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Abstract: The development and production of new materials requires advanced analytical
characterisation to explain the relation between the physico-chemical structure of the material
and its properties. Highly integrated microelectronic structure analysis of surfaces with laser
beams and x-ray fluorescence aided devices are found to be helpful for providing important
information, including the interrelationships between physical, chemical, mechanical and
durability characteristics of the new developed products. In most instances no single
technique provides all the needed information and hence simultaneous application of several
techniques becomes necessary. This study was aimed for hydration analysis, characterization
and evaluation of a new novel non-Portland binder (NPB) with waste paper sludge ash (PSA)
using FTIR and TG/DTA. The progressive formation of hydration products within the non-
Portland binder was identified and their microstructural characteristics were analysed. The
stable and non-expansive nature of secondary ettringite formation was also identified after a

period of 365 days curing.
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1. Introduction:

One of the most significant current discussions in the construction sector is the reduction of
carbon emission from its production and application process. The supplementary
cementitious material (SCM) plays a key role in achieving this objective. Different types of
additions other than the standard listed materials such as calcined clay, sewage sludge ash,

rice husk ash, wood ash, sugar cane bagasse ash, corn cob ash, kaolin waste, perlite,
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diatomite, air pollution control residue, etc have been studied as SCM. Much of the research
up to now has been concluded by activating the additions with ordinary Portland cement
(OPC) and/or ground granulated blast furnace slags (GGBS) and so far there has been little
discussion about cement and GGBS free systems [1-10].

Advancement has been achieved by using wet milled paper sludge ash (PSA) with GGBS
(PSA: GGBS, 50:50) in cement free systems [11]. However attention should also be given
concerning curing, reinforecement cover and carbonation when the GGBS level is more than
50% [12]. Moreover GGBS is no longer classified as a waste and hence there is increasing
concern regarding the replacement of GGBS with other waste/s such as SCM.

At the same time, the development and production of new materials requires advanced
analytical characterisation to explain the relation between the physico-chemical structure of
the material and its properties. Highly integrated microelectronic structure analysis of
surfaces with laser beams and x-ray fluorescence aided devices are found to be helpful for
analysing substances at micro and molecular level [13]. In addition to characterization, they
provide important information, including the interrelationships between physical, chemical,
mechanical and durability characteristics of the developed products. In most instances no
single technique provides all the needed information and hence simultaneous application of

several techniques becomes necessary.

Different experimental techniques have been employed by researchers to investigate the
chemical and morphological reaction upon hydration. The application of XRD, DTA and
SEM to track changes in hydrated phases during the hydration process has been suggested
by various authors [14-16]. A combined XRD/TG/DTA analysis has been suggested as a
valuable means in order to develop a better understanding of the hydration phenomenon by
Esteves [17]. This is because different techniques utilise different operating principles and
hence a simultaneous application of them will be expected to provide multi-dimensional
information of the hydration products of a binder. As a result, irrespective of the crystal or
amorphous characteristics of the hydrates, chemical and morphological status can be
obtained.

A new novel non-portland binder (NPB) was developed through synergistic physico-
chemical composition by using PSA (60%) and blending it with another alkali sulphate-
rich bio mass fly ash (20%) and silica fume (20%) and gypsum aided grinding. This study
was aimed for investigating the hydration mechanism, characterization and evaluation of

the new novel NPB using analytical techniques.



2. Materials and experimental procedure
2.1 Materials

The chemical and physical properties of the new NPB and control cement have been provided
in Table 1. For analysis and comparison with new NPB, a commercially available Portland
composite cement type CEM-II/A/LL 42.5-N has been used in this study which contains

between approximately 6% to 20% limestone.

Table 1: Physico-chemical properties of new NPB and control cement

CEM-II NPB PSA Bio mass SF
fly ash
Dso, um 13.3 10.6
Fineness (BET), m?/gm 6.78 9.67
Density, gm/cm?® 3.05 2.59
Soundness (mm) 1.3 2.0
[BS EN
requirement<10mm]
Initial setting time(min) 150 70
[BS EN
requirement>60min]
Pozzolanicity (at 15 day) Positive Positive
Loss on Ignition, % 1.45 14.3
Na20 15 1.8 2.0 3.5 1.0
CaO 62.58 45.15 57 20.5 -
SiO2 25.06 31.19 28 15.8 97.0
AlxO3 2.26 3.49 3.7 - -
SO3 1.92 3.5 0.3 13.3 -
Cl - 0.5 - - -
K20 0.75 4.00 - 18.8 -
Na>O-equ [%] 2.0 4.2

2.2 Fourier transform-infrared spectroscopy (FT-IR)

Generally, infrared is used for the determination of molecular structure, identification of
compounds, and quantitative/qualitative determination of phase composition. At the same
time, it is possible to detect not only crystalline but also the amorphous phases developed by
cementitious materials, mainly at early ages, by using this tool [18]. In this study, the
spectrum of the sample was recorded by accumulating 16 scans at 4 cm™ resolution between
515 cm™ and 4000 cm™ using a Perkin-Elmer Spectrum BX series Fourier transform infrared

spectrometer (FT-IR) equipped with a MIRacle ATR accessory (Specac, UK), as shown in
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Figure 3.3 (a). The samples were finely ground for one minute, combined with pre-dried
spectroscopic grade KBr (containing approximately 0.5% wt sample) and pressed into a disc
under 10 tonnes of pressure (as shown in Figure 3.3b), following the process mentioned in
previous studies [19-21].

2.3 Thermal analysis

Thermal analysis has been defined by the International Confederation of Thermal Analysis
(ICTA) as a general term which covers a variety of techniques that record the physico-
chemical changes occurring in a substance as a function of temperature [22]. Two common
complimentary techniques in this category are differential scanning calorimetry (DSC) and
thermo gravimetric analysis (TGA). DSC measures heat flow to or from a sample as a
function of temperature and time and TGA continuously measures the weight of a sample as
a function of temperature and time. Differential thermal analysis (DTA) is a method similar
to DSC, where the difference in temperature between the sample and a reference material is
recorded while both are subjected to the same heating programme. For assessing the moisture
and volatility, decomposition kinetics and composition thermo gravimetric analysis is widely
used whereas DTA is used to determine the presence of exothermic or endothermic reactions.
In this study, a Perkin ElImer TGA7 analyser was used to analyse the binder paste and LOI of
different materials by simultaneous TG/DTA. The samples were heated in a tungsten crucible
at a constant rate of 5°C/min using inert nitrogen gas in the temperature range from 24°C to
960°C. Commercial software Pyris was used to quantify the mass loss and identify the peaks
from TGA and DTA. The changes in sample weight indicate material loss and phase

transformation that occurs at particular temperatures.

2.4 Specimen for molecular and thermal investigation

For analysing hydration Kinetics, phase development and microstructural analysis, the
paste specimens of the NPB and control cement were prepared at a water/binder ratio of
0.50 and cured at 20°C under water and analysed at designated ages. There are similarities
between the approach followed in this study and those described by Singh [23] and
Tkaczewska [24]. The mortar specimens of NPB using the optimised design parameters
(binder:sand ratio of 1:2.25, water/binder ratio of 0.45 with 1.5% SP) were prepared and
cured for up to 90 days. The comparative strength development between NPB and the
control cement (cement:sand ratio of 1:2.25 and water/cement ratio of 0.35) is displayed in
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Figure 1. Though NPB shows slightly lower early strength than the control, however, its
rate of hydration was more than that of the control between 7 days and 28 days. However,

the increase in strength after 28 days was very low in NPB compared to that of the control

mortar.
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Figure 1: Optimised strength development by NPB and reference cement mortar

3. Results and discussion

3.1 Analysis of hydrates by TG/DTA

Thermal analysis techniques such as DTA and TG have been used to study the hydration
kinetics, mechanism of hydration and estimation of hydration products [15]. Differential
thermal analysis (DTA) combined with thermogravimetric analysis (TGA) was identified
by Pane et al. [25] as a more suitable technique for studying hydration. This technique has
been widely used by various researchers in the hydration of clinkerless cement [26] as well
as binary and ternary blended cement containing different SCMs [27-30], in addition to its
use in pure cement hydration [31]. A TG instrument records the thermally activated events
by measuring the temperature and associated weight of the sample. These data provide
various information regarding moisture content, oxidation or decomposition temperatures

which are then correlated for the presence of different compound/s. DTA locates the ranges



corresponding to thermal decompositions of different phases in the paste, while TGA
simultaneously measures the weight loss due to the decompositions. The TG/DT analysis
of NPB paste ranging from 7 days to 1 year was conducted and is shown in Figure 2. A
different temperature range for identifying the hydration products from interpreting the
TG/DTA curve was suggested by various researchers and a summary of these

interpretations is shown in Table 2.

Table 2: Review of interpretation of TG/DTA curve for identifying hydration products

Temperature range Comments
150° C [17] Endothermic peak is attributed to the de-
115°C - 225°C [22] hydroxylation, dehydration of CSH phase
95°C [30]
120°C - 130° C [22] Endothermic peak is attributed to the de-
165°C [32] hydroxylation of Ettringite (AFm) phase
410°C [17]

Mass loss due to the decomposition of

430°C - 550 °C [22] Ca(OH): or portlandite
350°C - 550 °C [33]

465°C — 470 °C [32]
465°C — 470 °C [30]

750°C - 850 °C [22] Decomposition of CaCOs
550°C - 800 °C [33]

To avoid interference by non-reacted residual water, at designated periods the hardened
paste was dried at 20°C for four hours before TGA following a simplest method as
suggested by [30] . Based on the suggestion provided by previous studies (as shown in
Table 2), the findings from the TG/DTA profile for NPB (as plotted in Figures 2) are
summarised in Table 3. The thermogram for the reference cement paste is plotted in Figure
3. The absolute mass loss increases with age (up to 28 days) were evident from Figure 1
and Table 3. This was an indirect indication of degree of hydration within the ternary blend
and was in accordance with the result stated by Esteves [17] in the case of plain cement

and silica fume modified cement.
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Figure 2: Thermogram of NPB after 7 and 365 days curing




Table 3: Summary of TG/DTA curve for NPB paste

Temperature range Comments % Mass loss
7day | 1l4day | 28day | 90day | 365 day
0-150° C Endothermic peak is attributed 6.17 | 2243 25.49 23.30 14.6
to the de-hydroxylation of CSH
phase

150-170° C Mass loss is attributed to the de- | 0.63 0.76 0.78 0.95 15

hydroxylation of Ettringite

(AFm) phase

400 - 500 °C Mass loss due to the 1.0 0.78 0.98 1.6 1.3

dehydration of Ca(OH)2 or

portlandite (C-H)

Absolute mass loss (%0) 20 35 37 35 32

Moreover, based on the results presented in Table 3, it is evident that the mass loss in the
temperature interval 0-150°C with the first strong endothermic peak was attributed to de-
hydroxylation of CSH and found to be increasing until 28 days of curing. The main weight
loss in this stage is due to the loss of weakly bound water on the gel solid, which was
physically adsorbed, and is taken at about 90-110°C. Furthermore, the appearance of a new
exothermic peak at 790°C without a significant mass change was due to recrystallisation of
C-S-H [20] and was found to be related to pozzolanic activity of silica fume within the
NPB[17]. The increased mass loss and shifting of DTA peaks towards higher temperature
with increase of hydration age was due to the formation of C-S-H further, which supports
the idea of Kourounis et al. [34]. The second major endothermic peak at 7 days of
hydration and the corresponding mass loss in TG curve at 400-500°C, as shown in Figure
2, corresponds to the dehydration of the CH phase, formed for further hydration through
the reaction of silicate with water. Similar thermal analysis was also reported in a recent

work by Esteves [17] for a cement-silica fume system.




The reduction of endothermic peak intensity at 400-500°C with ages in the case of the NPB
and reference cement (as shown in Figures 2 and 3) indicates the dropping densities of C-H
crystal for Pozzolanic reaction, since the increase of DTA peak with age was attributed for
denser and larger C-H crystal, as has been reported in a previous study [32]. The
consumption of C-H by PFA for hydration reaction and, as a consequence, the disappearance
of the DTA peak was also reported in work by Escalante et al. [35]. At the same time the
DTA peak at 110°C, which was attributed to AFt at 7 days, was found to be consumed
(disappearance of peak) with ages and converted to AFm, that has been ensured by the new
peak appeared at 150°C after one year. The presence of stronger AFt peak with increased
mass loss (Table 2) and reduction of C-H peak intensities indicate that the Pozzolanic
reaction within the new NPB and the reference cement was in agreement with the results
reported by Escalante [35] for the ternary system of gypsum-OPC-PFA. During hydration,
soluble K* will rapidly increase the pH and accelerate hydration, which will be expected to be
balanced by SO4> [36]. During hydration, immediately upon the interaction of NPB with
water, ionic species from alkali sulphate (K*, Na* and SO4%) within alkali sulphate-rich fly
ash dissolute in the liquid phase due to high solubility and form hydrates. Higher solubility
and rapid solution of gypsum (GA) make the concentration of SO4?~ ions reach the saturation
point immediately in water. Similar kinetics was reported by Fu et al. [37], while using 5%
gypsum with sulphoaluminate cement clinker. Thus, the formation of C-S-H, portlandite
[Ca(OH)], ettringite [(CasAl2(SO4)3(OH)12-26H.0] and alunite [KAI3(SO4)2(OH)s] by
reactive silica with arcanite of alkali suphate reach fly ash and soluble calcium and
aluminium of PSA is more evident in the ternary blend prepared with GA assisted ground fly
ashes. A high ratio of SOs% to available Al(OH)s from the aluminate phase favours the
formation of ettringite (AFt) [38]. Moreover, potassium alunite in XRD was also detected by
Katsioti et al. [36] when replacing cement with 20% alunite. Quick dissolution of K™ and Na*
ions from their sulphates into the liquid phase has also been suggested by Odler [16]. At the
same time CaSO4 (from GA) dissolves and contributes Ca?* and additional SO+ ions until
saturation. The aluminate containing oxides of PSA dissolve at this stage and react with Ca?*
and SO.% and precipitate as ettringite or as AFt phase. On the progression of hydration, due
to a shortage of SO42 ions as a consequence of complete dissolution of CaSQy4, the previously
formed ettringite (AFt) phase is converted to monosulphates ( C3A.CaS04.12H20) [16]. The
nucleation of the calcium silicate hydrate (C-S-H) phase is also initiated at this stage.

Moreover, silica fume synthesis promotes pozzolanic reaction with calcium hydroxide and
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alkaline hydroxides, thereby forming a C-S-H. The C-S-H phase continues to be formed for
on-going hydration. The presence of C-S—H, ettringite, monosulfate aluminate and calcium
hydroxide in the hardened mixtures confirmed that hydration reactions within the NPB had
occurred. The rate of formation of C-S-H with the advancement of Pozzolanic reaction
through consuming C-H by silica fume was very high up to 28 days and formed a dense
compacted hydration product. This observation from thermal analysis was consistent with the

strength development profile by the blend shown in Figure 1.
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Figure 3: Thermogram of the reference cement after 7 and 28 days curing




3.2 Analysis of hydrates by FT-IR

The identification of the main hydration product of blended cement [20] and pure cement
[18] using FT-IR in association with IR spectral characteristics during the progress of
hydration has been studied previously. The progressive hydration was found to be
accompanied by the increase of the intensities of C-S-H absorption bands and simultaneous
decrease of absorption bands of constituent minerals [39]. The IR spectral studies of
hydration of NPB and control cement paste with increasing ages have been plotted in Figure
4 and Figure 5 respectively. For identifying the successive changes in constituent materials
and hydration products, the absorption band of anhydrous (powder) NPB and control cement
have also been inserted in the IR spectrum of hydrated pastes in Figure 4 and Figure 5
respectively. For comparing the IR absorption band of hydrated paste in detail, only the

spectrum of early hydration at 1 day of NPB has been plotted in Figure 6.

The IR spectra of ettringite presents a very strong band centered towards 1120 cm™.
However, considerable difference between the spectra of two types of calcium sulfoaluminate
hydrates AFm and AFt phases, in association with identification of a very strong
characteristic band at 1100 cm™ and 1120 cm™ respectively was reported by Bensted et al.
[40]. At the same time, early formation of ettringite on hydration was shown by a change in
the sulphate absorption to a singlet centred at 1120 cm™, and the subsequent replacement of
ettringite by monosulfate by a further return to a doublet at 1100 and 1170 cm™ was stated by
Taylor [38]. Hence the strong singlet absorption peak for AFt at 1117 cm™ after 1 day (Figure
6) and initiation of return of doublet at 7 days and the subsequent appearance of a strong
doublet for conversion of AFt to AFm at 1113 cm™ and 967 cm™ after 28 day (Figure 4) in
the case of NPB was in accordance with Taylor’s observation. In the case of control paste, the
appearance of a doublet for AFm was identified at 1113 and 981 cm™ after 28 days (Figure
5). This observation was also in accordance with the findings from thermal analysis reported
in the previous section. The presence of a strong C-H absorption band at 3641 cm™ and AFt
band at 1118 cm™ after 1 day (Figure 6) of curing were the main early strength generating
elements for NPB that have been confirmed by the observed compressive strength of
22.31MPa after 3 days (Figure 1). Previous studies reported that, during sulphate activation,
the increased SO4> concentration reacts with the alumina phase in fly ash and forms
aluminosulphate which combines with Ca?* and forms ettringite. This ettringite contributes

strength at an early stage [41-43]. Moreover, the main products of hydration, C-S-H, were
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detected in the IR spectra from the absorption band at 965-975 cm™ [39], 1428 cm™, 3420
cm™ [18].

Subsequently, progressive increases in the intensity of the absorption band of C-S-H with age
at 1415 cm™ and 1420 cm™ (as shown in Figure 4 and Figure 5) played a dominating role for
generating strength within the NPB and control mortar respectively, which continued up to 90
days. The changes that occurred in the H2O bending band near 1650 cm™ and in the H2O or
OH stretching bands at 3100-3700 cm™ also confirm the successful hydration within the
ternary blend [38]. Moreover, the consumption of portlandite for progressive hydration and
diminishing C-H band subsequently at 3630 cm™ with age was also found to be in agreement
with the TG/DTA observation of NPB paste.
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4. Conclusion:

The hydration kinetics within the NPB has been analysed utilising analytical approach and
compared with the reference cement. The sulphate activation of PSA particles by alkali
sulphate rich fly ash was revealed in this analysis, where sulphate activation was found to be
based on the reactivity of sulphates with the aluminium phase for producing ettringite (AFt).
The ionic species of alkali sulphate (K*, Na* and SO4?) was found to influence the activation
and subsequent hydration. During activation, the increased SO42* concentration (from gypsum
and alkali sulphate rich fly ash) reacts with alumina phase of PSA and forms aluminosulphate
which combines with Ca?* and forms ettringite. This ettringite contributes strength at an early
stage [41-43]. At the same time the conversion of AFt to AFm phase was also confirmed by

TG/DTA and FT-IR analysis during the progression of hydration within the novel NPB.

Due to creation of balanced oxide composition within the NPB, silica fume promotes
pozzolanic reaction with calcium hydroxide and alkaline hydroxide and forms C-S-H. The
progressive formation of C-S-H upon hydration was confirmed by both analysis. After 28
days of curing of NPB paste, C-S-H, the main strength generating phase was found to be
reduced concentration in TG analysis. This observation was in accordance with the reduced
rate of strength development in NPB mortar. However, the reduced density of the C-H phase
after long term curing for successive Pozzolanic reaction within the ternary blend compared
to the control cement was confirmed by TG/DTA and FT-IR. Moreover, consumption of Na*,
K* and OH" ions as well as reduction of ion mobility in the pore solution, by silica fume, is
expected to create a dense impermeable microstructure and control alkali silica reaction

(ASR) and improve the soundness.
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