), CaC12 

(Red), and Ca(OH)2 (Black). FIG. 22D shows FTIR spectra 
of CSH samples: CaC12 (Red), Ca(OH)2 (Black). 

FIG. 23 provides an illustration of a set of diverse CSH 
morphologies via varying the synthesis processes. 

DETAILED DESCRIPTION 

It is to be understood that both the foregoing general 
description and the following detailed description are illus
trative and explanatory, and are not restrictive of the subject 
matter, as claimed. In this application, the use of the singular 
includes the plural, the word "a" or "an" means "at least 
one", and the use of"or" means "and/or", unless specifically 
stated otherwise. Furthermore, the use of the term "includ
ing", as well as other forms, such as "includes" and 
"included", is not limiting. Also, terms such as "element" or 
"component" encompass both elements or components com
prising one unit and elements or components that comprise 
more than one unit unless specifically stated otherwise. 

The section headings used herein are for organizational 
purposes and are not to be construed as limiting the subject 
matter described. All documents, or portions of documents, 
cited in this application, including, but not limited to, 
patents, patent applications, articles, books, and treatises, are 
hereby expressly incorporated herein by reference in their 
entirety for any purpose. In the event that one or more of the 
incorporated literature and similar materials defines a term 
in a manner that contradicts the definition of that term in this 
application, this application controls. 

In recent years, material scientists have extensively inves
tigated novel ways to control the shape of nanomaterials 
( e.g., nanoparticles ). Controlling shapes of nanomaterials is 
becoming important in various practical applications since 
chemical and physical properties of nanomaterials can be 
tunable by their shapes. 

The chemical and physical properties ofnanoparticles can 
be intimately tuned by modulating their shapes and sizes. 
Hence, intense research efforts have been dedicated towards 
the shape- and/or size-selective synthesis of nanoparticles. 
Considerable progress has been achieved in this direction for 
simple crystalline materials such as gold nanoparticles, 
metal oxides, and semiconductor systems. However, there is 
no current understanding or reports on the synthesis or 
feasibility of controlling the shapes ofnanoparticles in more 
complex systems, such as calcium silicates. 

A prime example and one of the most economically 
relevant calcium silicate-based structures is calcium silicate 
hydrate, generally referred to as CSH. CSH is the primary 
product of cement hydration. CSH structures generally have 
a variable stoichiometry and distorted layered structures 
with multiple defects and porosities. As such, CSH particles 
are optimal systems for the exploration of the feasibility and 
kinetics of shape-controlled synthesis of complex nanopar
ticles with low symmetry and even amorphous substruc
tures. In cement chemistry notation, C can be CaO, S can be 
SiO2 , and H can be H2O. However, various combinations of 
other C, S and H are possible. The different phases are 
usually differentiated by the calcium to silicon (C/S) ratio, 
which typically span from -0.7 to -2.3, with an average of 
-1.7. 

Conventional synthetic methods for CSH preparations 
with controlled stoichiometry are generally based on the 
reaction of CaO and SiO2 , or the double decomposition of 
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a Ca-salt and an alkali silicate in aqueous solution. As an 
example, a double decomposition methodology has been 
used to synthesize CSH with various C/S ratios. In this 
method, Na2 SiO3 .5H2 O was dissolved in carbon dioxide
free deionized water. Thereafter, Ca(NO3 ).4H2O was added 
to precipitate CSH. Other studies used a so-called pozzo
lanic reaction to directly mix CaO and SiO2 in solution to 
precipitate CSH with various C/S ratios. However, in both of 
these key conventional approaches, there is no control over 
the size and shape of the CSH particles. 

Controlling the morphology, crystal size, composition and 
structure of calcium silicate nanoparticles are important to 
determining their biocompatibility, stability, heat-insulating 
ability, low dielectric loss, and mechanical properties. More
over, it would be beneficial to gain precise control over the 
morphology of CSH based nanomaterials, since this strategy 
will open up a wide variety ofpossibilities to assemble them 
into macrostructures, thereby leading to the next generation 
of structural materials with optimal properties. 

To date, the few reported studies on controlled synthesis 
of CSH nanostructures deal mainly with forms such as 
needles, nanowires, nanobelts, and hollow microspheres. 
The methods for synthesizing such nanostructures include 
solid-state reactions, sol-gel, hydrothermal reactions, pre
cipitation methods, microwave-assisted methods, and sono
chemical methods. More advanced studies have used a 
hydrothermal microemulsion method to synthesize 
monodisperse wollastonite nanowires with diameters of 
-20-30 nm and up to tens of micrometers in length. For 
instance, tobermorite nanowires have been fabricated by this 
method after hydrothermal treatment. After calcination at 
800° C. for 2 hours, tobermorite nanowires transformed to 
wollastonite nanowires and the wire-like structure was pre
served. 

Another study developed a method to obtain calcium 
silicate nanostructured porous hollow ellipsoidal capsules, 
which were constructed by nanoplate networks using the 
inorganic CaCO3 template. This study first synthesized 
CaCO3 ellipsoids via the reaction between Ca(CH3COO)2 

and NaHCO3 in a water-ethylene glycol mixed solvent at 
room temperature. The products were then used as the 
calcium source. Next, the study added a SiO3 

2 
- source to 

react with CaCO3 to form a CaSiO3 shell on the surface of 
CaCO3 ellipsoids. The study also reported synthesis of 
hierarchically nanostructured mesoporous spheres of CSH. 
In a more recent work, a low-crystalline 1.4 nm tobermorite
like CSH ultrathin nano-sheets with a thickness of 2.8 nm 
and a large specific surface area was made via a reaction-rate 
controlled precipitation process. 

As such, a need exists for improved methods of making 
CSH particles, where the morphology (e.g., shape) of the 
formed particles can be controlled. Various aspects of the 
present disclosure address this need. 

In some embodiments, the present disclosure pertains to 
methods of forming calcium-silicate-hydrate particles. In 
some embodiments, the methods of the present disclosure 
can control the morphology of the formed calcium-silicate 
hydrate particles. In some embodiments, the present disclo
sure pertains to the formed calcium-silicate hydrate par
ticles. 

Methods of Forming Calcium-Silicate-Hydrate Particles 
Various aspects of the present disclosure pertain to meth

ods of forming calcium-silicate-hydrate particles. In some 
embodiments, such methods include mixing a calcium 
source with a silicate source. In some embodiments, the 
mixing includes sonication. In some embodiments, the mix
ing occurs in the presence of a surfactant and a solvent. In 

some embodiments, the mixing results in formation of the 
calcium-silicate-hydrate particles. In some embodiments, 
one or more reaction conditions may be adjusted in order to 
control the morphology of the formed calcium-silicate
hydrate particles. 

More specific embodiments of methods of forming cal
cium-silicate-hydrate particles is illustrated in FIG. lA, 
where the method involves mixing a calcium source with a 
silicate source (step 10), sonicating the mixture in the 
presence of a surfactant and a solvent (step 12), adjusting 
reaction conditions (step 14), and obtaining calcium-silicate
hydrate particles with desired morphologies ( step 16). As set 
forth in more detail herein, various calcium sources, silicate 
sources, surfactants, mixing conditions, and reaction condi
tions may be utilized to form various types of calcium
silicate-hydrate particles. 

Surfactants 
The present disclosure may utilize various types of sur

factants. For instance, suitable surfactants can include, with
out limitation, anionic surfactants, cationic surfactants, zwit
terionic surfactants, and combinations thereof. In some 
embodiments, the surfactants of the present disclosure (e.g., 
cationic surfactants) include variable chain lengths and 
counter ions. In some embodiments, the counter ions of the 
surfactants of the present disclosure (e.g., cationic surfac
tants) include, without limitation, bromide, chloride, tetra
fluoroborate, hexafluorophosphate, and combinations 
thereof. 

In some embodiments, the surfactants of the present 
disclosure include cationic surfactants. In some embodi
ments, the cationic surfactants include, without limitation, 
cetyltrimethylammonium bromide (CTAB), cethylpyri
dinium bromide (CPB), decyltrimethylanimonium bromide, 
dodecyltrimethylanimonium bromide (DTAB), hexadecylt
rimethylanimonium bromide (HTAB), tetra(decyl)ammo
nium bromide (TDAB), cetyltrimethylanimonium chloride, 
cetyltrimethylammonium tetrafluoroborate, cetyltrimethyl
ammonium hexafluorophosphate, and combinations thereof. 

In some embodiments, bromide counter ions in the cat
ionic surfactants of the present disclosure may be substituted 
with other counter ions. In some embodiments, the other 
counter ions may include, without limitation, chloride, tet
rafluoroborate, hexafluorophosphate, and combinations 
thereof. 

In some embodiments, the present disclosure may utilize 
anionic surfactants, such as dodecyl sulfate sodium salt 
(SDS). In some embodiments, the surfactants that are uti
lized in the methods of the present disclosure may lack 
anionic surfactants. Without being bound by theory, it is 
envisioned that, in some embodiments, anionic surfactants 
may protect and hinder the reaction and formation ofvarious 
calcium sources ( e.g., reaction of Ca2

+ with co/- to form 
calcium carbonate seeds) for the growth of calcium-silicate
hydrate particles. On the other hand, it is envisioned that 
cationic surfactants can considerably guide the formation 
and uniform growth ofwell-defined calcium-silicate-hydrate 
particles. 

The reaction mixtures of the present disclosure can 
include various amounts of surfactants. For instance, in 
some embodiments, the surfactants of the present disclosure 
( e.g., cationic surfactants) have a concentration ranging 
from about 0.1 % to about 60% by weight of a reaction 
mixture. In some embodiments, the surfactants of the pres
ent disclosure have a concentration ranging from about 0.5% 
to about 20% by weight of a reaction mixture. Additional 
surfactant concentration ranges can also be envisioned. 
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Solvents 
The present disclosure may also utilize various types of 

solvents. For instance, in some embodiments, suitable sol
vents can include, without limitation, water, acetone, alco
hols, ethanol, methanol, 2-propanol, methanol, n-propanol, 
n-butanol, ethyl acetate, methyl acetate, dimethylforma
mide, dimethyl sulfoxide, acetonitrile, glycol ethers, poly 
ethylene glycol (PEG), and combinations thereof. The use of 
additional solvents can also be envisioned. 

The solvents of the present disclosure can be utilized in 
various volumes in reaction mixtures. For instance, in some 
embodiments, about 25 ml to about 500 ml of solvent may 
be utilized. In some embodiments, about 25 ml to about 200 
ml of solvent may be utilized. In some embodiments, about 
25 ml of solvent may be utilized. In some embodiments, 
about 50 ml of solvent may be utilized. In some embodi
ments, about 100 ml of solvent may be utilized. In some 
embodiments, about 200 ml of solvent may be utilized. 

Calcium Sources 
The present disclosure may also utilize various types of 

calcium sources. In some embodiments, the calcium sources 
of the present disclosure may include one or more counter 
ions. In some embodiments, the counter ions may include, 
without limitation, organic counter ions, inorganic counter 
ions (e.g., acetates), and combinations thereof. In some 
embodiments, suitable calcium sources can include, without 
limitation, calcium salts, calcium nitrate, calcium carbonate, 
calcium hydroxide, calcium acetate, calcium chloride, cal
cium oxide, and combinations thereof. In some embodi
ments, the calcium source includes calcium carbonate. The 
use of additional calcium sources can also be envisioned. 

In some embodiments, the calcium source may be in 
powder form prior to mixing with the silicate source. In 
some embodiments, the calcium source may be in liquid 
form prior to mixing with the silicate source. In some 
embodiments, the calcium source is pre-mixed with a sur
factant prior to mixing with the silicate source. In some 
embodiments, the pre-mixing involves sonication. 

Silicate Sources 
The present disclosure may also utilize various types of 

silicate sources. The silicate sources of the present disclo
sure may also include various counter ions. For instance, in 
some embodiments, the counter ions may include, without 
limitation, various functional groups, acids, and salts. In 
some embodiments, the counter ions of the silicate sources 
of the present disclosure may include, without limitation, 
potassium, sodium, and combinations thereof. 

The silicate sources of the present disclosure may include 
various degrees of hydration. For instance, in some embodi
ments, the silicate sources of the present disclosure are 
unhydrated. In some embodiments, the silicate sources of 
the present disclosure are hydrated. In some embodiments, 
the silicate sources of the present disclosure are pentahy
drated. In some embodiments, the silicate sources of the 
present disclosure have variable degrees of crystal water 
(e.g., unhydrated, pentahydrated, and non-hydrated). 

In some embodiments, suitable silicate sources can 
include, without limitation, sodium silicates, silicon oxide, 
silicon monoxide, silicon dioxide, silicon tetraoxide, silicic 
acid, sodium silicates, potassium silicates, sodium metasili
cate pentahydrate, and combinations thereof. The silicate 
sources of the present disclosure may include different 
numbers of crystal waters. For instance, in some embodi
ments, the silicate sources include sodium silicates and 
potassium silicates with different numbers of crystal water. 
In some embodiments, the silicate source includes silicon 
tetraoxide. The use of additional silicate sources can also be 
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envisioned. In some embodiments, the silicate source may 
be in powder form prior to mixing with the calcium source. 
In some embodiments, the silicate source may be in liquid 
form prior to mixing with the calcium source. In some 
embodiments, the silicate source is pre-mixed with a sur
factant prior to mixing with the calcium source. In some 
embodiments, the pre-mixing involves sonication. 

Mixing Conditions 
The methods of the present disclosure may utilize various 

mixing conditions. For instance, in some embodiments, the 
mixing occurs under flow of an inert gas. In some embodi
ments, the inert gas includes, without limitation, argon, 
nitrogen, and combinations thereof. In some embodiments, 
the inert gas is argon. In some embodiments, the mixing 
occurs under the flow of carbon dioxide. 

Reaction conditions can be adjusted in various manners. 
For instance, in some embodiments, the pH of a reaction 
mixture is adjusted by adding NaOH to a reaction mixture. 
Additional methods ofadjusting reaction conditions can also 
be envisioned. 

In some embodiments, the mixing occurs by sonicating 
the calcium source and the silicate source. In some embodi
ments, the sonication occurs in the presence of a surfactant 
and a solvent. In some embodiments, the sonication occurs 
from about 10 seconds to about 10 hours. In some embodi
ments, the sonication occurs from about 10 minutes to about 
5 hours. In some embodiments, the sonication occurs from 
about 5 minutes to about 180 minutes. In some embodi
ments, the sonication occurs for about 2 hours. In some 
embodiments, the sonication occurs for about 100 minutes. 
In some embodiments, the sonication occurs for about 40 
minutes. In some embodiments, the sonication occurs for 
about 20 minutes. 

In some embodiments, the sonication occurs from a time 
range of less than 10 minutes to at least 5 hours. In some 
embodiments, the sonication occurs at a time range of 
between 2 hours and 8 hours. 

Various sonicating conditions may also be utilized. For 
instance, in some embodiments, the sonication occurs in a 
sonication bath, such as a commercial ultrasonic bath. In 
some embodiments, the sonication occurs by the utilization 
of a sonication tip that is inserted into a solution containing 
the calcium source and the silicate source. 

Sonication can occur at various temperatures. For 
instance, in some embodiments, the sonication temperature 
is less than 25° C. In some embodiments, the sonication 
temperature is about 25° C. In some embodiments, the 
sonication temperature is between 25° C. and 80° C. In some 
embodiments, the sonication temperature is about 80° C. In 
some embodiments, the sonication temperature is higher 
than 80° C. In some embodiments, the sonication tempera
ture ranges from less than room temperature to about 80° C. 
Additional sonication temperatures can also be envisioned. 

Sonication can also occur at various amplitudes. For 
instance, in some embodiments, the sonication amplitude 
ranges from about 20% to about 100%. In some embodi
ments, the sonication amplitude ranges from about 20% to 
about 80%. In some embodiments, the sonication amplitude 
ranges from about 20% to about 50%. In some embodi
ments, the sonication amplitude ranges from about 20% to 
about 40%. 

In some embodiments, the methods of the present disclo
sure occur without the utilization of conventional steps of 
forming calcium-silicate-hydrate particles. For instance, in 
some embodiments, the methods of the present disclosure 
occur without the use of at least one of solid-state reactions, 
sol-gel reactions, hydrothermal reactions, precipitation 
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methods, microwave-assisted methods, hydrothermal 
microemulsion reactions, and combinations thereof. 

In some embodiments, the calcium-silicate-hydrate par
ticles precipitate upon formation. Therefore, in some 
embodiments, the methods of the present disclosure may 
also include one or more steps of separating the precipitated 
calcium-silicate-hydrate particles from the reaction mixture. 

In some embodiments, the calcium source and the silicate 
source may be directly added to a reaction mixture that 
contains a solvent and a surfactant. In some embodiments, a 
silicate source is pre-mixed with a surfactant prior to mixing 
the calcium source with the silicate source. Thereafter, the 
calcium source can be added to the pre-mixed solution that 
includes the silicate source and the surfactant. 

In some embodiments, the pre-mixed silicate source and 
surfactant are sonicated prior to mixing the calcium source 
with the silicate source. In some embodiments, the pre
mixed silicate source and surfactant are sonicated for at least 
20 minutes. In some embodiments, the pre-mixed silicate 
source and surfactant are sonicated for at least 30 minutes. 
In some embodiments, the pre-mixed silicate source and 
surfactant are sonicated for about 1 hour. In some embodi
ments, the pre-mixed silicate source and surfactant are 
sonicated from about 30 minutes to about 1 hour. 

A calcium source may be added to a pre-mixed solution 
of a silicate source and a surfactant in various manners. For 
instance, in some embodiments, the calcium source is added 
to a pre-mixed solution of a silicate source and a surfactant 
in a single batch. In some embodiments, a calcium source is 
added to a pre-mixed solution of a silicate source and a 
surfactant in an incremental manner (e.g., 5-6 aliquots). 

A calcium source may be added to a pre-mixed solution 
of a silicate source and a surfactant at various flow rates. In 
some embodiments, the flow rate of the calcium source is 
adjusted by a liquid flow meter. In some embodiments, the 
calcium source flow rate ranges from about 1 % to about 20% 
of added calcium source by weight per minute. In some 
embodiments, the calcium source flow rate ranges from 
about 1 % to about 10% of added calcium source by weight 
per minute. In some embodiments, the calcium source flow 
rate ranges from about 1 % to about 5% of added calcium 
source by weight per minute. 

Controlling the Morphology of the Calcium-Silicate 
Hydrate Particles 

In some embodiments, the methods of the present disclo
sure also include a step of controlling the morphology of the 
calcium-silicate-hydrate particles. In some embodiments, 
the controlled morphology can include, without limitation, 
shape, size, texture, porosity, patterns, and combinations 
thereof. 

In some embodiments, the morphology of the calcium
silicate-hydrate particles can be controlled by at least one or 
more of the following steps: controlling the sonication time; 
controlling the sonication temperature; controlling the soni
cation amplitude; selecting the solvent; selecting the solvent 
volume; selecting the calcium source; selecting a concen
tration of the calcium source; selecting the silicate source; 
selecting a concentration of the silicate source; selecting the 
surfactant; selecting a concentration ofthe surfactant; select
ing a stoichiometric ratio of the calcium source over the 
silicate source; controlling the rate of adding a calcium 
source or a silicate source to a reaction mixture; adjusting a 
gas flow during the reaction; adjusting the reaction pH; and 
combinations thereof. 

In some embodiments, the morphology of the calcium
silicate-hydrate particles can be controlled without altering 
all of the reaction conditions. For instance, in some embodi

ments, the morphology of the calcium-silicate-hydrate par
ticles can be controlled without altering reaction tempera
ture, pH, or the type of solvent. 

In more specific embodiments, the morphology of the 
calcium-silicate-hydrate particles is controlled by selecting a 
stoichiometric ratio of the calcium source over the silicate 
source. For instance, in some embodiments, the stoichio
metric ratio of the calcium source over the silicate source 
can be adjusted to values that range from about 0.5 to about 
3. In some embodiments, the stoichiometric ratio of the 
calcium source over the silicate source can be adjusted to 
values of less than 0.5, 0.5 to 1.0, less than 1.0, 1.0, more 
than 1.0, between 1.0 and 1.5, 1.5, between 1.5 and 2.0, 2.0, 
or greater than 2.0. In some embodiments, the stoichiometric 
ratio of the calcium source over the silicate source can be 
adjusted to values that range from 1.0 to 1.8. In some 
embodiments, the stoichiometric ratio of the calcium source 
over the silicate source can be adjusted to a value of 1.8. In 
some embodiments, the stoichiometric ratio of the calcium 
source over the silicate source can be adjusted to values of 
at least one of less than 0.5, 0.5, 0.8, 1.0, 1.2, 1.5, 1.7, 2.0, 
or greater than 2.0. 

In some embodiments, the stoichiometric ratio of the 
calcium source over the silicate source can be adjusted to 
less than 1.0, and 1.0. In some embodiments, the stoichio
metric ratio of the calcium source over the silicate source 
can be adjusted between 1.0 and 1.5. In some embodiments, 
the stoichiometric ratio of the calcium source over the 
silicate source can be adjusted to a value of 1.5. In some 
embodiments, the stoichiometric ratio of the calcium source 
over the silicate source can be adjusted to between 1.5 and 
2.0, 2.0, or greater than 2.0. 

The reaction mixtures of the present disclosure can con
tain various amounts ofcalcium sources and silicate sources. 
For instance, in some embodiments, the reaction mixtures of 
the present disclosure include from about 1.5 mmol to about 
6.0 mmol of total silicon and calcium raw materials. 

The stoichiometric ratio of the calcium source over the 
silicate source can be utilized to control the morphology of 
the calcium-silicate-hydrate particles of the present disclo
sure in various manners. For instance, in some embodi
ments, lowered stoichiometric ratios of the calcium source 
over the silicate source (e.g., 1.0) can be utilized to form 
spherical calcium-silicate-hydrate particles. Likewise, in 
some embodiments, elevated stoichiometric ratios of the 
calcium source over the silicate source (e.g., 1.5) can be 
utilized to form cubic and rectangular calcium-silicate
hydrate particles. In some embodiments, elevated stoichio
metric ratios of the calcium source over the silicate source 
(e.g., 1.5-2.0) can also be utilized to form calcium-silicate
hydrate particles with larger particle sizes. 

Formation of Calcium-Silicate Hydrate Particles 
Without being bound by theory, it is envisioned that 

calcium-silicate hydrate particles can form by various meth
ods. For instance, in some embodiments, calcium-silicate 
hydrate particles can form by seed mediated growth. In some 
embodiments, the calcium source serves as seed particles to 
mediate the calcium-silicate hydrate particle growth. In 
some embodiments, the seed particles include calcite seeds, 
such as amorphous spherical seeds of calcite. In some 
embodiments, nucleation and growth of calcium-silicate 
hydrate particles occurs on in-situ formed seeds (e.g., cal
cium carbonate seeds). In some embodiments, the nucleation 
happens on the surface of the seeds. 

In some embodiments, the calcium-silicate hydrate par
ticles can grow by anisotropic growth. In some embodi
ments, the calcium-silicate hydrate particles can grow by 
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epitaxial growth or semi-epitaxial growth. In some embodi
ments, the growth process can be facilitated by surfactants, 
such as cationic surfactants. An example of a method of 
forming calcium-silicate hydrate particles is illustrated in the 
scheme in FIG. 14 and described in more detail in Example 
3. 

Calcium-Silicate Hydrate Particles 
The methods of the present disclosure can be used to form 

various types of calcium-silicate-hydrate particles with vari
ous shapes in a controllable manner. Further embodiments 
of the present disclosure pertain to the calcium-silicate
hydrate particles that are formed by the methods of the 
present disclosure. Additional embodiments pertain to com
positions that contain the calcium-silicate-hydrate particles 
of the present disclosure. In some embodiments, the cal
cium-silicate-hydrate particles are derived from a calcium 
source and a silicate source. Suitable calcium sources and 
silicate sources were previously described. As also described 
previously, the calcium-silicate-hydrate particles ofthe pres
ent disclosure can have various stoichiometric ratios of the 
calcium source over the silicate source. 

Calcium-Silicate Hydrate Particle Morphologies 
The calcium-silicate-hydrate particles of the present dis

closure can have various morphologies. For instance, in 
some embodiments, the calcium-silicate-hydrate particles of 
the present disclosure have various shapes. In some embodi
ments, the shapes include, without limitation, cubic shapes, 
rectangular shapes, spherical shapes, rod-like shapes, rhom
bohedra shapes, core-shell-like shapes, dendritic shapes, 
agglomerated dendritic shapes, irregular shapes, and com
binations thereof. 

In some embodiments, the calcium-silicate-hydrate par
ticles of the present disclosure have cubic shapes. In some 
embodiments, the calcium-silicate-hydrate particles of the 
present disclosure have rod-like shapes. In some embodi
ments, the calcium-silicate-hydrate particles of the present 
disclosure have rectangular shapes. In some embodiments, 
the calcium-silicate-hydrate particles of the present disclo
sure are in the shape of rectangular prisms. 

The calcium-silicate-hydrate particles of the present dis
closure may also be in various sizes. For instance, in some 
embodiments the calcium-silicate-hydrate particles of the 
present disclosure include diameters ranging from about 100 
nm to about 5 µm. In some embodiments, the calcium
silicate-hydrate particles of the present disclosure include 
diameters ranging from about 250 nm to about 1 µm. In 
some embodiments, the calcium-silicate-hydrate particles of 
the present disclosure include diameters ranging from about 
400 nm to about 800 nm. 

In some embodiments, the calcium-silicate-hydrate par
ticles of the present disclosure include diameters ofless than 
100 nm. In some embodiments, the calcium-silicate-hydrate 
particles of the present disclosure include diameters of less 
than 250 nm. In some embodiments, the calcium-silicate
hydrate particles of the present disclosure include diameters 
of at least 1 µm. In some embodiments, the calcium-silicate
hydrate particles of the present disclosure include diameters 
of at least 5 µm. In some embodiments, the calcium-silicate
hydrate particles of the present disclosure include diameters 
that range from less than 100 nm to at least 5 µm. In some 
embodiments, the calcium-silicate-hydrate particles of the 
present disclosure include diameters that range from less 
than 250 nm to at least 1 µm. 

The calcium-silicate-hydrate particles of the present dis
closure may also be in the form of various structures and 
forms. For instance, in some embodiments, the calcium
silicate-hydrate particles of the present disclosure are in the 

form of nanoparticles, microparticles, and combinations 
thereof. In some embodiments, the calcium-silicate-hydrate 
particles of the present disclosure are in crystalline form. In 
some embodiments, the calcium-silicate-hydrate particles of 
the present disclosure are in semi-crystalline form. 

Calcium-Silicate Hydrate Particle Patterns 
The calcium-silicate-hydrate particles of the present dis

closure can be in the form of various patterns. In some 
embodiments, the calcium-silicate-hydrate particles of the 
present disclosure are in the form of self-assembled par
ticles. In some embodiments, the self-assembled particles 
are non-porous. In some embodiments, the self-assembled 
particles are substantially non-porous. In some embodi
ments, the self-assembled particles contain minimal poros
ity, especially when compared to an assembly of spherical 
calcium-silicate-hydrate particles or a distribution of cal
cium-silicate-hydrate particles. In some embodiments, the 
self-assembled particles are stacked. In some embodiments, 
the self-assembled particles include surfactants between the 
particles. 

In some embodiments, the self-assembled particles com
prise one or more shapes, as described previously. In some 
embodiments, the shapes are controllable by the methods 
described previously. In some embodiments, the shapes 
include, without limitation, cubic shapes, spherical shapes, 
rod-like shapes, rhombohedra shapes, shell-like shapes, den
dritic shapes, agglomerated dendritic shapes, and combina
tions thereof. 

In some embodiments, the calcium-silicate-hydrate par
ticles of the present disclosure are in the form of self
assembled clusters. In some embodiments, the particles in 
the self-assembled clusters may have various shapes. In 
some embodiments, the shapes include, without limitation, 
cubic shapes, spherical shapes, rod-like shapes, rhombohe
dra shapes, shell-like shapes, dendritic shapes, agglomerated 
dendritic shapes, and combinations thereof. 

In more specific embodiments, the formed calcium-sili
cate-hydrate particles are in the form of self-assembled 
cubic or rod-shaped particles. In some embodiments, the 
cubic or rod-shaped particles form a patterned architecture. 
In some embodiments, the patterned architecture resembles 
a brick and mortar architecture. 

Advantages 
The methods and compositions of the present disclosure 

provide various advantages. For instance, as set forth in the 
images in FIG. 2, the methods and compositions of the 
present disclosure provide for the first time cubic, rod-shape, 
and rectangular calcium-silicate-hydrate particles that can 
be formed in a shape-controlled manner. Moreover, the 
calcium-silicate-hydrate particles of the present disclosure 
can self-assemble to achieve a very compact microstructure 
ofcement hydrate with almost zero porosity. Such aspects of 
the present disclosure provide advantages over packing of 
distribution of spherical nanoparticles or random colloidal 
networks in conventional synthesis of cement hydrates. 

Furthermore, Applicants' approach provides a simple and 
environmental friendly procedure of making calcium-sili
cate-hydrate particles by using sonochemical techniques and 
affordable starting materials. Such sonochemical techniques 
are advantageous alternatives to conventional chemical 
methods. For instance, ultrasound-enabled reactions pro
mote and accelerate a range of homogeneous chemical 
reactions that can be used to control the shape and morphol
ogy of the formed calcium-silicate-hydrate particles. For 
instance, the shape and morphology of calcium-silicate
hydrate particles can be controlled in some embodiments by 
using a sonication bath ( or tip) and a cationic surfactant. 
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As such, the methods ofthe present disclosure can be used 
to prepare various types of self-assembled calcium-silicate
hydrate particles for use as cementitious materials with 
significantly improved packing fractions, mechanical prop
erties, durability and minimal porosities. 5 

ADDITIONAL EMBODIMENTS 

Reference will now be made to more specific embodi
ments of the present disclosure and experimental results that IO 

provide support for such embodiments. However, Appli
cants note that the disclosure below is for illustrative pur
poses only and is not intended to limit the scope of the 
claimed subject matter in any way. 

15 

Example 1 

Preparation of Calcium Silicate Hydrate Particles 

Samples with different stoichiometric ratios of calcium 
20 

source over silicate source (C/S ratios) were prepared using 
stoichiometric amounts of calcium and silicate sources. The 
C/S ratios included 1.0, 1.2, 1.5, 1.7, and 2.0. 

Detailed steps are provided herein for the preparation of 25 
samples with a C/S ratio of 1.5. First, 0.1 mmol of surfactant 
is dissolved in a 50 mL silicate solution (e.g. 0.5 mmol) to 
form a homogeneous solution. Next, the mixed solution is 
transferred to a commercial ultrasonic bath for sonication for 
a certain amount of time (e.g. 20 min). Thereafter, 0.75 30 

mmol ofcalcium salt powder is added into the mixture while 
the solution is continuously sonicated until the powders are 
completely converted to calcium-silicate hydrate (CSH) 
particles. The CSH particles in this Example precipitate 
from solution upon formation. Finally, the precipitates are 35 

collected by centrifuging several times ( e.g. each time 5 min 
at 5000 rpm) with deionized water and ethanol, respectively. 
The CSH particles are then characterized via a wide range of 
characterization techniques. Various aspects of this method 
are illustrated in more detail in Example 2. 40 

Example 2 

Synthesis of Cubic Calcium Silicate Hydrate 
Particles at Room Temperature by Sonochemical 45 

Methods 

The feasibility of preparing CSH particles using the 
surfactant-assisted sonochemical method is investigated in 
this Example. The effect of C/S ratio, calcium salts, solvent 50 

and surfactant are also considered in this Example. 
In particular, Applicants show in this Example that the 

reaction of calcium nitrate with sodium silicate in the 
presence of cationic surfactants results in formation of CSH 
particles, which precipitate by adding calcium salt to the 55 

mixture of silicate and surfactant. The cube like morphology 
of the CHS particles has been confirmed by scanning 
electron microscopy. The study of the reaction of calcium 
and silicate salts in the presence of surfactants by changing 
C/S ratio and solvent amount produced other morphologies, 60 

such as spherical, rhombohedra and agglomerated dendritic 
particles. The unwanted product in all reactions is calcite, 
which is the product of carbon dioxide and calcium. Direct 
diffusion of CO2 in the reaction leads to only calcite phase, 
which means carbon dioxide can be an inhibitor for the CSH 65 

reaction. The synthesized powders were characterized by 
powder X-ray diffraction (PXRD), FT-IR, X-ray photoelec

tron spectroscopy (XPS), field emission scanning electron 
microscopy (FESEM) analysis and transmission electron 
microscopy (TEM). 

In this Example, Applicants also demonstrate how a 
reaction system can be controlled to produce CSH particles 
of cubic shape. Initially, the effect of calcium salt on 
morphology and crystallite sizes of the obtained powders 
was analyzed. Next, the effect ofC/S ratios, solvent amount, 
co-precipitating of calcium carbonate, and varying the sol
vent system was studied. 

Example 2.1 

Materials 

Sodium metasilicate pentahydrate (99%) was bought 
from Strem chemicals. Cetyltrimethylammonium bromide 
(CTAB) (95%) and Calcium hydroxide were obtained from 
Sigma-Aldrich. Dodecyl sulfate sodium salt (SDS) (99%) 
was bought from Fischer Scientific. Tetra(decyl)annnonium 
Bromide (TKA) (>98%) was purchased from Fischer Sci
entific. All the chemicals were used without further purifi
cation. 

Example 2.2 

Characterization Details 

Powder X-ray diffraction (PXRD) data were obtained 
with a Rigaku D/Max-2100PC powder diffractometer using 
unfiltered Cu Ka radiation (!,=1.5406 A) at 40 kV and 40 
mA and a step size of 0.02°. The contribution from Ka2 

radiation was removed using the Rachinger algorithm. Goni
ometer aligmnent was performed regularly with the use of a 
SiO2 reference standard. Post-acquisition PXRD data pro
cessing was carried out using MDI's Jade 9.0. 

Powder diffraction files (PDF) from the International 
Centre for Diffraction Data (ICDD) were used as references 
for phase identification. FT-Infrared data were recorded on 
a Perkin Elmer spectrum two spectrophotometer using 
attenuated total reflectance. Transmission electron micros
copy (TEM) experiments were performed by depositing a 
drop of suspension diluted in hexane on a carbon coated 
copper grid. The solvent was evaporated and the sample was 
analyzed using JEOL 2000FX and JEOL 2010 microscopes. 
Scanning electron microscope (SEM) experiments on 
samples created by depositing a drop of diluted EtOH 
suspension of sample on an silicon wafer. The solvent was 
evaporated, and the stub was coated with a thin layer of gold 
in a CRC-150 sputter coater. 

Example 2.3 

Synthesis of Calcium Silicate Hydrate 

Samples with C/S ratios of 1.00, 1.50, and 2.0 were 
prepared using stoichiometric amounts of Ca(NO)3 .4H2O 
and Sodium metasilicate pentahydrate. First, 0.036 g of 
CTAB was dissolved in a 100 mL Na2 SiO3 .5H2 O aqueous 
solution (0.05 M) to form a homogeneous solution. Next, the 
mixed solution was transferred to a commercial ultrasonic 
cleaning bath (40 kHz, 130 W, Branson, 3510) to sonicate 
for 20 min. Then, Ca(NO3 ) 2 .4H2O powders were gradually 
added into the beaker while the solution was continuously 
sonicated for 2 h until the powders were completely con
verted to CSH. As the reaction proceeded, white precipitates 
occurred in the solution. The precipitates were collected by 



5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

US 10,442,696 B2 

15 16 


centrifuging with deionized water (3x40 mL), ethanol (2x20 
mL) and acetone (2x20 mL), respectively. 

Example 2.4 


Synthesis of Calcium Silicate Hydrates Under 

Different Conditions 


CSH samples with a C/S ratio of 2.0 was prepared using 
stoichiometric amounts of Ca(NO)3 .4H2 O or Ca(OH)2 and 
sodiummetasilicatepentahydrate. First, 0.1 mmol ofCTAB, 
TKA or SDS was dissolved in a solution of Na2 SiOy5H2O 
(0.5 mmol, 0.1 g) in water (50, 100 and200mL) or a mixture 
of 50 mL water with 50 mL of organic solvents (EtOH, 
MeCN or acetone) to form a homogeneous solution. Next, 
the mixed solution was transferred to a commercial ultra
sonic cleaning bath (40 kHz, 130 W, Branson, 3510) to 
sonicate for 20 min. Then, 1 mmol of calcium salt was 
gradually added into the beaker while the solution was 
continuously sonicated for 2 h until the powders were 
completely converted to CSH. As the reaction proceeded, 
white precipitates formed in the solution. The precipitates 
were collected by centrifuging with deionized water (3x40 
mL), ethanol (2x20 mL) and acetone (2x20 mL) respec
tively. 

Example 2.5 

Experimental Results and Discussion 

Applicants' attempts to prepare calcium silicate hydrate 
(CSH) particles using sonication-based methods began with 
the selection of a calcium source candidate. A search of the 
relevant literature revealed that Zhang and Chang [16] had 
previously reported the sono-synthesis of hollow calcium 
silicate hydrate microspheres using CTAB as a surfactant. 
[16] However, morphologies have not been well investi
gated, especially when they used calcium nitrate. Revisiting 
this reaction using various reaction conditions led to con
siderably different results. 

In particular, Applicants have explored the viability of 
obtaining the desired compounds by a sonochemical-as
sisted reaction, using CTAB as a surfactant, from the reac
tion of sodium metasilicate pentahydrate, with calcium 
nitrate tetrahydrate/calcium hydroxide in water. As shown in 
FIGS. 3A-B, while putting the reaction in air and using 
Ca(NO3 ) 2 .4H2O, the reactions produced well shaped nano-/ 
micro-particles of CSH nanosheets with cubic structures. 
However, the particles obtained under Argon were smaller 
and did not have well cubic morphology. As shown in FIG. 
3C, the particle shape changed when the reaction was 
performed in the presence of calcium hydroxide. 

The XRD patterns of the products are shown in FIG. 4, 
which coincided with the CSH phase (ICDD PDF #002
7218). All the diffraction lines in FIGS. 4A-B are assigned 
well to the Ca1.5 SiO3 _5 .xH2 O phase. On the other hand, the 
shape of the low background in the XRD pattern also 
indicates that some residual calcium carbonate components 
exist as an amorphous structure (FIGS. 4A and 4C). 

PXRD analysis of the product synthesized from Ca(OH)2 

showed what appeared to be a CSH material, albeit the shape 
of the strong diffractions peaks indicates that samples are 
fairly well crystallized and most likely attributed to bigger 
particles (FIG. 4C). 

FIG. 5 illustrates the FTIR spectra of the CSH samples 
synthesized with different calcium salts. The formation of 
CSH is indicated by a complex group of bands in the range 

of 600-1200 cm- 1 
. In all samples, the sharp band around 980 

cm- 1 is characteristic for the Si-OH vibration. The group 
of bands between 670-680 cm- 1 can be attributed to Si 
O-Si bending vibration. 11 Moreover, the characteristic 
bands for the CO3 

2 
- group occur in the spectrum around 

1445 cm- 1 (asymmetric stretch vibration) and at 880 (out
of-plane bend vibration). Since the experiments were carried 
out in air, it may not be possible to prevent incorporation of 
C02.11 

Additional experiments were carried out in which the 
ratio of calcium nitrate to sodium metasilicate (C/S ratio) 
was changed. In SEM images as shown in FIG. 6, consid
erable change was observed by adding more calcium nitrate 
to the solution. When the C/S ratio was 1, the spherical 
particles were the dominant shapes. However, some cubic 
particles were seen under the electronic beam. Increasing the 
C/S ratio led to the formation of more cubic and rectangle 
cubic shapes. 

The impact of carbon dioxide on the progress of this 
reaction was also studied. The bubbling of CO2 into the 
reaction solution under similar conditions leads to lower 
amounts of precipitates. Powder XRD pattern shows there 
was no CSH phase in the powder. The only phases in this 
solid were amorphous silica and calcite, which means car
bon dioxide decreases the rate ofCSH reaction and performs 
as an inhibitor for it. 

After considering the results of the sono-synthesized CSH 
by changing the C/S ratio, Applicants also considered other 
effective parameters which possibly affect the particle shape. 
One ofthese variables considered was the relative amount of 
solvent required for a reaction. 

The use of calcium and silicate sources at a C/S ratio of 
2.0 led to the formation of cubes in the previous experiment 
with solvent amounts that were 50 ml and 200 mL. Surpris
ingly, this change caused a significant change in the yield of 
the product. After half an hour, the reaction with 50 mL of 
solvent produced twice the amount of CSH when compared 
to the second reaction that had 100 mL ofwater. While these 
two reactions seemed to be completed after 2 h, the third 
reaction had no product in these periods of time. The results 
are summarized in FIG. 8. 

As reported before, increasing the time of sonication can 
be effective in the growth of crystallinity and the increase of 
CSH yield. The reaction of calcium nitrate and sodium 
metasilicate was held in the sonication bath and sonicated 
for more than 4 h to produce CSH particles after that time. 

FIG. 8 shows the SEM images of three CSH samples 
prepared in the presence of different volumes of water. As 
shown in FIG. SA, the major particle shapes are cubic and 
rhombohedra. For the other samples shown in FIG. 8B, the 
self-assembly of particles to dendritic shapes were obtained. 

FIG. 9A shows the TEM images of the cubic particles. In 
higher magnifications, some other particles appeared with 
different shapes, such as triangle and rhombohedra. How
ever, the particle had Si, Na and Cl in their structures. This 
means that these structures are the result of sodium silicate 
reformation (FIGS. 9B-9C). 

In order to study the effect of solvents and surfactants on 
the shape ofthe formed CSHs, the reactions were performed 
in the presence of several surfactants and solvents. The 
results are summarized in FIG. 10. The reactions of calcium 
nitrate and sodium metasilicate assisted with CTAB, TKA or 
SDS were applied in the mixture of water, MeCN, EtOH or 
acetone. In the presence of CTAB, the major shape of 
particles was cubic. However, the use of MeCN as a 
co-solvent led to rectangular cubes. TKA produced cubic 
particles in water. Changing solvent to water/EtOH led to the 
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production of larger particles that were spherical in shape. 
However, other solvents did not have a major effect on 
controlling the shape of the CSHs. However, the other 
solvents produced agglomerated particles. In the case of 
cationic and anionic surfactants, anionic surfactants such as 
SDS and sodium oleate in this Example consumed the ca salt 
and produced calcium salts of surfactants, which inhibited 
further reaction of silicate and calcium. 

Example 2.6 

Conclusions 

In this Example, Applicants demonstrated that the syn
thesis of calcium silicate hydrate particles with appropriate 
quality and different morphologies is successfully per
formed via ultrasonic irradiation. The following conclusions 
are drawn: (i) the output data from XRD and FESEM 
indicated that cube like morphologies have been success
fully obtained by using calcium nitrate and sodium silicate 
in distilled water via ultra sound irradiation (UI); (ii) the 
results show that the calcium salt and C/S ratio have 
significant effects on the morphologies of CSHs, which lead 
to different forms of fiber-like or spherical cubes; (iii) the 
results confirm that this CSH production method produces 
CSHs with a range of different morphologies and sizes in a 
simple and cost effective manner with minimal preparation 
time. 

Example 3 


Shape-Controlled Cement Hydrate Synthesis and 

Self-Assembly 


In this Example, Applicants characterize the attributes of 
a CSH gel as a model system and propose a method for 
nucleation and overgrowth of CSH on in-situ formed cal
cium carbonate seeds, leading to the formation of larger 
semi-crystalline CSH based cubes. Based on various micro
scopic and spectroscopic analyses, results show that the 
choice of calcium salt, precursor concentrations, surfactant, 
calcium to silicon ratio (C/S) and their combination, has a 
significant impact on particle growth and morphology. 

Moreover, variation of these parameters enables a sys
tematic control over the size and morphology of particles 
among cubic, rectangular prism, rhombohedra, dendritic, 
and core-shell-like, which are expressed in a morphology 
diagram. CSH particles obtained at low C/S ratio show 
mostly spherical and ill-defined cubic shape, whereas 
increasing C/S ratio generated CSH particles with well
shaped cubes and rectangular prisms. Further increase of 
C/S ratio induced the formation of larger particle sizes. 

Applicants found that, unlike the anionic surfactants that 
protect and hinder the reaction of Ca2 

+ with CO3 
2 

- to form 
the initial seeds, cationic surfactants considerably guide the 
formation and uniform growth ofwell-defined particles. The 
nanoparticle aggregation formation mechanism was sug
gested based on CSH overgrowth on the calcium carbonate 
seeds to explain the morphogenesis. 

As such, this Example provide a more comprehensive 
study with controlled reaction system parameters which 
guide the CSH particles growth and morphogenesis. In what 
follows, Applicants demonstrate the synthesis of the CSH 
particles with different morphology and propose the possi
bility of calcium carbonate seed in-situ generation as a 
side-product that imparts the seed-mediated growth of 
shape-controlled CSH particles. Moreover, the sensitivity of 

the CSH particles shape to the overall concentration of 
precursors provides an opportunity to self-assemble CSH 
particles into dendritic micro structures. Applicants have also 
examined the effect of C/S, precursors concentration, vary
ing the surfactant system and calcium salt counter ion on 
morphology and size of the obtained particles. 

Applicants' previous work on the metal oxide systems 
showed that the amount of capping agent, solvent and metal 
ratio, had a significant effect on the shapes of the resulting 
nanoparticles (NPs). Applicants started the systematic work 
for the CSH system using 100 mL water as solvent, 0.03 g 
cetyl trimethylammonium bromide (CTAB), and C/S of 1.5 
(0.75 mmol of the calcium salt and 0.5 mmol of sodium 
metasilicatepentahydrate). Monitoring the UV-Vis absor
bance of a CSH solution with time shows that the reaction 
is fast in the first 25 minutes and after 1 hour negligible 
reaction was observed (FIG. 11). To ensure that the reaction 
is complete, the samples were sonicated for an additional 90 
minutes after the commencement of precipitation. Then, the 
as-synthesized product was characterized by using a variety 
of microscopic and spectroscopic techniques, including 
scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), selected area electron diffraction 
(SAED), energy dispersive X-ray spectrometry (EDAX), 
solid state Magic Angle Spectroscopy (29Si MAS NMR), 
thermo gravimetric analysis (TGA) and X-ray diffraction 
(XRD) (FIG. 12). 

FIGS. 12A-H show the SEM image, EDAX based 
elemental mapping of cubic particles, TEM and lattice 
resolved high magnification high resolution transmission 
electron microscopy (HRTEM) images, and SAED images 
of the cubic particles obtained from the model reaction 
described earlier. FIG. 12A shows a large area SEM image 
of the product of the reaction obtained after the reaction. As 
can be seen, the sample is composed of particles that are 
uniform in shape: most of the particles formed have cubical 
and rhombohedral morphology, with the size of0.4-0.8 µm, 
pointing towards shape-controlled reaction. 

Although calcite is known to form similar morphologies, 
the samples were analyzed using EDAX to evaluate the 
elemental composition and was proved that the resultant 
structures are not calcite particles. The analysis was done on 
a single cube and also on the bulk samples. EDAX analysis 
confirmed that the formed structures are composed mainly 
of Ca, Si, and O with traces of carbon (bottom inset in FIG. 
12A). A rough qualitative analysis obtained from EDAX 
pointed towards a C/S ratio of 1.2 for the bulk material, a 
range of C/S from 1.2-1.8 was observed for the cubes. Some 
of the particles show high wt % of calcium, which should 
have more calcite phase comparing to CSH. 

Note that CSH is known to have different C/S ratios and, 
although the starting C/S ratio is 1.5, the resulting particles 
may locally have different C/S ratios leading to locally 
different layered forms. Nevertheless, all samples analyzed 
confirmed the presence of silicon, which proves that the 
formed structures are not calcite, but CSH based structures. 
The TEM image (FIG. 12E) taken from this sample shows 
that these particles possess mostly cubic shapes. It shows 
that the product contains smaller particles which weren't 
observable in the SEM image. The HRTEM images of the 
cubic particles mainly demonstrate the presence of two 
planes with inter-planar distances of 3.0 and 5.2 A, corre
sponding to (110) and (101) planes, respectively, ofthe CSH 
phase (FIGS. 12G-H). Although the inter-planar distance of 
3.0 A is also present in calcite corresponding to its (104) 
plane (as reported in the International Centre for Diffraction 
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Data (ICDD) #05-0586), the inter-planar distances of 5.2 A 
is clearly a signature of CSH. 

The exposure to the electron beam severely damages the 
samples making the high resolution imaging challenging. 
After a short exposure to the beam, crystals melt and convert 
into an amorphous phase (FIGS. 13A-B). Similar instability 
under the electron beam has been reported previously. CSH 
crystals have a very limited lifetime under the beam as a 
result of dehydration, and melt to yield an amorphous 
product. SAED analysis done on the cubes demonstrates 
diffuse rings, indicating the presence of poorly crystalline 
structures of CSH particles melting upon electron beam 
exposure (FIG. 12F). However, on careful analysis, blunt 
bright dots corresponding to (110) planes ofCSH were also 
seen, pointing to a largely amorphous structure with small 
islands of irregularly oriented crystalline grains ( as observed 
in FIG. 12F). Bulk spectroscopic measurements also con
firmed the formation of CSH phase. The 29Si MAS NMR 
spectra obtained for the CSH particles is shown in FIG. 121, 
which contains two peaks at about - 79.9 and -85.5 ppm. 
These peaks correspond to Q1 

( end chain silicate tetrahedra) 
and Q2 (middle chain and bridging silicate tetrahedra), 
respectively. The peak at -92.1 ppm is related to a mixture 
of Q2 and Q3 

. Presence of Q2 at this region can be due to the 
cyclic Q2 structure or the chemical attachments such as OH-
or Ca2 

+. The peaks at the range of -97.1 to -102.0 ppm are 
assigned to the Q3 which is because of the cross-linking of 
some of the silicate tetrahedra between the C-S-H sheets. 
It is reported that the presence of CTAB significantly 
increases the Q2/Q1 ratio in CSH structure. 

Applicants suggest that not only CTAB is responsible for 
higher polymerization of CSH, but other stimulants such as 
sonication and warming of the reaction medium while 
sonicating can increase polymerization degree. Thus, pres
ence of small amounts of Q3 is the result of all the param
eters mentioned above or locally small C/S ratio. This 
sample was characterized with IR spectroscopy which is a 
useful tool to study the local structure of solids. In this study, 
the mid-IR spectrum (frequency range 4000-400 cm-1 

) was 
collected for powdered sample. 

FIG. 12J illustrates the FT-IR spectra of the synthesized 
CSH with starting C/S ratio of 1.5. The presence of intense, 
sharp peak at -970 cm- 1 is due to the Si-O stretching 
vibrations in combination with Si---0-Si bending bands at 
-667 cm- 1 again indicates the formation of CSH structures. 
The broad groups of peaks in the range of 1420-1480 cm- 1 

are the characteristic bands for the asymmetric stretching of 
(U3) co/- group, and the weak shoulder at -870 cm- 1 is 
due to the out-of-plane bending (U2) of CO3 

2
-. The band at 

1640 cm- 1 corresponds to H---0-H bending vibration of 
molecular H2 O. The broad band at 2900-3600 cm- 1 attri
butes to the stretching vibration of O-H groups in H2O or 
hydroxyls with wide range of hydrogen bond strengths. 
Weak bands are observed at 2867, and 2924 cm- 1 for the 
contamination ofCTAB in CSH product. The silicate vibra
tion regions of this CSH sample generally resemble the 
reported spectrum of 1.4 nm tobermorite which has mostly 
Q2 1sites, appears in the range of 900-1060 cm- . However, 
Applicants observed the presence of Q3 and Q1 sites in the 
29Si MAS NMR of this sample. The Si---0 vibrations for 
these silicate structures at 1200 and 811 cm- 1 aren't notice
able in the IR spectrum, suggesting that the product contains 
mostly Q2

. XRD analysis also points towards the presence 
of CSH formation (FIG. 12K). 

The XRD pattern verified the product is CSH phase as 
reported (ICDD, PDF #002-7218). The presence of intense 
(110) and (200) peaks at 28=29.2° and 32.0° and less intense 

features around 16.9°, 49.8°, and 55.3° corresponding to 
(101), (020), (310) planes support the formation of CSH 
particles in the reaction. The sample kept in sonication bath 
for 2 and 8 hours were analyzed using thermo gravimetric 
analysis (TGA), as shown in FIG. 12L. The first peak, 
located between ambient temperature and about 250° C., is 
associated with the removal of free, adsorbed, and interlayer 
water. In the both CSH samples, this peak is followed by a 
broader low intensity peak (240-460° C.) that is possibly due 
to the removal of constitutional water from the CSH crystal 
structure, as reported earlier. The weight loss at the range of 
550-950° C. indicates the presence of -2.7 and 6.3 wt % of 
CO2 in the samples with 2 and 8 hour reaction times, thereby 
pointing the formation of CSH and only very low percent of 
carbon in the structure. Without being by theory, it is 
envisioned that the latter observation could be due to the 
presence of nanosized calcite seed particles, which helps in 
the formation oflarger CSH particles (as explained in more 
detail herein). 

Example 3.1 

Nanoparticle Growth 

Nucleation is a desirable step in controlling the formation 
(precipitation reaction) of particles. Nucleation can influ
ence the whole growth mechanism and consequently can 
have a direct impact on the final particle shape and size. In 
this Example, the reaction was done in ambient conditions 
without restricting the air flow in and out of the reaction 
vessel. Hence, the mitigation and/or dissolution of CO2 in 
the solvent (water) were not eliminated. This was illustrated 
by the decrease in pH of the reaction mixture (from 11.5 to 
11.3) in the initial phase of the reaction, representing the 
dissolution ofCO2 and formation of carbonic acid. Hence, in 
addition to Ca2

+ and Sio/-, co/- was also present in the 
reaction mixture. Without being bound by theory, Applicants 
hypothesize, based on the free energy of formation and 
stability, that Ca2 

+ in presence of CO3 
2
-, will prefer to react 

with co/- rather than Sio/-. This reaction can result in 
the formation of calcite nanoparticles (NPs). These nano
particles can be easily stabilized by CTAB present in the 
ensemble. Since the concentration of CO3 

2 
- is small ( dis

solution from the air is the only source), they might get 
used-up fast and the remaining calcium ions are forced to 
react with SiO3 

2 
- leading to the formation of CSH phases. 

However, the presence of calcite NPs could catalyze CSH 
nucleation by acting as the seed particles with the CSH 
phases nucleating on their surface. Synthesis of calcite 
nano-rhombohedra/cubic seed particles in the presence of 
surfactant/additives was already literature reported. The key 
factor to the ordered organization of rhombohedral building 
units in this pathway is the physical diffusion limitation in 
gels. 

Without being bound theory, Applicants propose a similar 
reaction as illustrated in FIG. 14. As illustrated in FIG. 14, 
dissolved CO2 in the reaction mixture would compete with 
silicate anions producing amorphous calcite. CTAB may 
stabilize these seeds as cubic/rhombohedra NPs via an 
oriented growth mechanism along the (104) face. After the 
initial reaction, the concentration of CO3 

2 
- drastically 

diminishes, and the reaction between Ca2 
+ and SiO3 

2


proceeds to create CSH. 
Since the nucleation process is energetically more favor

able on the surface of a seed particle, CSH nucleation 
happens on the surface of calcite seed NPs. Anisotropic 
growth ofparticles on seeds in the presence of CTAB is well 
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documented. Therefore, Applicants propose a semi-epitaxial 
overgrowth of these seeds to form a larger semi-crystalline 
CSH based micro cubes (FIG. 14). 

To substantiate this mechanism, several control experi
ments/analyses were done. A reaction was carried out in the 
presence of excess CO2 (by purging CO2 ) into the reaction 
mixture. Only calcite particles along with amorphous silica 
and no CSH phases were observed (FIG. 15). This is 
understandable because a continuous supply ofCO2 (and the 
corresponding production of CO3 

2
-) is maintained. Hence, 

Ca2 
+ preferentially reacts with CO3 

2
-, leading to the forma

tion of calcite and amorphous silica arising from unreacted 
SiO3 

2
-. 

Another control experiment was carried out in an N2 

atmosphere to establish the importance of CO2 dissolution 
and formation of calcite seeds in the reaction. This is an 
identical reaction to that of the model reaction discussed 
earlier but performed under an N2 atmosphere where all the 
ingredients were prepared under N2 to avoid the presence of 
CO2 as much as possible. The reaction only resulted in the 
formation of CSH with a crumpled sheet-like morphology 
(FIG. 16). The above control experiments support Appli
cants' proposed mechanism and illustrate the importance of 
CO2 , which entail the formation of calcite seed particles in 
the process. Moreover, Applicants' TGA analysis indicated 
the presence of a small amount of carbon (2.7 and 6.3% 
weight loss after 2 hours and 8 hours), which could be 
plausibly due to the calcite seeds according to Applicants' 
mechanism (FIGS. 12K and 17). 

To accurately probe the important factors that influence 
the particle morphology and stoichiometry, a series of reac
tions were designed. By varying certain factors and/or 
ingredients of the reaction, the size, shape, and stoichiom
etry of the CSH can be further modified. In what follows, 
Applicants describe the effects of i) variation in C/S ratio, ii) 
precursor concentration, iii) nature of the surfactant (anionic 
vs cationic), and iv) the counter anion in calcium precursors, 
on the formed CSH structures. 

Example 3.2 

Influence of the Ca to Si Ratio 

The effect of changing the C/S ratio on the morphology of 
the CSH cubes was examined by varying the concentration 
of calcium precursor while keeping the sodium silicate 
pentahydrate amount constant (at 0.5 mmol). All other 
conditions were unchanged as in the parent process (0.03 g 
of CTAB in 100 mL water and growth time of 90 min in the 
sonication bath). The SEM, EDAX, Si MAS NMR, and 
XRD data for the products are shown in FIG. 18. Applicants 
found that at lower C/S ratios (C/S=l), more spherical 
nanoparticles and cubes with smaller dimensions are 
formed, while increasing the C/S ratio to 2.0, scaffolded 
spherical embryos contoured with the larger cubic shape 
resulted. 

In general, the size and yield of cubic particles increased 
with increasing calcium content in the reaction. Without 
being bound by theory, this can be because a larger supply 
of calcium results in more Ca availability for seeds nucle
ation and CSH overgrowth. In other words, reducing the C/S 
ratio restricts the increase in size of the calcite cubical seeds 
and reduces the final size of CSH cubes. 

FIGS. 18A-B show the SEM images of the products at 
C/S of 1.0 and 2.0. The elemental analysis indicated the 
presence of Ca and Si in the CSH products (FIG. 18C). To 
evaluate the C/S ratio, quantitative analysis was done using 

the EDAX spectra. The C/S ratio was determined to be 0.82, 
1.72 for CSH samples which had starting C/S ratio of 1.0 
and 2.0, respectively. Without being bound by theory, two 
possible reasons for slightly lower C/S ratios in the final 
products can be: i) the reaction process lead to Ca2

+ leach
ing; and ii) the presence of the amorphous silica in silicate 
substrate. 

The EDAX spectra also show other elements such as C 
and Na that arise either from the carbon tape or as impurities 
from the reaction solution or calcium carbonate. XRD 
patterns obtained from these products match with the CSH 
phase, (ICDD, PDF #002-7218). Intense peaks attributed to 
(110) and (200) planes at 28=29.2° and 32.0° and less 
intense features around 16.9°, 49.8°, and 55.3° correspond
ing to (101), (020), (310) planes are present in the XRD 
pattern of products, supporting the formation of CSH (FIG. 
18D). For all these samples, the XRD patterns showed the 
CSH phase and less intense peaks of calcium carbonate. 

The deconvolution of 29Si MAS NMR ofthe spectrum for 
the low C/S ratio CSH system (C/S=l.0) suggests that in 
addition to the relatively small Q1 peak at -79.9 ppm, four 
other peaks exist having more negative chemical shift values 
(FIG. 18E). These peaks, which appear at -86.8, -91.3, 
-97.0, and -107.4 ppm, are attributed to Q2 

, mixture of Q2 

and Q3 
, and Q3 

. The spectrum of high C/S ratio CSH 
(C/S=2.0) mainly contains Q1 and Q2 peaks at about - 78.8 
and -84.3 ppm (FIG. 18F). The peak at -91.2 ppm is 
assigned to the mixture of Q2 and Q3 

. Intensity of this peak 
is lower for the sample with C/S of 2.0 due to the higher 
quantity of calcium which inhibits silicate chain cross
linking. 

Example 3.3 


Comparative Morphogenesis by Varying Precursor 

Concentration 


The effect of precursor concentrations was induced in the 
synthesis ensemble by varying the amount (volume) of 
water (25, 50, and 200) introduced into the reaction using 
different Ca to Si ratio of 1.0, 1.5 and 2.0 (FIG. 19). The 
variation in precursor concentration resulted in significant 
changes in the yield ofproducts and duration ofthe reaction. 
Samples containing 25 and 50 mL that were comparatively 
more concentrated resulted in almost double the amount of 
CSH in the first 30 to 60 minutes of the reaction (monitored 
by UV-Vis), compared to the reaction with lower precursor 
concentration (200 mL water). Moreover, while the reaction 
from concentrated starting precursors seemed complete after 
90 minutes, the reaction involving 200 mL ofwater had only 
a finite amount of product in the same period of time. 

As reported before, increasing the time of sonication can 
be effective in growth of crystalline phases and increasing 
the yield of the reaction. Thus, the latter reaction (with 200 
mL of water) was placed in the sonication bath for an 
additional 4 hours to obtain the final product. At all Ca to Si 
ratio, an abrupt transition in morphology was observed with 
increasing solvent volume from 100 to 200 mL. In contrast 
to the cubic shape of CSH particles obtained at 25-100 mL 
(FIGS. 19A-F, 12A and 18A-B), large core/shell-like at C/S 
of 1.0 (FIG. 19G) and dendritic assembled shaped particles 
at C/S of 1.5 and 2.0 (FIGS. 19H-I) were observed. The 
XRD pattern (FIG. 17) confirmed the assignment of the 
product to a CSH phase in all samples. 

However, XRD patterns of samples synthesized in dilute 
solution show higher concentration of calcite due to longer 
reaction time and higher volume of solvent which stimulate 
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the higher dissolution of carbonate anion (FIGS. 19G-I). 
Additional peaks related to portlandite are also observed in 
the XRD pattern of CSH at 200 mL of water and C/S ratio 
of 1.5 and 2.0. Although the dendritic shape in FIGS. 19H-I 
do not show well-ordered shape of subunits, it is apparent 
from SEM image of samples with C/S of 1.5 and 2.0 using 
200 mL solvent at higher magnification that some of the 
exposed tails and edges are assembled from oriented cubic 
subunits (inset in FIG. 19H). 

As illustrated in FIG. 19, while the morphology of par
ticles in the presence of 25 and 50 mL water are cubic and 
rhombohedra (FIGS. 19A-F), diluting the solution with 200 
mL of water leads to slower precipitation from solution and 
dendritic structures (FIGS. 19H-I). Without being bound by 
theory, Applicants believe that the slower reaction kinetics at 
diluted solutions might facilitate the self-assembly of 
smaller CSH nuclei into dendritic structures as reported for 
other materials. Furthermore, Applicants believe that het
erogeneous nucleation of calcite can affect the growth 
mechanism. 

The noticeable difference in these reactions are keeping 
sample under supersaturation and in the sonication bath for 
longer reaction time, which increases the average tempera
ture of solution. Both temperature and concentration gradi
ent (at a particular precursor concentration) arises the con
trolled diffusion of CSH particles. The oriented attachment 
of particles starts with a seed particle formed by nucleation 
under supersaturation and the growth of dendrites proceeds 
from this seed particle, by the sticking and stacking of the 
diffusing particles at certain favorable sites. On the other 
hand, reaction temperature affects the morphology, poly
morph and size of seed particles. Some studies showed that 
CaCO3 concentration had a strong influence on the shape of 
crystals at different temperatures. The direct observation of 
nanoparticles in some samples as seeds and intermediates by 
SEM is helpful for providing structural insight into the 
growth of CSH particles. Indeed, the product structure and 
morphology has a significant dependence on both variables 
which control the precursors concentration, C/S ratio and 
volume of solvent. Particles size is also triggered by varying 
precursors concentration. Generally larger particles were 
obtained by increasing the concentration of precursors. 
Some particles with multiple twinned structures or ill
defined structures can also be found in the product synthe
sized in higher concentration ofprecursors (volume ofwater 
of 25 and 50 mL). 

Example 3.4 

Cationic Versus Anionic Surfactants 

The importance of surfactants in the size- and/or shape
controlled synthesis of nanostructures has been observed. 
Here, to address the question about the role of surfactant in 
controlling the morphogenesis process, the effect of three 
cationic and one anionic surfactants on the shape of the CSH 
products was explored (FIG. 20). Cationic surfactants 
namely CTAB, cethylpyridinium bromide (CPB), tetra(de
cyl)ammonium Bromide (TDAB), and an anionic surfactant 
dodecyl sulfate sodium salt (SDS) were examined in the 
reaction. In the presence of CTAB and CPB, the major 
shapes of particles were cubic, whereas TDAB produced 
cubic nanoparticles, rectangular prisms, and rods. However, 
the poor solubility of the surfactants in water caused them to 
remain in the CSH matrix. 

Comparing cationic and anionic surfactants in Applicants' 
experiments, SDS does not appear to be appropriate surfac

tants for this method, yielding highly aggregated irregular 
structures. On the other hand, under experimental conditions 
for C/S=2 and using calcium nitrate and sodium silicate with 
no added CTAB under stirring, there was no specific shape 
for the products (FIG. 21A). The use of sonication leads only 
to irregular structures with severe agglomeration (FIG. 
21B). Addition of surfactants resulted in well-defined cubic 
CSH particles (FIG. 20A). 

Without being bound by theory, Applicants propose that 
the interaction of cationic surfactants with a silicate source 
and/or carbonate anion and their subsequent stabilization 
(which render the resultant structures) are the key reasons 
for the formation of well-defined structures. Anionic surfac
tants on the other hand could protect Ca2+, and hinder their 
reaction with co/-, thereby restricting the possibility of 
calcite seeds and the formation CSH micro-cubes. 

Example 3.5 


Particle Formation by Varying Counter Ions in the 

Calcium Precursor 


Anions are known to intimately modulate the final shape 
of nanoparticles in surfactant mediated synthesis. As dis
cussed earlier, in the presence of NO3 -, well-defined CSH 
nano/micro-particles with cubic/rhombohedral morphology 
were obtained. By examining other anions including c1
(CaCl2) and hydroxide, Ca(OH)2, the morphology of the 
resulting CSH structures was completely different (FIG. 22). 
Both samples were analyzed using SEM and EDAX exten
sively, which confirmed that the formed structures are 
mainly composed of Ca, Si, and O with traces of carbon 
where the latter is from calcite structures or from adsorbed 
carbon species, which carmot be avoided. 

When CaC12 is used as the calcium source, the formed 
particle did not exhibit any particular preference for any 
shape and showed differently sized and/or shaped CSH 
structures with a severe aggregation (FIG. 22A). However, 
the reaction carried out using calcium hydroxide as the 
calcium source caused the particles to form sheet-like fluffy 
material (FIG. 22B). Both of these structures showed char
acteristic XRD patterns and IR peaks pointing towards the 
presence of CSH phase. XRD patterns for these reactions are 
shown in FIG. 22C, which match with the CSH phase 
(ICDD, PDF #002-7218). On careful examination, for the 
product synthesized from Ca(OH)2, Applicants can observe 
less intense features around 28=23.04°, 29.3°, 39.40°, 
47.48° and 48.49°, due to the presence of calcite. The 
narrowness of peak at 29 .3° reflects the higher formation of 
crystalline calcite phase in the sample due to higher affinity 
of calcium hydroxide to react with carbon dioxide. This 
feature also resemble to the larger particles effect on sharp
ening of the XRD peaks. The FT-IR spectra of samples 
synthesized in the presence of calcium hydroxide and cal
cium chloride is shown in FIG. 22D. 

All samples have a complex group of bands in at -960 
cm-1, corresponding to the asymmetric and symmetric 
stretching vibrations of Si-O bonds, and a band at -660 
cm- 1 due to Si---0-Si bending vibrations. The bands in the 
range of 1400-1500 cm- 1 corresponding to the asymmetric 
stretching of co/-, and the weak shoulder at -870 cm- 1 

2due to the out-of-plane bending ofCO3 -. CO3 
2- peaks have 

higher intensity for the CSH sample formed from calcium 
hydroxide. This observation is fully consistent with the 
results obtained from XRD patterns that incorporation of 
CO2 in the sample synthesized from calcium hydroxide is 
higher than other CSH products from other calcium precur

http:28=23.04
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sors. The band at 1640 and in the region of 2600-3600 cm- 1 

are also due to H---0-H bending vibration of molecular 
H2 0 and stretching vibrations of 0-H groups. 

In sum, Applicants demonstrated in this Example a shape
controlled synthesis of complex semi-crystalline Calcium
silicate-hydrate (CSH) with a variety of particle morpholo
gies and sizes via a seed in-situ generation and a seed
mediated growth protocol. Due to the regulated reaction 
kinetics and crystal growth of CSH, the product morphology 
was controlled to obtain 1) spheres resulting from the 
growth on amorphous spherical seeds of calcite; 2) cubes 
grown on the rhombohedra initial particles of calcite; 3) 
core/shell-like resulting from decreasing the precursors con
centration and C/S to 1.0 and 4) a self-assembled dendritic 
form as a result of diluting the solution twice at C/S of 1.5 
or 2.0. 

For a given solvent volume, Applicants' results show that 
the C/S ratio should desirably be larger than 1.0 to achieve 
the formation of cube-like CSH structures. Equally impor
tant, Applicants demonstrated that cationic surfactants play 
multiple roles in particle formation, including: 1) the for
mation of cubic calcite seeds in the initial stage; and 2) 
control of the uniform growth ofCSH particles. Decreasing 
the amount of water was shown to be decisive in speeding 
up the growth rate and increasing the size of cubic-shaped 
particles. As shown in FIG. 23, Applicants categorize the 
as-obtained CSH microstructures in the morphology dia
gram into three classes according to their morphological 
features: crystals with cubic, core/shell-like and dendritic 
shapes. 

Example 3.6 

Materials 

Sodium metasilicatepentahydrate (99%) was bought from 
Strem Chemicals. CTAB (95%), CPB and calcium hydrox
ide were obtained from Sigma-Aldrich. SDS (99%) was 
acquired from Fischer Scientific. Tetradecylammoniumbro
mide (TDAB) (>98%) was purchased from Fischer Scien
tific. All the chemicals were used as received without further 
purification. 

Example 3.7 

Synthesis Methods 

CSH samples with C/S ratios of 1.0, 1.5, and 2.0 were 
prepared using stoichiometric amounts of Ca(NO)y4H20 
and sodium metasilicate pentahydrate. For example, for the 
model reaction of CSH with C/S=l.5 and CTAB, first 0.03 
g of CTAB was dissolved in a 100 mL Na2 Si03 .5H20 
aqueous solution (0.05 M) to form a homogeneous solution. 
The resulting solution was transferred to a commercial 
ultrasonic cleaning bath (40 kHz, 130 W, Branson, 3510) 
and sonicated for 20 minutes. Subsequently, Ca(N03 ) 

2 .4H20 powder was gradually added into the beaker while 
the solution was continuously sonicated for 100 minutes 
until the powders were completely converted to CSH. As the 
reaction proceeded, a white precipitate formed. The precipi
tate was collected by centrifuging with 2 mM calcium 
hydroxide (CH) solution (3x20 mL) and ethanol (2x10 mL) 
respectively. Other controlled reactions followed a similar 
procedure except that the stoichiometry of raw materials 
(C/S ratio of 1 and 2), surfactant (CPB, TDAB or SDS), 
calcium salt (Ca(OH)2 , CaC12 ) and water volume (25, 50 
and 200 mL) were different. 

Example 3.8 

Characterizations 

Powder X-ray diffraction (XRD) data were obtained with 
a Rigaku D/Max-2100 PC powder diffractometer using 
unfiltered Cu Ka radiation (!,=1.5406 A) at 40 kV and 40 
mA and a step size of 0.02°. The contribution from Ka2 

radiation was removed using the Rachinger algorithm. Goni
ometer aligrnnent was performed regularly with the use of a 
Si02 reference standard. Post-acquisition XRD data pro
cessing was carried out using MDI's Jade 2010. Powder 
diffraction files (PDF) from the ICDD were used as refer
ences for phase identification. Fourier transform infrared 
spectroscopy (FT-IR) data were recorded on a Perkin Elmer 
spectrum with two spectrophotometers using attenuated 
total reflectance. Transmission electron microscopy (TEM) 
experiments were performed by depositing a drop of a 
suspension of the nanoparticles diluted in EtOH onto a 
carbon-coated copper grid. The solvent was evaporated and 
the sample was analyzed using a JEOL 2100 Field Emission 
Gun Transmission Electron Microscope. Scanning electron 
microscopy (SEM) experiments on samples were created by 
depositing a drop of diluted EtOH suspension of sample on 
an aluminum stub or a silicon wafer or glass slides. The 
solvent was evaporated, and the stub was coated with a thin 
layer ofgold in a CRC-150 sputter coater in the case ofusing 
glass. Energy dispersive X-ray spectroscopy (EDAX) analy
ses were carried out on a JEOL FEI Quanta 400 ESEM FEG 
on CSH particles. Measurements were performed at 20 kV 
and with a measured beam current of 1 nA. The aluminum 
stub covered with carbon tape was used for elemental 
analysis of samples. Solid state Magic Angle spectra (29Si 
MAS NMR) were collected on a Bruker Advance 200 
spectrometer at 39.76 MHz. Samples were measured using 
a 7 mm extended VT MAS probe with 7 mm long barrel 
Zr02 rotors and plugs and Kel-F fluoropolymer caps. 
Chemical shifts were referenced to hexamethylcyclotrisilox
ane (1\) -9.66 ppm by sample replacement. All spectra were 
collected at a magic angle spinning speed of 6.00 kHz 
without high-power 1H decoupling. Spectra were acquired 
using a 90° 29Si pulse of 5.75 µs and a spectral width of 
14750 Hz. Data were collected and analyzed with TopSpin 
vl.3 and Dmfit2011. Thermal analyses on powder samples 
(-3 mg) were carried out using a Q-600 Simultaneous 
TGA/DSC from TA Instruments at 20° C. min- 1 from room 
temperature (RT) to 1000° C. under Argon atmosphere using 
a flowing rate 60 mL min- 1 

. 

Example 3.9 

Comparison of Absorption Spectra of Calcium 

Nitrate and Sodium Silicate 


In FIG. 11, the absorption spectra of Calcium nitrate and 
sodium silicate before and after mixing in water are com
pared. The absorption was measured during the first 65 
minutes of reaction more than ten times. The graph shows 
that after adding calcium solution to silicate, the intensity 
increases after the first few minutes and three new peaks at 
210, 270 and 320 appear. After around 25 minutes the 
changes decrease, demonstrating the main part of reaction 
takes place at the first 25 minutes of mixing raw materials. 
Since the sonication power can increase the rate of reaction 
and in view of the aforementioned UV-Vis results, Appli
cants used the 60-100 min reaction time for all of the 



5 

10 

15 

20 

25 

30 

US 10,442,696 B2 

27 28 


experiments, except in the case ofusing 200 mL water where 
the reaction was performed for 6 hours. 

Without further elaboration, it is believed that one skilled 
in the art can, using the description herein, utilize the present 
disclosure to its fullest extent. The embodiments described 
herein are to be construed as illustrative and not as con
straining the remainder of the disclosure in any way what
soever. While the embodiments have been shown and 
described, many variations and modifications thereof can be 
made by one skilled in the art without departing from the 
spirit and teachings of the invention. Accordingly, the scope 
of protection is not limited by the description set out above, 
but is only limited by the claims, including all equivalents of 
the subject matter of the claims. The disclosures of all 
patents, patent applications and publications cited herein are 
hereby incorporated herein by reference, to the extent that 
they provide procedural or other details consistent with and 
supplementary to those set forth herein. 

What is claimed is: 
1. A composition comprising calcium-silicate-hydrate 

particles, 
wherein the calcium-silicate-hydrate particles are self

assembled non-porous or substantially non-porous par
ticles that comprise calcite nanoparticles formed by an 
interaction of a calcium source and carbonate; and 

calcium-silicate hydrate phases formed on the surface of 
the calcite nanoparticles when the remaining calcium 
source reacts with a silicate source, and 

wherein the calcium-silicate-hydrate particles comprise at 
least one of cubic shapes, rectangular shapes, spherical 
shapes, rod-like shapes, rhombohedra shapes, core

shell-like shapes, dendritic shapes, agglomerated den
dritic shapes, irregular shapes, and combinations 
thereof. 

2. The composition of claim 1, wherein the calcium 
source is selected from the group consisting of calcium salts, 
calcium nitrate, calcium carbonate, calcium hydroxide, cal
cium acetate, calcium chloride, calcium oxide, and combi
nations thereof. 

3. The composition of claim 1, wherein the silicate source 
is selected from the group consisting of sodium silicates, 
potassium silicates, silicon oxide, silicon monoxide, silicon 
dioxide, silicon tetraoxide, silicic acid, sodium metasilicate 
pentahydrate, and combinations thereof. 

4. The composition of claim 1, wherein the calcium
silicate-hydrate particles have cubic shapes. 

5. The composition of claim 1, wherein the calcium
silicate-hydrate particles have rectangular shapes. 

6. The composition of claim 1, wherein the formed 
calcium-silicate-hydrate particles are in semi-crystalline 
form. 

7. The composition of claim 1, wherein the formed 
calcium-silicate-hydrate particles comprise diameters rang
ing from about 100 nm to about 5 µm. 

8. The composition of claim 1, wherein the formed 
calcium-silicate-hydrate particles comprise diameters rang
ing from about 250 nm to about 1 µm. 

9. The composition of claim 1, wherein the self-as
sembled particles comprise surfactants between the par
ticles. 

* * * * * 
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