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ARTICLE INFO ABSTRACT

Keywords:

The cement industry relies on the use of supplementary cementitious materials (SCM) to lower the related CO2

Glass emission. SCM are often amorphous materials containing minor elements, which is why it is important to study

Blast furnace slag

Supplementary cementitious materials
Zinc

Reactivity

the impact of these materials on cement reactivity. Two calcium aluminosilicate glass series as model substances
of SCM were synthesized and investigated. In both series Ca was partially replaced by Zn, Sr and Mg in different
ratios. Moreover, four cement blends made with CEM I 52.5 R and aqueous solutions of Mg(NO3),-6H20, Zn

(NO3)2-6H20 and Sr(NOs), were investigated. Zn retards the reactivity of both glasses and cements system. This
retardation effect is suggested to be related both to the formation of the calcium hydroxozincate hydrate, which
affects the portlandite formation and, thus, the pH of the system, and to the formation of surface complexes
which retards the dissolution and so the reactivity of the glasses.

1. Introduction

Concrete is the most widely used building material in the world
today, with an estimated yearly consumption approaching 30 billion
tons [1]. Consequently, concrete production has a significant COy
footprint. The reactive component in concrete is Portland cement (PC),
for which the production is associated with a generation of about 0.85 kg
CO9/kg clinker [1-4]. The total CO, emissions generated by the cement
industry constitute to at least 5% of the total anthropogenic CO;, emis-
sions [5]. A possible solution to reduce the CO5 emissions from clinker
production is the partial replacement of clinker with supplementary
cementitious materials (SCM) bearing low-CO, emissions. Generally,
SCM are industrial wastes that react with pozzolanic or hydraulic fea-
tures, such as fly ash (FA), ground granulated blast furnace slag
(GGBFS), and silica fume; but also calcined clays and natural pozzolans
are now used to an increasing extent [6,7]. These materials find appli-
cations in concrete, either in blended cements or added separately in the
concrete mixer, replacing a portion of the PC in concrete (typically in the
order of 10-50% [6]). In this way, the amount of clinker used in concrete
is reduced.

* Corresponding authors.

Using less clinker has numerous economic and environmental ben-
efits such as lower consumption of natural raw materials (limestone and
clay), less use of fuel, which means lower production of effluent gasses,
and in particular less production of CO5 from both fuel combustion and
calcination of CaCOs. FA and GGBFS represent the majority of SCM
currently used, but their use as SCM is limited by supply and demand
concerns, and cost of transportation. The annual global production of FA
and GGBFS today is approximately 1 billion tonnes and 360 million
tonnes, respectively, while the cement demand is projected to rise to 5.8
billion tonnes by 2050 [8]. Therefore, fly ash and ground granulated
blast furnace slag can only partially satisfy this rising demand for SCM.
For that, the focus of much of the recent research on SCM has been on
the exploration of alternative SCM and their performance in concrete.
Alternative SCM are often based on industrial by-products locally
available such as non-ferrous slags, steel slags, by-products from
ferro-silicon alloy processes, and incinerator or co-combustion ashes [9,
10]. Also CAS (Ca0-Al;03-SiO3) and NCAS (NayO-CaO-Al,03-SiO5)
glasses can be used as alternative SCM. Their production is normally
based on local materials and results in a CO5 emission less than 60%
respect to that emitted from Portland cement production [11,12]. The
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advantages of using locally available materials include lower costs and
less problems concerning the transportation. Furthermore, the use of
by-products allows for a sustainable system loop that can convert the
valuable resources which are usually treated as waste materials, and e.g.
landfilled, into useful products [9,13].

A slag that has already proven useful comes from the ferroalloy
production. Usually, ferrous slag mainly contains Ca and Si with other
major elements like Mg and Al [14]. Though most ferroalloy slags are
currently landfilled, a small proportion is treated for application in inner
plant recycling and cement mixtures [13]. One of the slags, which can be
used as alternative SCM, is the electric arc furnace ferronickel slag, as a
residue generated in the ferronickel alloy production process via melting
of laterite ore in an electric arc furnace at 1500-1600°C. This slag has
been used for replacement up to 20 wt.% clinker. However, some of the
other alternative slags of interest as SCM show a limited pozzolanic
reactivity and thereby a limited contribution to the compressive strength
of cement. This is usually due to the low content of calcium oxide that
cannot satisfy the setting time and the concrete strength required for
civil engineering applications [15]. Often also minor elements are pre-
sent, which influence the reactivity of both SCM and cement [7].
Alternative slags of interest as SCM are known to contain heavy metals
[10]. The removal process of these elements is usually challenging and
incomplete and, to advance in the usage of alternative slags as SCM, it is
important to thoroughly understand the impact of heavy metals and
other minor elements on both the slag and cement reactivity [10]. This is
the scope of the current study. Compared to GGBFS, the alternative slags
often have a significantly higher Fe content, and a lower Ca content. The
high Fe content has been the topic of recent studies [16,17]. To distin-
guish the impact of minor elements from that of iron, calcium alumi-
nosilicates were chosen as model systems, which resemble the
composition of GGBFS. In these systems, Ca’" was substituted by
different divalent ions (Zn?", Sr>*, Mg?") in the alternative slags.

Specifically, two glass series were synthesized and investigated. In
the first series, increasing amounts of Ca were substituted by Zn to
elucidate the role of Zn in slag. Zinc is often present in alternative slags,
especially non-ferrous-slags [14]. Studies on those slags are scarce in
literature since their production is very low, however they can still be
useful as local SCM [17,18]. Therefore, Zn is of special interest in this
study. In the second series, Ca%* was partially replaced by Mg?*, Zn2*,
and Sr?* in different ratios, with the aim to understand how divalent
ions of different cation field strength (CFS) influence the glass structure
and reactivity, and if the role of Zn is affected by the presence of other
divalent ions. The CFS is the ratio of the formal charge of the cation to
the cation-oxygen bond distance squared [19]. It is used to control the
ordering process in a glass of the elements which tend to compete for
certain preferred site and coordination state to lower the total free en-
ergy of the system. The characteristics of the synthesized glasses were
studied using X-ray diffraction (XRD) and differential scanning calo-
rimetry (DSC), while the reactivity of the glasses was elucidated by
dissolution tests in alkaline solutions and reactivity with Ca(OH); in a
pozzolanic test [20]. Moreover, the effect of the divalent ions on the
cement hydration was investigated by isothermal calorimetry, XRD, and
thermogravimetric analysis (TGA) [20].

2. Materials and methods
2.1. Glass synthesis and crystallization experiments

Nine glasses within the Ca0-Al;03-SiO3 (CAS) system were prepared
to obtain two glass series. The first series involves five glasses with the
targeted composition (50-x)Ca0-xZn0-10A1,03-40Si0-, X=
{0,10,20,30,40}, constituting the Zn-series. The second series involves
four glasses containing mixed divalent cations, i.e., with the targeted
composition  (50-x-y-z)CaO-xZnO-ySrO-zMgO0-10Al,03-40Si03, x=
{0,10,15,30}, y={0,10,15,0}, 2={0,10,0,0}, constituting the mixed-
series. The compositions of Ref I and Ref II, prepared with x, y, 2=0,
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resemble those of the blast furnace slag and serve as references for this
work. The chemical compositions of the glasses were determined by X-
ray fluorescence analyses as listed in Tables 1 and 2, respectively, along
with the number of non-bridging oxygen per tetrahedron (NBO/T)
calculated as:

NBO _ 2-(CaO + MgO + SrO + ZnO)

1
T (Si0, + AL O5) )

NBO/T is a measure of structural network connectivity, and it was
corrected by subtraction of the crystalline part for the Zn-series glasses
[20,21]. A higher NBO/T value means a lower structural network
connectivity.

The two series of glasses were synthesized in two different labora-
tories. For each of the compositions in the Zn-series [22], powder mix-
tures of CaCOs, AlyO3, SiO3, ZnCO3, and NayCO3 were homogenized
before synthesis, targeting minimum 200 g of bulk glass. The powder
mixture was subsequently melted in a Pt/Rh 90/10 crucible using an
electric furnace (ENTECH, Sweden). The crucible with the powder was
inserted into the furnace at 1500°C and kept at this temperature for 1.5
h. The temperature was lowered to 1400°C, and the melt was swirled in
the crucible before being cast onto a brass plate in order to obtain pure
glassy materials. Half of the casted melt was annealed at 750°C for 10
min. The annealed glasses were used for DSC analysis and therefore cut
into thin slices using a Struers Secotom 10 instrument with a wheel
speed of 1200 rpm and a feed-speed of 0.085 mm/s. During cutting, the
metal blade and sample were flushed with water to prevent dust. The
slices were formed into disc-like pieces by grinding with 30 and 320 grit
SiC grinding paper [22].

For the synthesis of the mixed-series, CaO, SiO3, Al,03, NagCOs,
ZnO, SrCO3 and MgO were weighed to obtain 100 g glass with the
desired composition. The powders were homogenized by continuous
tumbling for 2 h. For each sample, the mixture of oxides was heated in
an electric furnace (Carbolite GERO) to 950°C (5 K/min), then main-
taining the mixture at the maximum temperature for 15 min to ensure
the release of carbonates. The mixture was then heated to 1450°C (10 K/
min) and kept for 3 h before raising again the temperature up to 1600°C
(2 K/min), where the sample was kept for 1 h. The oven was then cooled
to a temperature of 1450°C (5 K/min) and the glass was quenched in
water to ensure the formation of amorphous material. Each glass was
rinsed with isopropanol and kept in a desiccator under vacuum until
analysis.

The non-annealed glasses in both series were ground in a ball mill
(Retsch PM 100) in steps of 2 min, until a particle size <63 pym was
obtained. For the reactivity tests, particles in the size range 40-63 um
were used (“medium-sized samples”), whereas particles <40 pm (“fine-
sized samples”) were used for characterization of the glass structure. The
particle size distributions (Fig. S.1) were measured on a Malvern Mas-
tersizer X laser granulometer, using a 300 um lens and isopropanol as
dispersant. For both glass series the median of the particle size distri-
bution (dsp) is reported in Table 1 and Fig. S.1 (in supplementary ma-
terials), respectively.

Finally, a piece of each annealed glass from the Zn-series was heat-
treated at 1100°C for 4 h in a muffle furnace. Then, the furnace was
turned off and the glass samples were left to cool to room temperature in
the closed furnace overnight. The heat-treated samples were ground as
described above and subjected to XRD measurements. In addition, about
1.5 g of glass of the mixed-series was crystalized by keeping at 850°Cin a
muffle furnace for 6 h.

2.2. Cement systems

Isothermal calorimetry

To investigate the effect of zinc ions on the early hydration kinetics of
cement, four cement blends were prepared and measured by isothermal
calorimetry. All blends were prepared with a CEM I 52.5 R cement
(Table S.1) and mixed with Zn(NO3),-6H>0 dissolved in demineralized
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Table 1

Journal of Non-Crystalline Solids 614 (2023) 122397

Chemical composition for the glasses (mol%) in the Zn-series as determined by X-ray fluorescence (XRF) analysis and corrected by the presence of crystalline phase,

with values for NBO/T and ds.

Name Targeted composition CaO Al,03 SiOy ZnO Other” NBO/T dsp [pm]
Ref I 50Ca010A1,0340Si0, 51.3 10.0 38.5 0.1 0.1 2.12 30.3
Zn10 10Zn040Ca010A1,03408i0, 41.4 9.9 38.2 10.1 0.5 2.14 23.0
Zn20 20Zn030Ca010A1,0340Si0, 31.0 9.7 37.8 20.4 1.0 2.16 47.2
Zn30 30Zn020Ca010Al,0340Si0, 20.6 9.4 37.8 30.6 1.6 217 44.3
Zn40 40Zn010Ca010Al,0340Si0, 10.7 10.3 40.6 36.3 2.1 1.84 37.5
@ Traces of Nay0, P,Os, Fe;03, K50, MgO, and SO3; were detected

Table 2

Chemical composition for the glasses (mol%) in the mixed-series as determined by XRF analysis, with values for NBO/T and dso.
Name Targeted composition Ca0 Al,03 SiO, ZnO SrO MgO Other” NBO/T dsp [pm]
Ref I 50Ca010A1,0340 SiO, 48.4 10.3 41.0 0.4 1.88 17.2
Zn XZn020Ca010A1,03408i0,” 25.9 6.5 32.0 35.4 0.3 3.18 35.8
ZnSr xZnOySrOZOCaOl0A12034OSi02" 21.7 7.5 36.8 17.6 16.1 0.4 2.50 30.6
ZnSrMg )(ZrlOySrOZMgOZOCaOl()A12034OSi02h 24.0 8.4 40.7 9.1 8.1 9.6 0.2 2.07 65.4

@ Traces of Na,0, P,0s, Fe;03, K20, MgO, and SO3 were detected
> x={30,15,10}, y={0,15,10}, 2={0,0,10}

water, giving zinc concentrations in the mixing water of 0, 14.5, 29, and
58 mM resembling Zn released from different slag into pore solution. 6 g
of paste, with a composition of of 0, 0.16, 0.32 and 0.63 g Zn/g cement,
respectively. The pastes were mixed externally (500 rpm) for 2 min
using an electric stirrer, and isothermal calorimetry measurements were
carried out at 20°C for 7 days using a TAM Air (TA Instruments)
apparatus.

Preparation of cement pastes

The influence of Zn, Sr and Mg ions on cement hydration was
investigated using three blends. The first blend contained CEM I 52.5 R
and Mg(NO3)2-6H20, Zn(NO3),-6H20 and Sr(NOg3); dissolved in dem-
ineralized water, as shown in Table 3. The ion concentrations were
based on those expected in a system containing 30 wt.% of the prepared
glasses in the mixed-series and 70 wt.% cement with w/c=0.71,
assuming a glass reaction degree of 20%. This reaction degree is
consistent with earlier studies [20]. A reference sample was prepared by
mixing demineralized water and cement with w/c=0.71. Each sample
was mixed individually with a spatula for 2 min, transferred to 15 mL
centrifuge tubes and sealed. The samples were stored at 20°C; they were
kept on a rolling board for the first 48 h to avoid segregation. At each
hydration time (2, 7, 14, 28 and 91 d), the samples were fractured, and
the hydration was stopped by solvent exchange with isopropanol [23].
The samples were crushed and submerged first in isopropanol for 20
min, and then in polyethylene ether for 10 min. The samples were
subsequently dried at 40°C for 5 min. TGA and XRD characterizations
were then carried out.

2.3. X-ray diffraction (XRD) analyses

XRD measurements were conducted on a PANalytical X'Pert Pro
instrument with Bragg-Brentano geometry and equipped with an

Table 3
Solutions prepared for cement hydration studies. The weighed nitrates were
mixed with 200 mL demineralized water.

Solution Zn(NO3),-6H,0 Sr(NO3)y Mg(NO3)2:6H20
[g] g Zn/g [g] g Sr/g [g] g Mg/g
cement cement cement
Zn 30.68 0.024 - - - -
Zn-Sr 14.65 0.011 10.42  0.015 - -
Zn-Sr- 10.52  0.008 7.48 0.011 9.06  0.003
Mg

X’Celerator detector using CoK, radiation. Voltage and current were 45
kV and 40 mA, respectively, and the measurement range was 20=5-90°.
For measurements on the glasses after synthesis, the following settings
were used: mask of 10 mm, fixed divergence slit of '4°, anti-scatter slit of
¥° and measurement time of 90 min. For the crystallization experi-
ments, the following setting were used: mask 20 mm, fixed divergence
slit 1/8° and anti-scatter slit “4°. The hydrated cement samples were
scanned for 45 min using a mask of 15 mm, an anti-scatter slit of 1°,
divergence slit of ¥4°, and the same 20 scanning range as used for the
glasses. Rietveld refinement was performed using the X’Pert HighScore
Plus 3.0e software, and the external standard method [24,25] was uti-
lized with CaF,. The crystal structures used for the refinement are taken
from Snellings [26] if not reported separately in the supplementary
materials (Table S.2).

2.4. Thermogravimetric analyses (TGA)

TGA was executed using a Mettler Toledo TGA/SDTA851e instru-
ment. Approximately 50 mg sample was investigated in the temperature
range 30-980°C with a heating rate of 20 K/min under an Ny atmo-
sphere. The detected mass loss was corrected with the mass loss of an
empty pan measured prior to each series of analyses. The amount of Ca
(OH); in the samples was calculated.

2.5. Different scanning calorimetry (DSC) analyses

DSC was performed on a Netzsch STA 449 F1 Jupiter instrument in a
Pt crucible with lid. The sample was measured under an argon flow rate
of 50 mL/min and protective gas (Ar) flow rate of 20 mL/min. The
heating and cooling rates were 20 K/min. To assess the glass transition
temperatures (Tg) and the thermal response of the zinc-series glasses,
single up-scans were conducted from 50 to 1000°C on one of the pre-
pared discs for each glass.

2.6. Al and %°Si NMR analyses

27 Al magic angle spinning (MAS) nuclear magnetic resonance (NMR)
spectra of the Zn-series were recorded on a Varian Direct-Drive-600
spectrometer with a magnet strength of 14.09 T, using a home-built
CP/MAS probe for 4 mm o.d. partially stabilized zirconia rotors. The
NMR measurements were run with a pulse width of 0.5 ps, spinning
speed of 13 kHz, relaxation delay of 1 s, and using 1 M AlCl3-6H0 (aq)
as chemical shift reference [22]. Al MAS NMR spectra of the
mixed-series were obtained with a Bruker Avance III NMR instrument
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with a pulse width of 1 ps, relaxation delay of 1 s, magnetic field strength
0of 9.4 T, a 2.5 mm probe and a spinning speed of 25 kHz. The 27 A1 NMR
chemical shifts were referred to a 1.1 M solution of AI(NO3)3 in D,O. The
27A] MAS NMR spectra were analyzed using the DMFIT program [27]
where lineshapes were reproduced using the CzSimple model [28]. The
CzSimple model is a version of the Czjzek distribution of quadrupolar
interaction for the distribution of the isotropic chemical shift (Gaussian
isotropic model, GIM, for d=5) with an uncoupled distribution of
isotropic chemical shift, where the GIM corresponds to a statistical
distribution of charges around the observed nucleus. Using the CzSimple
model allows for optimal spectral simulation by varying the quadrupolar
coupling constant, isotropic chemical shift (8;,) and the Gaussian dis-
tribution of 8;s, [29]. For both the zinc- and the mixed-series, 2°Si MAS
NMR measurements were performed on the Bruker Avance III NMR
spectrometer with a pulse width of 2.50 ps, relaxation delay of 30 s,
magnetic field strength of 9.4 T, a 7 mm CP/MAS probe and spinning
speed of 4.5 kHz. The 2°Si chemical shifts were referred to
tetramethylsilane.

2.7. Reactivity tests

Dissolution tests

The reactivities of the synthesized glasses were investigated by
dissolution tests, following the procedure described by Scholer et al.
[20]. 0.1 g of glass powder (40-63 pm) was mixed with 100 g of 0.3 M
KOH solution and kept in a PET vessel at a rocking table at 20°C until
measurement. A sample was prepared for each selected time: 0.5, 1, 2, 4
and 8 h. At the corresponding time, 15 mL of the solution was collected
in a syringe and filtered through a 0.45 pm nylon filter. Each sample was
then diluted by a factor of 1:2, 1:5 and 1:10 using 2% ultra-pure HNO3
solution. The concentrations of Si, Al, Ca, Zn Sr and Mg were determined
from inductively coupled plasma-optical emission spectrometry
(ICP-OES) analysis utilizing an ICP-OES MY19451002 instrument with a
plasma flow of 12 L/min and a nebulizer flow of 0.7 L/min. All glasses
were observed to dissolve congruently. As done in other studies [20,30],
the dissolution degree of the glasses was calculated by using Al as a
tracer of the dissolution kinetics.

Considering that the dissolution of a glass particle depends on both
the particle specific surface area and the structure of the glass (network
connectivity), the dissolution degree was normalized by the particles
mean diameter (dsp) and the fraction of non-bridging oxygen per tet-
rahedron, NBO/T, (Eq. (1)):

War rer 100

NBO
Al glass T 'd50

X [Wt. %/um] =

(2)

Where wy; . represent the amount in mass [g] of Al released in the
solution during the hydration time, and g, ,; is the amount in mass [g]
of Al in the glass before the dissolution test. It is known that the specific
surface area of a particle is related to his diameter, the bigger is the
particle the smaller is the specific surface area and vice versa. A small
specific surface area decreases the dissolution of the particle. The
dissolution degree was normalized for the mean diameter of the particles
as the effect of the different particle sizes between each glasses, and so of
the specific surface area, was visible among the results. In this way it was
possible to look only at the effect of the different divalent ions on the
dissolution of the glasses.

Pozzolanity tests

The pozzolanic reactivity of the glasses was investigated in model
systems consisting of 55.7 wt.% glass (40-63 um), 38.8 wt.% Ca(OH),,
5.5 wt.% CaCOs as dry mix, and 0.3 M KOH, simulating a cementitious
environment. 1.3 g of dry mix was blended with 1.3 g of 0.3 M KOH
solution (w/s=1). A sample was prepared for each hydration time (1, 2,
7, 14, 28, 56, 91 and 182 days) and, at the chosen times, the hydration
was stopped by solvent exchange (see Section 2.2). The dried samples
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were analyzed by TGA. The mass loss associated with the decomposition
of portlandite was identified as the peak around 450°C, and the amount
of portlandite was correspondingly calculated and expressed as per-
centage of the sample mass at 550°C.

3. Results and discussion
3.1. Glass structure

For the Zn-series, the analysis by XRD verify that the glasses have a
primarily amorphous structure, though minor amounts of crystalline
phases are present (see Fig. S.2 in the Supplementary Materials (SM)).
Ref I contains a small percentage of quartz, Zn10 contained 1.7 wt. %
gehlenite, Zn30 contains 0.6 wt. % zinc aluminum oxide, and Zn40
contains 12.1 wt. % zinc silicate and 0.3 wt. % zinc aluminum oxide (see
Table S.2 in supplementary materials for references to the crystal
structures used in the refinements). For the mixed-series, the XRD
measurements confirm completely amorphous materials (Fig. S.3). The
difference in crystallinity observed between the two series is assigned to
the different synthesis processes. As the mixed-series experienced a
faster quenching, amorphous materials were obtained also for the high
Zn containing composition (30 mol. %).

The 27Al NMR spectra of the Zn-series show how the substitution of
Ca by Zn leads to a systematic shift of ;;, towards lower frequency with
increasing Zn fraction (Fig. 1a and Table S.3), indicating a change in the
Al environment. This change is suggested to result from a gradual in-
crease in Zn acting to compensate [AlO4] charge, as the Ca/Zn ratio
decreases in the glass. Asymmetric center bands with a tail towards
lower frequency are observed for all glasses, which reflects that the
amorphous character of the material can result in a distribution of
electric field gradients for the Al sites [31,32]. In the case of five-fold
coordinated Al, it would appear in the same region as the tail is
observed, thus no clear indication for Al(V) can be given. Moreover, 7M1
MAS NMR reveal the presence of six-fold coordinated aluminum around
20 ppm in the Zn30 and Zn40 glasses, consistent with the formation of
ZnyAl04. The formation of ZnyAlQ4 indicates that Zn and Al are in close
proximity in the glass, which is consistent with Zn acting to compensate
[AlO4]" charge when it is present in high amounts.

Comparing the Al NMR spectra of the glasses in the mixed-series
(Fig. 1b), a decrease in &;5, is observed in the order (Zn)=(Ref II)>
(ZnSr)=(ZnSrMg). The difference in chemical shift is related to the
change in charge compensating ions for [Al04]~ [33]. In the Ref II glass,
Ca?* is the only modifier that is charge-compensating [AlO4], and
binds to NBO-containing [SiO4] tetrahedra. In the Zn glass, both Ca?t
and Zn?" are present in the glass, but the similar &, to Ref II suggests
that Zn is not a charge-compensator of [AlO4] . This is different from the
Zn-series, where a shift to lower frequencies is observed for the Zn30
glass, which has a comparable composition to the Zn glass in the
mixed-series. This difference may be explained by the different synthesis
procedures. Additional modifier ions are present in the ZnSr and ZnSrMg
glasses, and the shift in &;, indicates a change in the environment
around Al and, thus, a change in the charge compensating ion. The role
of the modifying ions is generally explained by their cation field strength
(CFS), and it is expected that ions with a higher value of CFS bind to
NBO-containing SiO; tetrahedra, while the ions with a lower value of
CFS compensate [AlO4]” [34,35]. The CFS decreases in the order
Zn?*>Mg?">Ca%*>Sr?*, hence Sr?* is expected to be the main charge
balancing cation in the ZnSr and ZnSrMg glasses. Sr>* has the lowest
electronegativity and the highest atomic number of divalent ions, which
is consistent with a higher shielding effect and thus the lower &,
observed for the ZnSr and ZnSrMg glasses. Thereby we observe no
change in the role of Zn neither as a result of the changing Zn content in
the mixed series glasses nor as a result of the incorporation of Sr and/or
Mg at a total substitution degree of 30 mol%.

It should be stated that only very small changes are observed in 27Al
MAS NMR line shapes and chemical shifts for both series, indicating that
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Fig. 1. 27A1 MAS NMR spectra for the glasses in the (a) Zn-series [22] (14.09 T) and (b) mixed-series (9.4 T). Intensities have been normalized for the weight

percentage of Al contained in each glass. * = spinning sideband.

the substitution of the different divalent ions (Zn%*, Sr?*, Mg?") for the
Ca?" does not cause any detectable changes in the aluminosilicate
network of the glasses [31].

The network-forming SiO4 units are described by their tetrahedral
condensation as Q" units, where n is the number of bridging oxygens
(BOs) linked to the network former, ranging from O to 4. The 29gi MAS
NMR spectra (Fig. 2) all show rather broad featureless resonances,
covering chemical shift regions for several different types of Q" species,
which reflect the amorphous nature of the glasses. The resonances can
be characterized by their center of gravity (6%) and linewidth (full width
at half maximum) [31,36,37]. The 29gi NMR spectra for the Zn-series
(Fig. 2a) show that 6% slightly shifts towards higher chemical shifts
with increasing Zn/Ca ratio. However, this shift is so small that the
differences in structural connectivity must be rather small among the
glasses of Zn-series.

The linewidths of the 2°Si resonances increase with increasing Zn,
suggesting an increased distortion of the local environments for the SiO4
tetrahedra [33], being consistent with Zn being primarily associated
with NBOs (Fig. 3). This tendency of Zn to be near SiO; is confirmed by
the formation of Zn,SiO4 in Zn30 and Zn40, and by the fact that the main
stable phase is ZnySiOg4.

Sharp peaks in the 2°Si MAS NMR spectrum of the Zn40 glass indicate

(a)
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Fig. 3. Dependence of the linewidths on the mol% of zinc in the glasses for the
zinc series (blue dots) and the mixed series (orange dots).
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Fig. 2. 2°Si MAS NMR spectra for the glasses in the (a) zinc-series [22] and (b) mixed-series. Intensities have been normalized for the weight percentage of Si

contained in each glass.
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one or more crystalline phases containing silicon such as Zn,SiO4.
However, the presence of gehlenite in the Zn10 glass as observed by XRD
cannot be verified by NMR, possibly due to overlap with the main signals
from the amorphous network. Amorphous materials have a disordered
structure, and a broad NMR signal will appear due to the overlapping
signals from the atoms within the material experiencing slightly
different magnetic fields. This is not the case for crystalline materials,
where the ordered structure ensures equal excitation of the atoms
covering the same position within the crystal framework. Hence, crys-
talline materials give a well defined signal when measured by NMR [33].
The high content of crystalline phases in the Zn40 glass is also observed
after the synthesis, as the glass appeared white in different areas [22].
This increased crystallization tendency, when increasing Ca substitution
by Zn, is consistent with the low difference between T, and T, observed
for Zn40 [38].

The 2°Si MAS NMR spectra of the mixed-series show a shift of 5% for
the four glasses, though no clear trend is observed (Fig. 2b). The
chemical shift depends on the Si environment and is as such affected by
network connectivity, as well as by next-nearest-neighboring atoms. As
the NBO/T values, and thus the network connectivity, are different for
the four glasses in the mixed-series, it is difficult to conclude how the
different modifier ions in the glasses affect the Si environment. Never-
theless, it is clear that the shift observed in the 5% of the different glasses
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Fig. 4. (a) DSC upscans carried out on Zn-series glasses at the rate of 20°C/min,
and an example about how to determine the glass transition temperature (Tg)
[22]; inset: dependence of T; on the amount of the substituted zinc fraction for
Ca0, i.e., ZnO/(ZnO+Ca0). (b) NBO/T as a function of the molar ratio between
ZnO and ZnO+CaO in the Zn-series.
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cannot be solely explained by the calculated NBO/T values.

Fig. 4a shows a striking phenomenon, i.e., the T; value drastically
decreases with a gradual substitution of ZnO for CaO, and drops even by
130°C when ZnO replaces about 80% of CaO content. It is also seen, in
the inset of Fig. 4, that the rate of the Ty drop with Zn content decreases
at increasing Zn content. The trend is well-fitted by the decay equation:

ZnO
Zn0O + CaO) 3)

T, = ng-exp(—k
where Ty is the value of T for no zinc (793.7°C), with k=0.2733 under
the values for the abscissa in the inset of Fig. 4a experienced in this work.
The statistical coefficient of determination is R*=0.9782.

It is generally believed that T, of an oxide glass is controlled by two
structural factors: the network connectivity and the cationic field
strength [39]. Thus, to find the origin of the significant T drop induced
by Zn, the network connectivity is determined by calculating NBO/T
(Fig. 4b) according to Eq. (1). The data in Fig. 4b indicate that NBO/T,
and so the network connectivity, varies only slightly with increasing the
Zn0/(Zn0O+CaO) ratio. This implies that Ty drop has no connection with
network connectivity. However, considering the ionic size difference
between Zn and Ca, the field strength of Zn must be larger than that of Ca
[34]. Hence, compared with Ca ions, Zn ions more strongly interact with
NBOs in the primary network (structural skeleton) constituted by [AlO4]
and [SiO4] tetrahedra, and thereby weaken the primary network,
therefore lowering Ty significantly.

Moreover, the T; drop can be explained in terms of the network ri-
gidity theory, specifically the temperature-dependent bond constraint
theory [40,41]. Accordingly, T; decreases with a decrease of the number
of the constraints, i.e., an increase of the atomic degree of freedom in a
topological network. It is known that, for oxide glass systems like our
present ones, the number of linear bond constraints decreases with an
increase of NBO/T [42,43]. However, NBO/T in the investigated glass
system remains almost unchanged with substituting Zn for Ca (Fig. 4b),
implying that the number of the linear constraints does not undergo any
detectable change. To understand why T sharply drops with substitut-
ing Zn, the sub-network consisting of modifier-NBO bonds needs to be
considered. Two previous studies introduced the constraint number of
the modifying ion sub-network [44] and the strength of modifier con-
straints [45], respectively, into calculation of the network rigidity. Each
modifier contributes to the rigidity of the glass network, while the
constraint strength is a measure of how strongly the modifiers are bound
to the surrounding oxygens. Another study derived an extended topo-
logical model [46], which considered the effective number of intact
constraints per modifying cation. This effective number is linearly
related to the charge-to-distance ratio of the modifier-oxygen pair. In the
present work, the substitution of Zn for Ca increases the effective
number of the bond constraints in the modifying ion sub-network, due to
the higher field strength of Zn. On the other hand, the increase of the
rigidity of the sub-network weakens the primary network (structural
skeleton) constituted by [AlO4] and [SiO4] tetrahedra, because Zn
competes with Al and Si for NBOs. Consequently, the effective number of
the intact constraints in the primary structural network becomes lower
and, hence, T, drops. In other words, the weakened constraints may be
broken at lower onset temperature, so at lower Tj.

A sharp exothermic signal is observed for all substituted glasses
around 850-975°C, indicating crystallization of the glass into one or
more crystalline phases, whereas no crystallization occurs in the refer-
ence glass below 1000°C. The Zn40 glass has the lowest T, value (see
inset in Fig. 4a). Several crystallization signals are detected in the range
of 850-1000°C. This may correspond to three crystallization events,
indicating segregation or ordering in the glasses, even though only one
amorphous phase was detected [47]. The low difference between T and
T, confirms a high crystallization tendency of the Zn40 glass, correlating
with the crystallization occurring during quenching. Thus, at high re-
placements, the cooling rate used during the synthesis becomes critical
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in determining the degree of crystallinity of the glasses.

The glasses were subjected to heat treatment at 1000°C, and Rietveld
refinements of the XRD data reveal the presence of different crystalline
phases. The formation of different crystal phases results from the
different composition of the glasses and the changing ratios of divalent
ions seems to cause a rearrangement of the network. The results for the
Zn-series are shown in Fig. 5, where the crystal content (wt.%) is re-
ported as a function of the Zn content (all references for the crystal
structures are reported in the supplementary materials Table S.2). The
presence of gehlenite and calcium silicate (CaSiO3 2M, para-
wollastonite) in the reference glass indicates the formation of a partially
depolymerized region made of SiO4 and (1/2Ca)AlOy4 tetrahedra, and a
highly depolymerized region made of SiO4 clusters rich in NBOs [47].
The introduction of a low amount of Zn*" (10 mol. %) results in an
incorporation of Zn?" into the gehlenite structure with the formation of
a calcium zinc silicate phase (Caz(Al,Zn)(ALSi)O7), and the formation of
anorthite (CaAl,Si»Og). The formation of anorthite occurs as a conse-
quence of the decreasing Ca/Zn ratio and suggests that a highly poly-
merized region made of SiO4 and (1/2Ca)AlO4 tetrahedra exists in the
glass. In contrast, the change in the gehlenite structure indicates that Zn
substitutes Al in the partially polymerized region of SiO4 and (1/2Ca)
AlO4 tetrahedra. Based on the gehlenite structure, Zn does not only
substitute Al, but a minor amount of Zn also substitutes Ca. Zn can
thereby take up both tetrahedral and octahedral configuration when
present in amounts up to 10 mo. 1%. The amount of gehlenite with
embodied Zn?>" remains practically constant with decreasing Ca/Zn
ratio and may be an indication of a limit for Zn incorporation in geh-
lenite. This limit seems to be 10 mol. % in the CAS system studied here.
As the zinc content increases further, zinc silicate appears, and its
amount increases as the Zn content is increased. The formation of zinc
silicate suggests a depolymerized region similar as for the calcium sili-
cate phase detected in the reference glass and indicates that Zn sub-
stitutes Ca in the glass structure at amounts above 10 mol. %.

The amount of gehlenite decreases with increasing Zn content,
whereas the amount of anorthite increases. The increasing Zn?" content
is associated with a decreasing Ca" content, keeping the total M>* ion
concentration constant in the glass, and the change from gehlenite to
anorthite is expected to be a result of the lower Ca content. The for-
mation of ZnyAlQ4 is not observed in the heat-treated glasses, even
though it is the crystal phase forming in the quenched glasses. This
suggests that the crystallization is highly dependent on the cooling rate
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Fig. 5. Fraction of different phases (quantified using Rietveld refinement) for
crystallized glasses in the Zn-series. Gehlenite (Al,Ca,SiO7), wollastonite-2M
(CaSi03), anorthite (Al,CaSi»Og), calcium zinc silicate (CasSioZn0-), zinc sili-
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and may suggest that the charge compensation of Al by Zn is not ther-
modynamically favorable [48,49].

The crystallization experiments may indicate a quasi-heterogeneous
intermediate-range order [47] within the glasses (i.e., differences of
local structures on the nanometer scale), resulting in the formation of
several crystalline phases upon heat treatment, though only one glass
transition is observed for the un-treated glasses. This will correlate with
the observation of several crystallization peaks for CAS-Zn40.

The main phases in the heat treated mixed-series glasses were found
to be zinc silicate (Zn,Si0O4), calcium zinc silicate (CaZnSiO4) and cal-
cium zinc aluminum silicate (CaZnAl,SiO7), consistent with the phases
observed for the zinc-series. A few reflections related to the phase cal-
cium strontium aluminum silicate (CaSrAl,0;) were found in the XRD
patterns of samples ZnSr and ZnSrMg. This suggests that also Sr2* is
incorporated in the gehlenite structure upon crystallization, and that it
substitutes for Ca®" as charge compensating ion for [AlO4] .

3.2. Glass reactivity

During the dissolution tests, all glasses dissolved congruently, and no
preferential release of Al or Si was observed. In this work, the dissolution
degree of the glasses is quantified by the normalized amount of
aluminum released from the glasses (Xa1) as described by Eq. (2). Fig. 6a
and b show the X, values as a function of dissolution time, t, for both the
Zn-series and the mixed-series, respectively.

The dissolution of the glasses in the Zn-series is observed to depend
on the Zn content, as low contents (Ref I, Zn10) results in higher
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Fig. 6. Dissolution degrees of the glasses in (a) the Zn-series and (b) the mixed-
series in terms of the normalized amount of Al released from the glasses (i.e.,
Xa1 in Eq. (2)) as a function of dissolution time. Errors are estimated to be
smaller than + 1% for all samples. Note, that the scale of the y-axis is different
in (a) and (b).
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solubility during the first 8 hours in alkaline environment compared to
higher contents (Zn20, Zn30, Zn40). The solubility may thereby be
related to the structural rearrangements of the glasses indicated by the
crystallization experiments (Fig. 5). A change in the crystalline phases
forming was observed from Zn contents of 20 mol%, specifically the
formation of Zn,SiOy4.

The dissolution degrees of the glasses in the mixed-series also show a
dependence on the substitution of Ca. The highest dissolution degree is
observed for the reference glass followed by the ZnSr and Zn glasses,
with Zn contents of 15 and 30 mol%, respectively. Thus, a similar trend
occurs as observed for the Zn-series, indicating that Zn has a higher
impact on the glass solubility than Sr. However, ZnSrMg shows a
significantly lower dissolution degree, suggesting that also Mg lowers
the solubility of the glasses to an even larger extent than Zn [50].
Additional studies are needed to conclude on the effect of Mg and Sr
alone.

Although X(t) trends are increasing with dissolution time, the in-
crease for Xu) appears more pronounced at shorter, rather than longer, t-
values. Therefore, proposing the following relationship:

dXA](t) _ E

dr ¢ )
whose solution reads:
Xu(t) = aln(t) + b %)

from Table 4 it is possible to see that this “"dissolution equation’’
satisfactorily fits the experimental data, giving a tool to relate the
dissolution degree with the dissolution time under the operating con-
ditions experienced in this work.

The glasses solubility correlates with the pozzolanic test results
(Figs. 7 and 8). Fig. 7a and b, respectively, show the amount of calcium
hydroxide consumed by the reaction of the zinc-series glasses, and the
bound water as a function of time. When the glasses dissolve, they react
with calcium hydroxide to form hydrate phases. A decreasing amount of
Ca(OH), indicates an increasing extent of the pozzolanic reaction,
therefore an increase in portlandite consumption. The reference is the
most reactive sample up to 91 days, consistent with the increase in the
amount of bound water related to C-S-H phases observed by TGA
(Fig. 7b and supplementary materials Fig. S.4). Thereafter, similar Ca
(OH); consumptions are observed for the reference and the Zn10 sam-
ple. When comparing the Ca(OH); contents in the five samples after 14
days, it is observed that the reactivity substantially decreases with
increasing Zn contents in the glasses. This is consistent with the glass
solubility, which decreases with increasing Zn contents in the glasses.
Thus, Zn appears to have a retarding effect on the glass reactivity,
especially concerning the pozzolanic reactivity of the glasses.

Fig. 8a shows the calcium hydroxide consumption as a function of
time for the mixed-series samples. The increasing consumption of Ca
(OH); and bound water (Fig. 8b) with hydration time verifies that all
samples are reactive. During the first 28 d, no significant reaction of the
Zn containing glasses occur, and the reference sample is the most

Table 4

Fitting parameters for the dissolution Eq. (5), where dissolution degree and time
have measure units as expressed in Fig. 5. Data for all the samples investigated.
The statistical coefficient of determination, R?, is reported as well.

Sample name a b R?

Ref1 0.0197 0.0314 0.9022
Zn10 0.0190 0.0463 0.9009
Zn20 0.0077 0.0136 0.9468
Zn30 0.0063 0.0126 0.8956
Zn40 0.0101 0.0137 0.9616
Ref II 0.0012 0.0017 0.9645
Zn 0.0004 0.0009 0.9109
ZnSr 0.0005 0.0011 0.9622
ZnSrMg 0.0001 0.0001 0.9616
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reactive, followed by ZnSrMg, ZnSr and Zn Thus, during the first 28
days, the pozzolanic reactivity decreases with Zn content in the glasses.
A lower solubility of the substituted glasses was observed during the first
8 hours under alkaline conditions, which is consistent with the lower
early reaction indicated by the pozzolanic tests; however, the high Ca
(OH);, consumption detected after 182 days for all samples indicates that
significant reaction does occur over time. As for the Zn-series, the
reference glass is reacting significantly more than the substituted
glasses. The low solubility of ZnSrMg is not reciprocated in the pozzo-
lanic tests and the pozzolanic reactivity appears similar for all
substituted glasses based on the Portlandite consumption. The higher
bound water observed for the Zn glass at later ages may be a result of
different hydrate phases forming.

3.3. Cement hydration

Based on the previous sections, Zn appears to have a retarding effect
on the pozzolanic reactivity of the glasses. In order to test whether a
retarding effect of Zn is also observed in blends with cement, Zn
(NO3)2-6H,0 was added to the mixing water before mixing with cement,
to ensure the immediate presence of Zn?" ions. As seen in Fig. 9, a longer
induction period is observed due to Zn addition, and the observed delay
increases linearly with the increase of Zn concentration from 0 to 58
mM. As the reaction proceeds, the hydration rate is increased in both the
acceleration and deceleration period for the blends containing zinc. This
accelerating effect was also observed for pure C3S in a study by Bazzoni
et al. [51], where they detected that Zn in solution is homogenously
incorporated in the C-S-H phase, which results in slightly thicker and
clearly longer C-S-H needles (Fig. S.6 in the supplementary materials).
The effect of zinc on the C-S-H growth rate is related to the accelerating
effect observed by calorimetry. The cumulative heat response from the
mixes with added Zn(NOs)2-6H0 remains lower than the response from
the reference paste also after 7 d, suggesting a significant impact on the
early strength development.

Fig. 10 shows the TGA data of the PC reference sample and the
sample mixed with Zn solution. The Portland reference sample (Fig. 10a)
contains ettringite (3Ca0-Al;03-3CaS04-32H20), portlandite and cal-
cium carbonate. A small signal related to the presence of C-S-H is present
as well. For the three cement blends prepared with Zn(NOg)2-6H20, Sr
(NO3)2, and Mg(NOs)2 dissolved in the mixing water, three additional
peaks are observed by TGA as shown in Fig. 10b for the sample mixed
with Zn solution. One is situated around 250°C and could be related to
monocarbonate. The other two are situated around 170°C and between
450 and 550°C, respectively. These peaks occur during the first 28 d of
hydration for the cement blend mixed with Zn solution (Fig. 10b), and
during the first 7 days of hydration for the cement blends mixed with Zn-
Sr solution and Zn-Sr-Mg solution, respectively. The peaks indicate the
presence of calcium hydroxozincate hydrate with the peak around
175°C corresponding to the dehydration of zinc hydroxide, and the peak
between 450 and 550°C corresponding to the dehydration of the Ca
(OH), present in this phase [52]. The formation of calcium hydrox-
ozincate is known to retard the cement hydration [53,54], and its
presence in the investigated blends correlates with the lower amount of
bound water determined with increased Zn content (Fig. 11). A delayed
portlandite formation was also observed for these blends by XRD
(Fig. S.5), again consistent with the retarding effect of Zn on cement
hydration.

The study of the cement mixed with nitrate solutions shows a
retarding effect of Zn, whereas neither Sr nor Mg influence the hydration
kinetics of the cement. Zinc has previously been used as a retarder in
cement hydration [55]. Zinc reacts with the calcium ions released from
the clinker minerals to form the calcium hydroxozincate hydrate (Ca(Zn
(OH)3)2-2H50) on the C3S surface, delaying the precipitation of por-
tlandite and C-S-H [56]. This may prolong the induction period until all
Zn is consumed as no Ca is available to make C-S-H phases. Only after all
zinc is fixed in this compound, additional dissolved calcium ions initiate
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the setting process during which the calcium hydroxozincate hydrate is
decomposed [55,57,58]. However, also other mechanisms such as
retardation by the formation of surface complexes due to the presence of
Zn, might not be excluded. Multivalent cations are usually responsible of
the formation of bi- or multinuclear surface complexes which cause the
inhibition of the dissolution and consequently of the reactivity of the
material [59]. In particular it has been seen in previous studies that Zn*
ions can form surface complexes with both silanol and aluminol groups
delaying the dissolution of amorphous aluminosilicate materials and so
their reactivity [60-62].

XRD and TGA results confirm the presence of calcium hydrox-
ozincate hydrate and show a later formation of portlandite with

10

increasing Zn content in the pore solution, in agreement with the sug-
gested mechanism described above.

5. Conclusions

All divalent ions were found to act primarily as modifiers in the glass
structure, and their structural role in the studied glasses depends on the
cation field strength, and so on their ionic radius. Zn (which is the ion
with the higher CFS and so the lowest ionic radius) prefers to stay close
to Si forming NBO. At high Zn/Ca ratios, however, Zn was detected near
Al, indicating it acts to [AlO4]  charge compensate despite its high CFS,
due to a shortage of Ca ions. Sr and Mg simply substitute Ca in the glass
network and compensate [AlO4] " charge. Although the substitution of
Ca with the divalent ions does not cause any detectable changes in the
glass structure, it has been noticed that the T, value drops drastically in a
non-linear fashion when replacing CaO for ZnO. The origin of this
striking phenomenon was clarified by considering the competition be-
tween the sub-constraints of network modifiers cation and the primary
constraints of network formers.

All glasses were dissolved under alkaline conditions. Their dissolu-
tion degree depends on particle size, network connectivity and on the
ionic radius of the different divalent ions. Zn and Mg, with the lowest
ionic radius, have the highest CFS. This implies that they tend to form
stronger bonds in the glass structure thus reducing its solubility, as
observed during dissolution tests. Instead, Sr and Ca have a larger ionic
radius and consequently a smaller CFS. When these ions are present
(especially in the absence of Zn and Mg) there is a major formation of
weaker bonds in the glass structure and thus the dissolution is more
consistent. The pozzolanic reactivity of the glasses depends on the
dissolution with the less soluble glasses also being the less reactive. Both
glass series showed a decrease in reactivity with increased Zn content,
but the presence of Sr and Mg did not influence the reactivity. The study
on cement blends revealed a retarding effect of zinc on the cement hy-
dration. A later portlandite formation was observed with increased zinc
content in the pore solution and, furthermore, calcium hydroxozincate
hydrate was detected by XRD. The formation of calcium hydroxozincate
hydrate could be the cause for the retardation of both the pozzolanic
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reactivity of the glasses and the cement hydration, as it affects the
portlandite formation and thus the pH of the systems. Another cause of
the retardation can be also related to the formation of bi- or multinuclear
surface complexes due to the presence of Zn. Zn?* jons are adsorbed
onto amorphous aluminosilicate surface by forming a complex with the
surface OH groups delaying the dissolution of this phase.

The current work indicated that alternative slags with a similar
composition to the studied synthetic glasses are promising SCMs as they
contribute to the hydration reaction in cementitious systems tough the
retarding effect of Zn must be considered.
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