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The adsorption of methylene blue (MB) on C–S–H surfaces (C/S ratios 0.60–1.80) and its dependence on
C–S–H nanostructure was investigated. UV–VIS spectroscopy was used to obtain the adsorption–desorp-
tion isotherms at 23 �C, 35 �C and 50 �C. The character of the UV–VIS spectra and the nature of the C–S–
H–MB interaction are discussed. Several sorption models including those due to Langmuir, Harkins–Jura,
Halsey, Henderson, and Freundlich are fitted to the data using a non-linear multiple-regression method.
Factors influencing the sorption of MB by C–S–H are discussed. The results demonstrated that the adsorp-
tion of MB molecules on C–S–H strongly depends on the nanostructural characteristics of C–S–H.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Calcium silicate hydrate (C–S–H) is the principal binding phase
in Portland cement-based products [1]. The behavior and perfor-
mance of C–S–H in various environments is dependent on its
chemical and physical stability and is central to sustainability is-
sues [2]. The stoichiometry of C–S–H is variable and the C/S ratio
generally ranges from 0.80 to 1.60 in cement systems (utilizing
Portland or blended cements) hydrated at normal temperatures
[3].

Recent studies motivated by sustainability objectives include
the development of organic/inorganic cement-based nanoparticles
[4–6]. These structurally modified materials often exhibit increases
in the degree of polymerization of the silicate chains that form the
backbone of their structure. The authors have demonstrated (using
29Si NMR and XRD techniques) that when methylene blue (MB)
solution interacts with C–S–H surfaces the effective silicate chain
length increases [7]. The interaction of MB with smectites and
other layered silicates has been studied extensively [8–10]. This
investigation addresses whether or not the behavior of MB adsorp-
tion on C–S–H surfaces is analogous to sorption on clay surfaces. In
this context the following objectives would appear to be relevant:
to determine the efficacy of UV–VIS spectroscopy for the study of
MB–C–S–H interactions; to establish if MB adsorption can form
the basis for the development of a simple method for characteriz-
ing C–S–H preparations with variable C/S ratio; to validate the
applicability of various sorption models to quantify the adsorption
010 Published by Elsevier Ltd. All r

: +1 613 954 5984.
).
of MB on C–S–H surfaces and to clarify the factors that influence
MB adsorption on C–S–H surfaces e.g. nanostructural variation,
surface area. Details of this investigation are reported in the fol-
lowing sections.

2. Experimental

2.1. C–S–H preparation

C–S–H samples with C/S ratios of 0.60, 0.80, 1.00, 1.20, 1.40,
1.50, 1.60, 1.65, and 1.80 were prepared. Stoichiometric amounts
of CaO and amorphous silica mixed with water at a water/solids ra-
tio of about 11.80 were used to prepare samples with C/S ratio
varying from 0.60 to 1.60. The preparations with C/S ratios 1.65–
1.80 were prepared with stoichiometric amounts of CaO and amor-
phous silica corresponding to initial C/S ratios of 1.70 and 2.00.
These samples contained significant amounts of free lime and the
C/S ratios were corrected accordingly. The CaO was produced using
precipitated calcium carbonate heated at 900 �C for 24 h. The CaO
was purged with nitrogen gas and stored in a desiccator until re-
quired. The amorphous silica (Cabosil) was heated at 110 �C to
dry the material thoroughly. The reactants for producing C–S–H
were placed in high density polyethylene (HDPE) bottles that were
continuously rotated for periods up to one year. The reaction tem-
perature was 23 �C. The material was then filtered to remove ex-
cess water and dried under vacuum for 4 days. The resulting
products were placed in HDPE bottles, purged with nitrogen gas
and stored until further use. Samples of the various C–S–H
preparations were put aside for immediate characterization using
thermogravimetric analysis (TGA) and X-ray diffraction (XRD)
methods.
ights reserved.
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2.2. Characterization of C–S–H

TGA: The various C–S–H samples (10 mg) were placed in a TAQ
600 TGA instrument and heated at rate of 10 �C per min from room
temperature to 1050 �C. The analysis was conducted in a nitrogen
environment. The thermogravimetric curves (mass loss versus
temperature) for the C–S–H preparations (C/S ratio of 0.80–1.60)
were quantitatively and qualitatively similar to that reported for
the C–S–H gel [11]. The mass loss in the region 400–600 �C was
very small for the latter. An even smaller loss was observed for
the C–S–H used in this study, suggesting that the residual amount
of Ca(OH)2 is small or negligible. Constitutional water loss likely
contributes to the small mass loss in this region. This is not the
case for the preparations having initial C/S ratios of 1.70 and 2.00
(corrected to C/S ratios of 1.65–1.80) due to the free lime that they
contained.

XRD: The XRD measurements were performed with a Scintag
XDS 2000 diffractometer using Cu Ka radiation. Characterization
of the C–S–H was carried out in the range 5� < 2h < 60� using a con-
tinuous scan rate of 2�/min. A background correction was per-
formed on the XRD patterns. The X-ray patterns indicated the
presence of the primary peaks previously reported for C–S–H [3].

2.3. UV–VIS spectroscopy

UV spectrophotometric techniques were used to study the
adsorption of MB cationic dye on the various C–S–H surfaces. These
techniques have been successfully used in clay science investiga-
tions [10]. A Varian (Cary 5E) UV–VIS–NIR spectrophotometer
was employed for this purpose. A UV–VIS calibration curve for
aqueous MB solutions was constructed using concentrations of 1,
5, 10, 15 and 20 mg/L MB. Linear calibration curves can be con-
structed based on peak heights at each wavelength where a peak
occurs. The solutions were kept in the dark to avoid photo degra-
dation. The spectra for the MB solutions exhibit a strong absor-
bance peak at 664 nm with another peak on the shoulder at
about 610 nm (Fig. 1). The absorbance at both 664 and 610 nm
show a linear dependence with MB concentration.

2.4. C–S–H sorption experiments

An amount of 1.5 g of each C–S–H sample (C/S ratio: 0.60, 0.80,
1.00, 1.20, 1.50, 1.60, 1.65, 1.80) was weighed and mixed with
250 mL of MB solution (various concentrations) for 24 h. The mix-
tures were then centrifuged to separate C–S–H solids from the MB
solution. The concentrations of the MB solutions after C–S–H treat-
ment were determined using the UV spectroscopy. Sorption
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Fig. 1. UV–VIS spectra for MB solutions prepared at concentrations of 1, 5, 10, 15
and 20 mg/L.
isotherms (adsorption and desorption) were constructed at 23 �C,
35 �C and 50 �C for the various C–S–H preparations.
3. Results and discussion

3.1. UV–VIS spectroscopy

The strong adsorption of MB onto the C–S–H samples was ob-
served through the large decrease in the UV–VIS absorbance of
the MB solution (15 mg/L) as shown for the preparations with var-
iable C/S ratio in Fig. 2. The MB solution changed color from dark
blue to light blue when in contact with the C–S–H samples. This
is related to the metachromatic effect [12]. The change in color
of the MB solution causes a shift in the UV–VIS absorption band.
This phenomenon usually occurs when dye molecules are ad-
sorbed or interact with materials such as polyelectrolytes, anionic
polymers, and clay minerals [13,14]. Most authors explain this
phenomenon in terms of formation of aggregates of dye molecules
[15–17]. Each MB aggregation form absorbs light at different wave-
lengths as shown in Table 1.

In this study, the original MB solution (15 mg/L) shows a strong
absorbance at 664 nm and a shoulder at about 610 nm indicating
that the solution contains MB in the form of free monomers
(MB+) and free dimers (MB+)2 respectively. A shift in the absor-
bance peaks of the MB solutions towards lower wavelength num-
bers (for C–S–H with C/S ratio P 1.0) was observed after the C–S–H
samples were treated in MB solution for 24 h. This demonstrates
that higher aggregations of MB molecules were formed in the
solution. At high C/S ratios (C/S = 1.5, 1, 65 and 1.80) the MB solu-
tions give very broad absorbance bands. These bands shift to
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Fig. 2. UV–VIS spectra for C–S–H preparations (C/S ratio = 0.60–1.80) immersed in
MB solutions.



Table 1
Characteristic UV bands of absorbed MB [11].

Wavelength (nm) Species Assignment

760 MBH2+ Protonated MB
653–670 MB+ Monomer
600–610 (MB+)2 Dimer
570 (MB+)3, (MB+)n Trimer and higher aggregates
720 (MB+)2 L-dimer

Wavelength (nm)

Wavelength (nm)
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Fig. 4. UV–VIS absorption spectra of C–S–H in MB solution (15 mg/L) collected at
2 min, 2 h and 24 h compared with the original MB solution: (a) C/S = 0.60, (b) C/
S = 1.20 and (c) C/S = 1.80.
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�610–570 nm showing that the solutions contain dimer, trimer
and higher aggregates of MB molecules. The C–S–H specimens with
C/S ratio = 0.60 and 0.80 have the greatest adsorption capacity and
the highest values of nitrogen surface area (204 and 186 m2/g
respectively). Adsorption of MB for the specimens having
C/S P 1.0 is significantly less and in the following order:
C/S = 1.65 > 1.80 > 1.50 > 1.20 > 1.00. The nitrogen surface area
values given in the same order are 49.0, 43.0, 52.0, 30.0, and
29.0 m2/g. An argument could be made that if the C–S–H prepara-
tions with C/S ratio = 1.65, 1.80 and 1.50 are considered as a group
(surface area values vary in a narrow range i.e. 43.0–52.0 m2/g),
that adsorption is dependent on surface area.

It is suggested that when MB molecules adsorb onto the C–S–H
surface the cationic monomer and dimer species are initially ad-
sorbed via cation exchange with Ca2+ onto anionic sites through
an electrostatic attraction mechanism. This exchange is illustrated
by the increase in pH of the MB solutions measured during the 24 h
of interaction with the C–S–H samples. The pH of these solutions
increases proportionally from about 10 to 12.5 (Fig. 3). Most of
the increase occurs during the first hour. The rapid interaction be-
tween the MB solution and the C–S–H is clearly demonstrated in
the UV spectra taken at intervals between 2 min and 24 h
(Fig. 4). Consider the adsorption of MB onto C–S–H with C/S =
0.60. A large decrease in the intensity of the monomer and dimer
bands was observed after the second minute of addition (Fig. 4a).
A significant decrease in absorbance at 2 min can also be seen for
the C/S = 1.20 preparation (Fig. 4b). A shift in absorbance toward
lower wavelength numbers was observed after 24 h. At higher
C/S ratios e.g. C/S = 1.80 (Fig. 4c) a shift toward lower wavelength
numbers occurs after 2 h. The band is completely shifted after 24 h.

3.2. C–S–H–MB adsorption isotherms

Complete adsorption and desorption isotherms (obtained at
25 �C, 35 �C and 50 �C) were obtained for the C–S–H preparations
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Fig. 3. pH values of MB solutions (15 mg/L) after immersion of C–S–H preparations
(C/S ratio = 0.60–1.80) in the solutions.
with variable C/S ratio. Adsorption–solution concentration curves
for C–S–H samples having C/S ratios of 0.80, 1.00 and 1.60 are
shown in Fig. 5a–c respectively. A maximum concentration of
30 mg/L was included in the experiments. Examination of the data
indicates that the adsorption results are very similar at all three
temperatures up to a MB concentration level of 15 mg/L. This
apparent temperature independence is likely related to the very
strong affinity of the MB molecules for the C–S–H surfaces and
the extremely rapid adsorption rate. At MB concentrations
>15 mg/L adsorption at 35 �C exceeds that at 23 �C and 50 �C for
C/S ratios = 0.80 and 1.00. The C/S ratio = 1.60 samples have the
largest adsorption at 23 �C. Differences in the amount adsorbed
at the three temperatures are relatively small for the C/S = 0.80
preparation. These differences are much larger at C/S = 1.00 and
1.60. The lack of a consistent temperature related trend between
the different C/S ratio preparations may be due to C–S–H nano-
structural differences. The latter occurring in C–S–H preparations
having C/S ratio P 1.00 have been well documented [18]. The dif-
ferences include a significant lowering in the degree of polymeriza-
tion of the silicate sheets due to structural defects e.g. missing
bridging tetrahedra. The 29Si NMR evidence reported elsewhere
[7] for C–S–H–MB nanomaterials suggests that increases in the
Q2/Q1 ratio following adsorption of MB on C–S–H surfaces can be
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Fig. 5. Sorption–desorption isotherms for MB on C–S–H preparations (C/S
ratio = 0.80, 1.00 and 1.60) at 23 �C (a), 35 �C (b) and 50 �C (c).

Table 2
Constant parameters and correlation coefficients calculated for various adsorption
models of MB adsorption on C–S–H (C/S = 1.60) at different temperatures.

Isotherm equation Temperature
(�C)

Constant
parameters

R2

(%)

Langmuir 23 ym = 2.32 k = 0.01 99.8
C/y = 1/kym + (1/ym)C 35a ym = 0.44 k = 0.02 88.0

50 ym = 1.46 k = 0.01 98.9
Harkins–Jura 23 A = 228.10 B = 1.51 85.3
1/y2 = (B/A) � (1/A) ln C 35 A = 168.09 B = 1.51 86.3

50 A = 177.59 B = 1.54 82.2
Halsey 23 n = 0.20 k = 3.36 99.0
ln y = [(1/n)ln k] � (1/

n)ln[ln(1/C)]
35 n = 0.19 k = 3.30 99.4

50 n = 0.25 k = 3.02 98.6
Henderson 23 n = 0.82 k = 0.04 99.1
ln [�ln (1 � C)] = ln k + nln y 35 n = 0.79 k = 0.04 99.6

50 n = 1.00 k = 0.05 99.9
Freundlich 23 n = 1.24 kf = 0.01 99.1
ln y = ln kf + nln C 35 n = 1.28 kf = 0.01 99.6

50 n = 0.91 kf = 0.02 99.7

Note: for Halsey and Henderson, C was divided by 1000. For Harkins–Jura, y was
multiplied by 100, y is the adsorption capacity of MB (mg/g); ym is the monolayer
adsorption capacity. C is equilibrium concentration; n, k, A, B, kf are constant
parameters for the isotherm equations.

a Negative values for the parameters.
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interpreted as a result of the adsorption of MB molecules at defect
sites leading to an ‘effective’ increase in chain length. It is known
that electrons of the atoms in the vicinity of existing –O–Si–O
bonds can shield the silicon nuclei resulting in a detectable
chemical shift. These shifts depend on the extent and strength of
shielding. A chemical shift for the silicon atom will occur in the
case of –O–Si–O–[Polymer]. The chemical shift of Si in the vicinity
of the polymer can be similar to that obtained with a Si–O–Si bond
and mimic the latter which is called Q2. This effect is an indication
that adsorption of MB on C–S–H surfaces may be both temperature
and nanostructure dependent. Further study is required. The differ-
ences in surface area for the C–S–H preparations with C/S ratio P
1.00 are not large suggesting that this parameter would only have
a minor effect on amounts adsorbed. The significantly larger sur-
face area would likely be a contributing factor to larger adsorption
at C/S ratios <1.00 but would appear to have little effect on the
small variations due to temperature.

The amount of MB desorbed from the C–S–H surfaces is rela-
tively small for all C/S ratios. At C/S ratios P1.00 the temperature
effect is negligible and the amount of MB desorbed is <0.1 mg/g. At
C/S ratios <1.00 the amount desorbed is slightly higher (although
there is no direct temperature dependence) possibly due to the
much higher surface area values and the higher total amount of
MB adsorbed.

3.3. Sorption models for C–S–H–MB

A non-linear multiple regression procedure was applied to the
adsorption data using several different adsorption models. Typical
results using the data for C–S–H with C/S ratio = 1.60 are given in
Table 2.

With the exception of the Harkins–Jura model all the models
provide exceptionally good fits with correlation coefficients gener-
ally greater than 99%. This is consistent with observations of the
adsorptive properties of the clay–water system [8]. The Harkins–
Jura model appears to work better for clay systems than for C–S–H.

A major difference between clays and C–S–H is that the ener-
getics of intercalation favors greater adsorption on the interlayer
clay surfaces than in the C–S–H interlayer region. Clays, for exam-
ple, can accommodate several layers of water molecules in the
interlayer region. Only one layer of water molecules can reside in
the C–S–H interlayer [19]. This can account for the large MB
adsorption capacity of clays relative to C–S–H.

The Freundlich isotherm often represents an initial surface
adsorption followed by a condensation effect resulting from extre-
mely strong solute–solute interaction. This would appear to be the
case for the interaction of MB with C–S–H surfaces since a signifi-
cant amount of sorption occurs within 2 min. Sorption curves rep-
resenting data for the C–S–H (C/S ratio = 1.60) preparation fitted to
the Freundlich isotherm are provided in Fig. 6a–c. The excellent
quality of the fit is apparent.

4. Conclusions

1. UV–VIS spectroscopy can be used to determine the sorption
properties of C–S–H in MB solutions.
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(b) and 50 �C (c). The data are fitted to the Freundlich model.
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2. There is a strong and rapid interaction of MB with C–S–H
surfaces. A significant amount of adsorption occurs in less
than 2 min.

3. The character of the UV–VIS spectra for C–S–H immersed in
MB solution is dependent on the C/S ratio. Higher aggrega-
tions of MB molecules are formed in solution when MB
interacts with C–S–H having C/S ratio P 1.00.

4. The total amount of MB adsorbed on C–S–H surfaces gener-
ally increases with nitrogen surface area and decreases with
C/S ratio. It is suggested that MB adsorption could form the
basis of a quick and simple test to estimate the surface area
and approximate C/S ratio of C–S–H.

5. Interaction of MB solution with C–S–H surfaces may involve
cation exchange with Ca2+ onto anionic sites by electrostatic
attraction. This is accompanied by a rapid increase in the pH
of the solution.

6. Adsorption of MB on C–S–H surfaces at solution concentra-
tions up to 15 mg/L is not significantly influenced by tem-
perature in the range, 23–50 �C. This may be related to the
very strong affinity of the MB molecules for C–S–H surfaces
as reflected by the extremely rapid rate of sorption at all
temperatures in this range.

7. Adsorption of MB at solution concentrations >15 mg/L is
influenced by bulk temperature and nanostructural varia-
tion i.e. degree of polymerization and the C/S ratio of the
C–S–H.

8. The desorption branch of the MB sorption isotherm is rela-
tively flat indicating the highly irreversible nature of the
interaction of MB with the C–S–H surface.

9. Several sorption models e.g. Langmuir, Halsey, Henderson
and Freundlich can be used to describe the adsorption of
MB on C–S–H surfaces. This is consistent with the adsorptive
properties of the clay/water system.

10. The higher sorption capacity of clay systems for MB relative
to C–S–H systems can be explained by the energetics of the
intercalation process that results in several layers of water
molecules resident between clay layers as opposed to a sin-
gle layer in the case of C–S–H.
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