Journal of Hazardous Materials 442 (2023) 130032

Contents lists available at ScienceDirect

HAZARDOUS
MATERIALS

Journal of Hazardous Materials

o %

ELSEVIER journal homepage: www.elsevier.com/locate/jhazmat

Check for

V and Cr substitution in dicalcium silicate under oxidizing and reducing e
conditions — Synthesis, reactivity, and leaching behavior studies

Muhammad Jawad Ahmed ™", Remco Cuijpers®, Katrin Schollbach?, Sieger Van Der Laan ",
Mary Van Wijngaarden-Kroft ", Tiny Verhoeven ¢, H.J.H. Brouwers *
& Department of Built Environment, Eindhoven University of Technology, Eindhoven, the Netherlands

b Tatq Steel, R&D, Microstructure & Surface Characterization (MSC), IJmuiden, the Netherlands
¢ Department of Chemical Engineering and Chemistry, Eindhoven University of Technology, Eindhoven, the Netherlands

HIGHLIGHTS GRAPHICAL ABSTRACT

e Cr and V doped C,S was synthesized via
the sol-gel method.

i iti : ; CaySi(1.5,Cr,V;0. -
e Reducing conditions restrict the incor- T xn O v
poration of Cr and V in C,S. 7| sol-gel synthesis (sh, 1200°C) |
o Stabilization of a’-C,S can be attributed o [ |erom
Reducing
to matrix constraint. Cr D | 2094c0/50%c0,) Oxidizing |y (v

V< (V) ‘;‘\(2

e Cr and V incorporation reduces reac-
tivity compared to a reference.

ARTICLE INFO ABSTRACT

Editor: <Haizhou Liu> Dicalcium silicate (C3S) is known to incorporate potentially hazardous metals (Cr and V) in a belite-rich
cementitious system. The effect of the electrovalence nature of V and Cr on C3S polymorphs’ (o, B, y) stability

Keywords: under oxidizing and reducing conditions as well as their reactivity are systematically investigated via analyzing

Sol-gel synthesis oxidation states, phase composition, bonding system, and microstructure as well as oxide composition quanti-

Reducing conditions

tively. It is shown that CyS can incorporate Cr (VI) and V(V) consequently leading to stabilization of «, B-CaS.
Cr and V doped C,S

Oxidation state Instead, Cr (II, III) and V < (V) tend not to substitute in C3S. Despite reactive polymorphs (¢, p-C2S) stability due

Polymorphs to Cr (VI) and V(V) incorporation, the early age (48-72 h) C,S reactivity is drastically reduced due to Cr (VI) and

Leaching V (V) incorporation. Moreover, one batch leaching test revealed that the V (V) leaching is inversely proportional
to aqueous Ca®" ion at pH > 12 while Cr leaching is sensitive to its oxidation state, and dissolution of C5S. Even
though C5S can incorporate Cr (VI) and V (V) ions, the final leaching is governed by the immobilization potential
of C-S-H gel, pH as well as types of calcium chromate and vanadate complexes.

* Corresponding author.
E-mail address: m.ahmed@tue.nl (M.J. Ahmed).

https://doi.org/10.1016/j.jhazmat.2022.130032

Received 30 May 2022; Received in revised form 13 September 2022; Accepted 17 September 2022

Available online 20 September 2022

0304-3894/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:m.ahmed@tue.nl
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2022.130032
https://doi.org/10.1016/j.jhazmat.2022.130032
https://doi.org/10.1016/j.jhazmat.2022.130032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2022.130032&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M.J. Ahmed et al.
1. Introduction

Ordinary Portland cement (OPC) is one of the most used artificial
materials in the world. Cement manufacturing requires high energy and
resource consumption leading to significant CO; footprints (Ludwig and
Zhang, 2015; Benhelal et al., 2013). Substantial efforts have been made
in developing alternative raw materials and adjusting clinker composi-
tion to address the challenges for the sustainable development of the
cement industry (Zhu et al., 2021; Lin et al., 1996; Omotoso et al., 1995;
Romano and Rodrigues, 2008; Goh and Gan, 1996; Pang et al., 2022;
Cuesta et al., 2021). Industrial by-products such as iron and steel making
slag, electroplating sludge, and metal surface galvanic sludge are being
investigated as alternative raw materials for clinker production
(Pérez-Villarejo et al., 2015; Silva et al., 2007). However, these mate-
rials contain potentially toxic elements (PTEs) e.g., Cr, V, Ni, As, and
their content is strictly regulated by European environmental legislation
(Kaja et al., 2021). Therefore, the leaching of PTEs hinders the potential
use of these materials for a sustainable future (Spooren et al., 2016;
Alam et al., 2019).

Dicalcium silicate (C3S) is a major constituent of basic oxygen
furnace (BOF) slag, belite-based clinker, and a minor constituent of OPC
(Aranda, 2016; van Zomeren et al., 2011). Cr and V are among the most
abundant heavy metals within the BOF slag (Chaurand et al., 2007). The
presence of V and Cr in BOF steel slag, its toxicity, and the potential
mobility in leachate have attained significant attention due to envi-
ronmental implications. V and Cr can get incorporated into the C,S and
therefore their mobility, as well as toxicity, depends on the chemical
nature of the host matrix (redox potential, solubility, reactivity, etc.),
oxidation state, and substitutable vacancy in the crystal lattice (Ca or
Si-site) (Guo et al., 2016). The aliovalent nature of Cr and V, and their
tendency to occupy the Ca or Si site in CyS dictates the enrichment
mechanism in the host matrix and leaching behavior (Neuhold et al.,
2019; Stewart et al., 2018; Wu et al., 2011). Therefore, a good knowl-
edge of V and Cr substitution in C2S under varying sintering (oxidizing
and reducing) conditions is required for understanding their chemical
and environmental impact.

C,S exists in several polymorphs such as x, a, of, of, B, and y (Wes-
selsky and Jensen, 2009). The stable y-polymorph at room temperature
is well known for the lower reactivity as compared to other CS poly-
morphs (x, o, of, ofy, B) (Lin et al., 1996; Omotoso et al., 1995; Romano
and Rodrigues, 2008; Thomas et al., 2017; Zhu et al., 2021). The
incorporation of Cr and V chemically stabilizes o or p-C2S which can
affect its reactivity (Li et al., 2019). The substitution of an ion on Ca or
Si-site in C2S can be predicted using the structure difference factor (D)
which is based on the radius, electrovalence, and electronegativity of the
substituent (Wensheng et al., 2022). The D factor indicates that the
heavy metal ions having an oxidation state > (II) mostly occupy the
Si-site in C3S (Ludwig and Zhang, 2015). The incorporation and
replacement of SiO% in C,S by smaller ions of higher negative valency
(e.g., BOY) is effective in the stabilization of B-C2S (Lopatin and Chiz-
hikova, 2007). If an ROy ion is substitutionally accepted in the C,S lat-
tice on SiOf, a further reorganization requires to preserve the charge
neutrality of the total system (Black et al., 2003a; Lai et al., 1992;
Maycock and McCarty, 1973). The substitution of anionic position
(Si0%) is difficult to study in stochiometric mixes. Alternatively, the
substitution of Cr and V in C,S can be observed by creating a vacancy on
the Si-site when reactants are in a non-stochiometric ratio (Wu et al.,
2013). It has also been recognized that the oxidation state of Cr and V is
controlled by the oxygen (pO,) partial pressure or sintering atmosphere.
The use of reducing sintering conditions is one of the methods to prevent
the formation of a high oxidation state of Cr (VI) and V(V) (Trezza and
Scian, 2007; Chen et al., 2013).

A few studies have been conducted to investigate the doping
behavior of V and Cr in CoS (Lin et al., 1996; Suzuki et al., 2016; Fierens
and Tirlocq, 1983; Parkash et al., 2015a). But there is not much infor-
mation available for V substitution on Si-site in CyS. For example, at
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which oxidation state Cr and V prefer to substitute on the Si-site in CyS is
an important question. This also holds for the maximum amount of
substitution of Cr and V on the Si-site in C5S under certain oxidizing and
reducing conditions. In this regard, the systematic understanding of the
Cr and V occupation on the Si-site in C,S under well-defined calcination
(oxidizing and reducing) conditions, the oxidation state, impact on
reactivity, and environmental impact is necessary for the valorization.
Such analytical studies would help to understand the aliovalent Cr, V
distribution in C3S, and its correlation with leaching behavior in Cr, V
bearing C5S phases in belite-based binders, slags as well as sludges.

This study investigates the oxidation state of V and Cr substituted on
Si-site in CyS quantitively under oxidizing (air) and reducing (20 %CO/
80 %COy) sintering conditions. The effect of Cr and V doping on CoS
polymorphs is correlated with their oxidation states quantitively by
using XPS (X-ray photoelectron spectroscopy), QXRD (Quantitative X-
ray diffraction), FTIR (Fourier transform Infrared spectroscopy), and
SEM-EDX (scanning electron microscopy-energy dispersive X-ray anal-
ysis). Furthermore, the early-stage hydration is studied via isothermal
calorimetry and thermal gravimetric analysis (TGA) to understand the
effect of Cr and V substitution on CyS reactivity by considering the
important factors such as lime, water to solid ratio (w/s), type of CaS
polymorphs, and specific surface area (SSA). Lastly, the Cr and V
mobility in aqueous solution is correlated with substitution on Si-site in
C,S, oxidation state, the extent of the CyS dissolution as well as phase
composition by using ICP-OES (inductively coupled plasma-optical
emissions spectroscopy) and IC (ion chromatography).

2. Material and methods

Ca(NO3)20.4H30 (Sigma-Aldrich CAS: 13477-34-4, >99.0 %), Cr
(II1)(NO3)30.9H,0 (Sigma-Aldrich CAS: 7789-02-8, 99.0 %), V(IV)O
(CsH702)2 (Sigma-Aldrich CAS:3153-62-2, >98.0 %), Si(OCyHs)4
(Sigma-Aldrich CAS:78-10-4, >99.0 %), HNOj3 (Sigma-Aldrich,
CAS:7697-37-2, >65 %) and CaHsOH (Sigma-Aldrich CAS:64-17-5)
were used as received. The reagents were added in the stoichiometric
ratios corresponding to the synthesis of CyS (dicalcium silicate) unless
indicated otherwise.

The chemical composition, sample labeling, calcination tempera-
ture, and time are summarized in Table 1. To avoid confusion between
the Oxygen “O” symbol and sample labeling, the “O” is hyphenated (-O)
in this whole manuscript.

2.1. Non-aqueous sol-gel synthesis

The TEOS (tetraethyl orthosilicate) and Ca(NO3)20.4 Hy0O (calcium
nitrate tetrahydrate) were employed as a source of Si and Ca at molar
ratio. TEOS was mixed with ethanol at a molar ratio of 1:5 separately.
After this the Ca(NO3)20.4H30, Cr(III)(NO3)30.9H20, and V(IV)O
(CsH705), were dissolved in a minimum amount of ethanol. Then both
solutions were mixed followed by the dropwise addition of HNOs3 to
reach a pH between 2 and 3. The samples were left overnight, and a
translucent gel was obtained. The gel was dried at 150 °C to obtain the

Table 1
Sol-gel synthetic parameters as calcined at 1200 °C for 8 h under oxidizing and
reducing conditions.

Chemical Composition of the Calcination condition Short description

System
CanSiOy4 Oxidizing Ref. (-0)
CaySi0y Reducing Ref. (R)
CaySi(1_xCrx04 (X =5, 10, 15) Oxidizing Cr(5, 10, 15)-0
CaySi_xVx04 (X = 5, 10, 15) Oxidizing V(5, 10, 15)-0
CaySixCry04 X =2, 4,6, 8, Reducing (20 %CO/80 % Cr(2, 4, 6, 8, 10,
10, 15) CO2) 15)R
CaySi_xVx04 (X =2,4,6,8, Reducing (20 %C0O/80 %  V(2, 4,6, 8,10, 15)
10, 15) CO2) R
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intermediate product, which was then ground, pressed into a pellet,
place in the oven at room temperature, and calcined at 1200 °C for 8 h
using a heating rate of 5 °C/min. For oxidizing conditions, the sample is
heated in a Nabertherm high-temperature furnace HTCT (LCO11H6SN)
under a standard air atmosphere. After heating the sample to the desired
temperature, it is cooled naturally in the furnace. The rate of furnace
cooling is adapted from the oxidizing furnace as shown in Fig. 1(b) and is
also used for synthesis under reducing conditions to rule out the
different cooling rate effects on the end product (Jawad Ahmed et al.,
2022).

For the reducing condition calcination, the furnace was heated to
1200 °C in the heated zone. The dried intermediate gel was weighed and
placed on a ceramic (Corundum) disk in the cold part, on the bottom, of
the furnace, as shown in Fig. 1(a). The sample was first heated to 700 °C
at 5 °C/min. under the oxidizing condition to complete the hydrolysis of
Si(OCgHs)4 through condensation reaction and remove all the carbon
(see Supplementary information S1-thermal gravimetric analysis). The
furnace was flushed with Argon gas with a high flow rate to remove the
oxygen. After the gas flow was changed to a reducing gas mixture (2 1/
min. 20 % CO/80 % CO3). The sample was then lowered into the heated
zone, with a speed that corresponds to a heating rate of 5 °C/min. The
sample stayed at 1200 °C for 8 h. The furnace was again flushed with
Argon gas before the removal of the sample. The rate of furnace cooling
for oxidizing and reducing conditions is shown in Fig. 1(b).

2.2. Characterization techniques

X-ray powder diffractograms were acquired using a Bruker D2 and
D8 diffractometer with an X-ray source (Co Kal 1.7901 A). A linear
position-sensitive detector (LynxEye) was used in 1D mode and a PSD
opening of 4°. The instrument had a fixed divergence slit with an
opening of 0.5° and 0.04 rad Soller slits. Reflections were measured
between 5° and 90° 2 Theta with a step size of 0.02°. Each increment
was measured for 2s. All samples for qualitative and quantitative
analysis were prepared via back-loading. The synthesized phases were
identified with X'Pert Highscore Plus 2.2 employing the ICDD PDF-2
database.

For Rietveld quantitative phase analysis (RQPA) 10 wt% silicon was
added to the samples. Quantitative XRD samples were homogeneously
mixed utilizing a McCrone micronizing mill (Retsch). Quantification
was done with TOPAS 4.2 software from Bruker. All crystal structures
for quantification were obtained from the ICSD database (Table S2). The
error values given in the results are the errors as calculated by TOPAS.

The infrared spectra were measured with a Fourier transform
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infrared (FT-IR) spectrometer from Perkin Elmer FrontierTM. The
spectrometer was equipped with a diffuse reflectance accessory. Sixty
scans are acquired with optical retardation of 0.25 cm and a resolution
of 4 cm™! from 400 to 4000 cm™ L.

Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) analysis were performed via dispersing the powder
on a carbon sticker followed by coating with Pt-Pd. A JEOL JSM-7001F
SEM equipped with two 30 mm? SDD detectors (Thermo Fisher Scien-
tific) with an accelerating voltage of 10 kV and a beam current of 1.4 nA
was employed.

The XPS measurements are carried out with a Thermo Scientific K-
Alpha, equipped with a monochromatic small-spot X-ray source and a
180° double-focusing hemispherical analyzer with a 128-channel de-
tector. Spectra were obtained using an aluminum anode (Al
Ko = 1486.6 eV) operating at 72 W and a spot size of 400 um. Survey
scans were measured at constant pass energy of 200 eV and region scans
at 50 eV. The background pressure was 2 x 10~° mbar and during
measurement 3 x 10”7 mbar Argon because of the charge compensation
dual-beam source. The quantification was performed by using CasaXPS
(version 2.3.23rev 1.2Kk) software.

2.3. Reactivity and leaching analysis

To reduce the influence of the particle size distribution (PSD) on the
hydration kinetics, the synthesized powder was sieved to narrow the size
distribution to 20-40 pm as shown in Fig. 2(a and b). The PSD was
measured using a Mastersizer 2000, with a Hydro 2000S wet dispersion
unit. The sample was dispersed in isopropanol. The specific surface area
[SSA] was determined via PSD estimation as shown in Table 2.

The reactivity was monitored using a TAM Air isothermal calorim-
eter at 20 °C. Water to solid (w/s) ratios of 0.5, 1.0, and 1.6 were
employed. The samples were mixed with the water by hand for one
minute before adding the sealed glass ampoules into the calorimeter.

Thermogravimetric analysis was performed using a Jupiter STA 49
F1 from Netzsch. The sample was heated from 40 °C to 1000 °C at the
rate of 15 K/min under an N or air atmosphere.

For the batch leaching test, C,S and deionized water were mixed in a
1:10 ratio in plastic bottles. The mixtures were put on a shaker for 24 h
at 21 + 2 °C according to NEN-EN 12457. The obtained suspension was
filtered using 0.2 um polyethersulfone membrane filters and stored at
5°C after acidifying with nitric acid (65 %, supra pure) to prevent
precipitation. Before acidification, the pH was measured. A Spectroblue
FMX36 inductive coupled plasma optical emission spectrometer (ICP-
OES) was used for Cr, V, and Si determination. Ion chromatography (IC)
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Fig. 1. The heating furnace (a) the Gero furnace used for calcination under reducing conditions (20 % CO/80 % CO,) (b) furnace cooling rate.
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Fig. 2. Cr and V doped C,S under oxidizing conditions (a) non-sieved sample (b) sample sieved between 20 and 40 pm.

Table 2
The specific surface area (SSA) of the samples.
unit Ref. (-0) Cr5-0 Cr10-0 Cr15-0 V5-0 V10-0 V15-0
SSA (Sieved 20-40 um) m?/g 3.8 2.1 2.1 2.1 1.8 1.8 1.6
SSA (unsieved) m2/g 2.9 4.6 4.3 5.3 5.5 4.4 2.9

was used for determining Ca, using a device from Thermo Fisher (Dionex

ICS-1100).
3. Result and discussion

3.1. Characterization of the synthesized product

3.1.1. Cr doped CsS

The QXRD of the Cr doped CyS under oxidizing and reducing con-
ditions is given in Table 3. The results showed that the replacement of
silicon with chromium prevents the formation of y-C,S because only the
Ref. (-O) contains this polymorph (16.7 wt%) (see Supplementary
Fig. S3 (a) for XRD pattern and peak assignment). The Cr5-O sample

exhibits a substantial increase in the amount of p-CyS from 75.1 to
87.8 wt% and stabilization of «-C5S (5.3 wt%) as compared to the Ref. (-
O) sample. As the replacement level increases from Cr5-O to Cr15-0, the
o-C5S increases from 5.3 to 43.3 wt% with a decreasing amount of p-CyS
from 87.8 to 24.5 wt% which indicates the incorporation of Cr in CyS.
The stabilization of high-temperature polymorph o-CyS at room tem-
perature is usually associated with the exsolution of impurity ions such
as Nay0, K0, etc (Lai et al., 1992) and Cry03 could contribute in the
same manner. The impurity ion hinders the transformation of o to y-C2S
during the cooling process. Consequently, the metastable o-C,S persists
around 675-750 °C, and upon further cooling, to room temperature, it
partially collapses to p-CpS (Elhoweris et al., 2020a). In addition to
high-temperature polymorphs («and p) of C2S, other chromium-bearing

Table 3
QXRD of the chromium-doped C,S synthesized via the sol-gel process under oxidizing and reducing (20 % CO/80 % CO,) conditions at 1200 °C for 8 h.
Phases (wt%) Ref. (-0) Cr5-0 Cr10-0 Crl15-0 Ref. (R) Cr2R Cr4R Cr6R Cr8R Crl10R Cr15R
o-CoS 5.3+0.2 23.1 43.3
+0.3 + 0.6
B-CoS 75.1 87.8 46.9 24.5 70.4 61.2 64.1 £ 0.3 61.9 71.02 59.2 58.3
+0.3 +0.3 + 0.4 + 0.6 +0.8 +0.3 +0.2 +0.3 +0.2 +0.3
v7-C2S 16.7 1.4+0.3
+ 0.2
Lime 2.7+0.1 1.2 0.7 0.6 £0.1 7.2+0.2 7.5+0.1 5.6 £0.1 7.9+0.1 10.2+0.1 6.7 £0.1 10.1
+ 0.06 + 0.08 +0.1
Calcite 0.7 £0.1 0.8 £0.1 1.5+ 0.2 0.4+0.1 1.0+0.1 1.1+0.1 1.1+0.1 1.3+0.1 1+0.1 1.6 £0.2
(Para)Wollastonite 0.2+0.1 1.2+0.3 8.7+0.2 13.4 8.2+0.2 9.0 +0.2 11.2 5.6 +0.4
+0.0.2 +0.1
Cr,03 0.3 0.7 £0.1 1.3+0.2
+ 0.06
CaCr,(IIN04 0.6 £0.1 0.6 +£0.1 1.2+0.1 1.6 £ 0.1 1.7 £ 0.1 1.8+0.1
CaCrSisO10 0.7 £0.2
CasCry.g2Si1.176012 23+04
Quartz-+Cristobalite 1.0 1.1 0.7 +£0.1 0.8 +0.1 1.7 £ 0.5 0.9 1.2 +£0.08 09+0.1 1+0.04 1+ 0.06 0.8
+ 0.07 +0.08 +0.07 + 0.08
Grossular 0.6 £ 0.2 0.1 0.8 +£0.2
+ 0.09
XRD amorphous 3.8+1.6 35+15 26.4 25.8 17.0 20.2 141 +1.0 19 £0.7 6.0+1.1 19.3 21.7
+1.2 +21 + 3.5 + 0.8 + 0.8 +1.0
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phases formed such as CryOs, the chromium analog to silicocarnotite
(CasCr3_xSix012) (Adendorff et al., 1992) as well as minor phases such
as lime, calcite, cristobalite, and quartz. Moreover, the amorphous
content increases from 2.5 to 26.4 wt% with an increasing amount of Cr
replacing Si in samples. To understand the maximum Cr-substitution on
the Si-site, a theoretical Cr distribution between CyS + amorphous
content and the rest of Cr-bearing phases such as Cry03, chromium
analog to silicocarnotite, etc. was calculated as shown in Table 4. The
distribution of Cr has been calculated by considering the starting stoi-
chiometric oxide composition and the QXRD of the samples. The amount
of Cr in Cr-bearing crystalline phases is calculated. For the chromium
analog of silicocarnotite, the composition (CasCrj g2Sii.176012) was
assumed based on XRD phase information. If this amount of Cr is sub-
tracted from the total amount of Cr in the system. It follows that the
remaining amount is incorporated into the C,S and amorphous content
or both. Although it is not possible to differentiate if the Cr is evenly
distributed between C,S polymorphs and amorphous content. As the
amount of total Cr increases from 3.3 to 5 wt% (Cr10-O and Cr15-O
respectively), a marginal addition from 2.5 to 2.6 wt% is calculated
for CyS+amorphous phase. Therefore, 2.6 wt% seems to be the
maximum that can be incorporated into CyS+amorphous phase. For
amounts higher than 2.6 wt% Cr would crystallize out as separate Cr
phases such as CryO3 or Cr analog of silicocarnotite. The comparison
between the Cr concentration in CyS+amorphous content and QXRD
analysis of Cr5-O sample indicates that approximately a maximum of
1.4 wt% (4.1 mol%) Cr can be substituted in CyS theoretically (Tables 3
and 4). The Cr5-O contains an amorphous content as low as 3.5 + 1.5 wt
% which indicates the Cr is mostly incorporated into of and B-CaS.
Under the reducing (20 %CO/80 %CO3) condition (Table 3), the
reference sample (Ref. (R) exhibits a lower total amount of /y-CsS (70.4
and 1.4 wt%) with higher amorphous content (17.0 wt%) than the
Ref. (-O) sample calcined under oxidizing conditions. The presence of
high free lime (7.2 wt%) along with wollastonite (1.2 wt%) and quartz
-+ cristobalite (1.7 wt%) indicates the incomplete reaction with the
precursors. It would originate due to a little hindrance in sintering re-
action between incomplete Si-O-Si network, wollastonite, and calcium
oxide due to reducing condition. The complete conversion of reactant
into CyS in sol-gel synthesis partially requires a sintering reaction be-
tween the CaO and Si-O-Si network at high temperatures under
oxidizing conditions (Jawad Ahmed et al., 2022). As the Si was replaced
with 2, 4, 6, 8, 10, 15 mol% Cr under reducing conditions, the p-CS
(ranging from 58.3 to 71.0 wt%) was the only CyS polymorph that
formed during cooling. Moreover, a considerable amount of lime
(5.6-10.2 wt%), (Para)wollastonite (5.6-13.4 wt%) is observed along-
side CaCry(II1)O4 (0.6-1.8 wt%) and high amorphous (6.0-21.7 wt%)
content. The high amount of unreacted lime and wollastonite phases
point to an imbalanced Ca and Si stoichiometry with a lack of Si content
for C,S synthesis. The stabilization of only p-CoS, the imbalanced

Table 4

Theoretical composition calculation of vanadium and chromium distributed
among different mineral phases synthesized under oxidizing conditions. The
theoretical composition is the difference between the starting amount of heavy
elements (Cr, V) and the oxides contained in the C,S+amorphous as well as Cr/
V-bearing phases.

Cror Vin C,S
+ Amorphous phases

Cror V in Chromium and
Vanadium phases (wt%)

Sample  Total
substitution (wt

%) (Wt%)
Cr5-0 1.7 1.4 0.3
Cr10- 3.3 2.5 0.8
o]
Cr15- 5 2.6 2.4
(o]
V5-0 1.7 1.3 0.4
V10-0 3.3 2.3 1
V15-0 5 3.1 1.9
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stoichiometry, and high amorphous content under reducing conditions
indicate that no Cr was incorporated into CyS. This could happen due to
a change in the Cr oxidation state in reducing conditions as the addition
of Cr on Si-site in C5S is highly dependent on the oxidation state and
geometry of the Cr ion (Fierens and Tirlocq, 1983).

FTIR has been chosen to investigate bond systems as shown in Fig. 3
(a, b). Usually, the p-C3S has a characteristic absorption band in the
range of 990-998 cm ™! and 860 cm ™! due to silica stretching. The in-
tensity of this band decreased, and the broadband appeared indicating
the presence of o-CS with an increasing amount of Cr dopant in Cr5-O,
Cr10-0, and Cr15-0O, as shown in Fig. 3, (a). The carbonation of the
sample arising from exposure to air can result in the band at 1490 cm ™},
caused by the asymmetric stretching of carbonate (CO%) ions. The small
sharp peak at 3650 cm ! is depicting the presence of calcium hydroxide
originating due to lime reaction with moisture. In reducing conditions,
the broadening of the band around 890 cm™! can be attributed to
wollastonite as shown in Fig. 3(b) (Meiszterics et al., 2010).

To understand the Cr occupancy on Si-site in CyS, the oxidation state
of Cr ions has been measured quantitatively in the Cr5-O, Cr6R, Cr10-O,
Crl0R, Crl5-O, and Crl15R samples due to approximately the same
starting Ca/Si molar ratio of the precursors as shown in Fig. 4. The
binding energies of Ca 2p (2ps,2: ~347 eV) and Si 2p (2p3/2: ~101 eV)
agrees with previously reported C,S values (see XPS elemental analysis
Supplementary information Table S4 and S5) (Black et al., 2003, 2003a,
b). The separation between Si 2p and Ca 2p binding energies (5¢a.si) was
calculated as ~245.7 eV which is slightly lower than the 246.07 eV
value reported for p-CyS (please see Table S5) (Black et al., 2003).

Under oxidizing conditions, a Cr 2ps,» peak at binding energy
~579.6 €V is assigned as Cr (VI) which indicates the incorporation of Cr
in CyS. The Cr 2p3,, peaks at binding energy ~576.6 and 578.1 eV are
assigned to Cr (III) which is predominant in the Cr5-O, Cr10-O, and
Cr15-O samples. The shift in binding energy from ~576.6-578.1 eV
indicates the presence of Cr (III) in two different sites and orientations
(Li et al., 2014; Basak et al., 2018). No Cr (IV) was observed. It is worth
mentioning here that the Cr was added as Cr (III) for the synthesis of C5S.
The results indicate that as the amount of Cr increases in the samples, a
specific amount of Cr (VI) can be incorporated in CyS on the Si-site
which is approximately the same in all the samples as shown in Fig. 4
(c). However, most of the chromium stayed as Cr (III) either in the form
of Cry03 (~576.6 €V) or bound in a different phase as the shift
~578.1 eV indicates in the measurement. This is most likely the amor-
phous phase that was observed via QXRD. However, the o-C,S stabili-
zation due to the increasing amount of Cr in the samples cannot only be
associated with Cr incorporation in CyS as the amount of Cr (VI) is
approximately the same in Cr10-O, and Cr15-O samples (Fig. 4(c), Ta-
bles 3 and 4). Some other factors are also contributing alongside the Cr
(VI) incorporation in CyS. This observation is compelling for further
characterization of material to understand the phenomenon of o-CyS
stabilization.

Under reducing conditions, the samples only contained Cr (II) and
(III) oxidation states as shown in Fig. 3(a, c). The Cr 2p3,2 binding en-
ergy peak at ~575.4 eV is assigned as Cr (II) (Apte et al., 2006). This
observation alone explains a large amount of free lime and (Para)
wollastonite phases. Cr (II) and (III) exist in octahedral geometry and
tend not to substitute the Si-site in CyS leading to a silica deficit, which
creates (Para)/wollastonite and free lime instead (Table 3) (Suzuki et al.,
2016).

SEM-BS (backscattered image) images were taken of Cr5-O, Cr10-O,
and Cr15-0 as shown in Fig. 5(a, b, ¢) to gain information about the
microstructure. Two different kinds of grains were recognized: smooth
grains and grains covered with a glassy layer. The Cr doped C,S
exhibited small and large grains with lamellar morphology as previously
reported for the incorporation of other ions (Ghose et al., 1983). The
Cr5-0O sample exhibited smooth grain with conspicuous grain bound-
aries (Fig. 5(a)). As the amount of Cr increased in Cr10-0, the individual
grain surface was covered with a glass layer as well as grain boundary
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Fig. 3. FTIR analysis Cr and V doped C,S (a) oxidizing conditions (b) Cr doped C,S under reducing conditions (c) V doped under reducing conditions.

phase precipitates between the striae (Fig. 5(b)). As the Cr amount
further increased in Cr15-O, the individual and multiple grains were
covered with a glassy layer observed (Fig. 5(c)) likely due to the for-
mation of the C3S-Cry03 glass phase as the Cr amount increases from 5 to
15 mol%. This glassy phase fits with the fact that an increasing amount
of amorphous content is detected with the increasing replacement of Si
with Cr (Table 3). The stabilization of o-C5S in the Cr10-O and Cr15-O
samples cannot be attributed to a change in average crystallite size as
the small crystallite size favors the formation of of/p-polymorphs
(Fig. S6). Moreover, the a-C5S stabilization due to the increasing amount
of Cr cannot only be associated with Cr incorporation in CyS as the
amount of Cr (VI) is approximately the same in Cr10-O, and Cr15-O
samples (Tables 3, 4, Fig. 4(a)). Persuasively, the average crystallite
size is not changing with an increasing amount of Cr. It would rather
change due to the matrix constraint (coverage of individual CS grain
with glass layer) which also contributes toward the «—f transformation.
The free energy of an isolated particle may be considerably different
from that of a constrained particle. The glassy layer constraining the CS
grains restricts the growth of the mean particle size to below a critical
size that would cause the transformation from a—p—y otherwise (Sai-
dani et al., 2018; Chan et al., 1992). Conclusively, the matrix constraint
is one of the main reasons behind the stabilization of a-C,S with an
increasing amount of Cr in the sample.

In addition to SEM BS imaging, EDX spot analysis was performed on
the samples to determine the composition. An example of the spots
measured is shown in Fig. 6(a, b, c). All measured spots of the

synthesized Cr5-O, Cr10-O, and Cr15-O have been plotted in the oxide
composition diagram shown in Fig. 6(g). It is worth mentioning here
that the resolution is ~1 pm, therefore it is difficult to measure the small
features like the glassy layer separately because analysis always includes
the underlying phase. However, the amount of Cr increases as the
amount of Cr increases in the sample, and the highest amount was
observed in the glass layer of the Cr15-O sample. The oxide composition
diagram indicated that there is not much difference in the composition
of Cr5-0 and Cr10-0 samples. But in the Cr15-O sample, the distinction
between Cr-bearing CyS phases and Cr-enriched phases became con-
spicuous in the Cr15-O sample which was also observed in the XRD
sample (Table 3).

3.1.2. V doped C3S

The QXRD of V doped C5S under oxidizing and reducing conditions is
shown in Table 5. The replacement of V on the Si-site under oxidizing
condition (V5-O) prevents the formation of y-CaS (16.7 wt%) that is
observed in the reference sample (see Fig. S3 (b) for XRD pattern and
peak assignment). Sample V50 exhibited the stabilization of a-CyS
(8.3 wt%) and f-C2S (71.8 wt%) alongside minor phases such as free-
lime, calcite, quartz, cristobalite, and higher amorphous content
(15.4 wt%) than reference sample (3.8 wt%). As the amount of V
increased in V10-0O, and V15-0 samples, more o-CoS (27.0 and 27.1 wt%
respectively) is stabilized pointing to the incorporation of V on Si-site.
The B-CoS amount decreased from 71.8 to 29.9 wt% with an
increasing amount of amorphous content (from 15.4 to 36.2 wt%).
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Additionally, some vanadium-bearing crystalline minor phases like VO,
and CaVy04 alongside some calcite, quartz, and cristobalite were
observed. The theoretical distribution of V is calculated between
CyS+amorphous phases and V-bearing phases as shown in Table 4. The
amount of V increases from 1.3 to 3.1 wt% in CyS+amorphous phases
with an increasing amount of V in the sample. Considering the amount of
amorphous content (15.4 + 1.7 wt%) and vanadium-bearing crystalline
phase in V5-0, it is difficult to predict the maximum substitution of V on
Si- site in CyS theoretically.

Under reducing conditions, the V doped CyS exhibits only p-CaS
polymorph as shown in Table 5. This indicates that vanadium is not
incorporated into the CyS as similar behavior was observed in the case of
Cr doping under reducing conditions. The V2R sample contains 72.1 wt
% B-CoS and 9.4 wt% lime as observed in Ref. (R) but a higher amount of

(Para)wollastonite (12.4 wt%). As the amount of V replacement in-
creases under reducing conditions (V4R, V6R, V8R, V10R, V15R), the
new V-bearing crystalline phases such as Vs0g, CaVO3, CaV307, Ca(VO)
Si4O1¢ are observed alongside a high amount of p-CS (58.0-67.2 wt%),
(Para)wollastonite (6.4-10.3 wt%) and lime (4.2-7.7 wt%). The high
amount of (Para)wollastonite and lime indicates that the Ca to Si stoi-
chiometry is imbalanced. Consequently, vanadium is unable to substi-
tute on Si-site in CyS under reducing conditions due to a geometrical or
oxidation state mismatch between the vacancy (Si-site) and the sub-
stituent. This leads to the Si deficit and promotes the (Para)wollastonite
formation. Such behavior was also observed in Cr under reducing
conditions.

XPS analysis was performed to get better insight into the oxidation
state of the V50, V6R, V100, V10R, V150, and V15R as shown in Fig. 4.
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(b)

Fig. 5. SEM (Scanning electron microscopy) analysis of Cr and V doped C,S under oxidizing conditions (a) Cr5-O (b) Cr10-O (c) Cr15-O (d) V5-O (e) V10-O (f) V15-
O. “white arrow” indicates the grain boundaries and “circle” indicates the sign of surface relief.
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(d)

Fig. 5. (continued).

The V 2p3,, peak at binding energy ~517.2 eV is assigned as V (V) as between all the measurements as shown in Fig. 3(d). Moreover, Ca is
shown in Fig. 4(d) (see XPS elemental analysis Supplementary infor- taken as the denominator because the amount of Ca is not changing in all
mation Table S4) (Silversmit et al., 2004; Lu et al., 1998). The V/Ca the V doped C,S samples. Only V (V) found in V50, V100, and V150
atomic concentration (%) is calculated to make a direct comparison samples as well as the CS samples calcined under reducing conditions
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Fig. 5. (continued).

(V6R, V10R, V15R) also exhibit the presence of V (V) in the samples cooling because the vanadium (II-IV) oxide is highly sensitive to air
(Fig. 4(b, d). An oxidation state lower than V(V) was not observed. oxidation (Lu et al., 1998). The stabilization of o-C,S with the increasing
Possibly, the V5R, V10R, and V15R samples fully oxidize to V(V) on amount of V indicates the occupation of the Si-site by V(V) due to V505

10
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Table 5
QXRD of the Vanadium doped C,S synthesized via the sol-gel process under oxidizing and reducing (20%CO/80%CO-) conditions at 1200 °C for 8 h.
Phases (wt%) Ref. (-0) V5-0O V10-0 V15-0 Ref. (R) V2R V4R V6R V8R V10R V15R
o-CoS 8.3+0.3 27.0 27.1
+ 0.4 + 4.8
p-CaoS 75.1 71.8 46.3 29.9 70.4 72.1 60.3 60.3 58.9 67.2 58.0
+0.3 +0.5 + 0.4 +4.3 +0.8 +0.3 +0.3 +0.3 + 0.4 +0.9 +0.5
7-C2S 16.7 1.4+0.3
+0.2
Lime 27+0.1 2.6 0.1 1.6 7.2+0.2 9.4 5.0 5.9 7.7 55+0.1 4.2
+ 0.08 + 0.06 +0.3 +0.1 +0.1 +0.1 +0.1 +0.1
Calcite 0.3+0.1 1.4+0.2 1.6 0.4+0.1 0.9 0.4 0.7 0.7 0.9+0.2 1.7
+0.3 +0.1 +0.1 +0.1 +0.2 +0.2
Wollastonite{Parawollastonite 0.2+0.1 1.2+0.3 12.4 10.3 7.9 8.8 6.5+ 0.3 6.4
+0.2 +0.2 +0.2 + 0.2 +0.3
Quartz + Cristobalite 1.0 1.2+0.1 0.6 £0.1 0.6 1.7 £ 0.5 1.5 1.3 1.0 0.8 0.8 1.5
+ 0.06 +0.1 +0.1 +0.1 +0.1 +0.1 +0.03 +0.1
VO, 0.4 0.9 +0.2 1.0 0.3 0.1 0.1
+ 0.08 +0.2 +0.1 +0.1 + 0.1
V509 0.1 £0.3 0.7 0.7 1.2+1.0 1.8
+0.1 + 0.2 + 0.2
CaV,0, 0.9
+0.3
CaVOg3 0.5 0.6 0.3+0.3 0.4
+0.2 + 0.2 +0.3
CaV30; 0.8 0.7 0.8+ 0.2 1.2
+0.1 +0.2 +0.2
Ca(V0)SisO010 0.3
+0.1
Grossular 0.6 £0.2 0.2+0.1 1.5+0.2 0.8 0.8+0.2 0.3£0.2
+ 0.4
XRD amorphous 3.8+1.6 15.4 22.2 35.2 17.0 2.9 22.5 21.9 21.2 16.7 24.5
+1.7 +1.9 + 8.3 +3.5 +1.1 +0.9 +1.0 +1.2 +1.7 +1.2

substituting as the foreign ion (Table 5). Usually, the impurity ions such
as V(V) in the present case can only be incorporated as foreign ions at
high clinkering temperatures (Elhoweris et al., 2020b). The absence of
a-CS and the presence of a high amount of (Para)wollastonite in V6R,
V10R, and V15R indicates that the V was not available as V(V) at high
temperatures under reducing conditions. Therefore, it was not
substituted on Si-site in CsS.

The presence of vanadium species also complicates the assignment of
peaks in FTIR. A representative FTIR spectrum has been chosen to
investigate bond systems as shown in Fig. 3(a, c). Usually, the $-C2S has
a characteristic absorption band in the range of 990-998 cm™! and
860 cm~! due to SiO9- stretching. However, the characteristic V-O-V
asymmetric stretch vibrations, as well as V-O-V octahedral bending, lie
in the region of 1010-1040 and 840-860 em™! (Kumar et al., 2021;
Frederickson and Hausen, 2002). These two bands shoulders are
superimposed on a broad peak around 900 cm ™! in the stretching re-
gion. The o-C5S also has a strong and broad characteristic absorption at
895 cm L. This causes peak broadening in the samples with a higher
concentration of a“CyS as the amount of the dopant increases in the
V5-0, V10-O, and V15-O as shown in Fig. 4(a). Moreover, the broad-
ening of the shoulder around 990-1035 cm ™! can be attributed to V—0
isolated double bonds (El-Moneim et al., 2022). The o’- and p- CaS
polymorphs both showed a strong absorption around 520 cm ™! with a
faint shoulder at 540 cm ™! in the SiOy-bending region. In the mixture in
which both phases are present, the polymorph-specific absorptions are
indistinguishable. The slight carbonation of the sample arising from
exposure to air can result in the band at 1490 cm ™, caused by the
asymmetric stretching of carbonate (CO%) ions. The small sharp peak at
3650 cm ™! can point out the presence of free lime in the sample that was
slightly hydrated in the air.

The C,S sample calcined under reducing conditions (V2R, V4R, V6R,
V8R, V10R, and V15R) feature p-CS as a dominant phase. But the
broadening of signal around 840-860, 890, and 990-1040 cm ™' can
also be attributed to the presence of wollastonite and vanadium bearing
phases in the samples. All these findings showed a good agreement with
QXRD and previous reports (Miyata et al., 1987).
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An extensive SEM-EDX analysis was performed to get an insight into
the microstructure and composition of the V doped C,S under oxidizing
conditions. Sample V5-O exhibited the individual twin domains with
distinct grain boundaries and lamellae characteristics (Fig. 5(d)) like the
Cr-containing samples. Additionally, a sign of surface relief perpendic-
ular to the twin domain can also be observed which is the characteristic
deformation occur during the o—p transition due to doping of foreign
ions in CyS (Saidani et al., 2021). As the amount of V is increasing in
V10-O and V15-O, then more covered individual grains as well as
coverage of multiple grains by glass layer indicating the presence of V
-bearing amorphous phases (Fig. 5(e, f)). Moreover, the distinct grain
boundaries also start to disappear indicating the precipitation of the new
phases. Therefore, the increase in the amorphous content and V-bearing
crystalline phases were observed in V10-O and V15-O samples matching
with the QXRD observation (Table 5).

The oxide composition of V5-O, V10-O, and V15-O samples was
measured with EDX on random spots including the precipitate at grain
boundaries, smooth grain, and grain covered with a glass layer. A few of
the spot data from backscattered images are shown as an example in
Fig. 6(d, e, f). It was observed that the V50 sample gave a slightly higher
average V05 concentration in the middle of smooth grains. At high Si
replacement with V, the V10-O and V15-O samples exhibited a vana-
dium concentration as high as 36% in the smooth grains while the
average was 1-2 % in the single grains covered with a glass layer.
Moreover, the V15-O sample showed the highest V,05 concentration
ranges from 5 % to 10 % in the grains covered with a glass layer. All
these data points are not coverable in Fig. 6(d, e, f) and therefore, are
plotted in the form of an oxide composition diagram as shown in Fig. 6
(h). One of the reasons that the higher concentration of vanadium in the
grains up to 36 % than a stoichiometric oxide composition of the mineral
phases in the V5-O, V10-O, and V15-O samples would possibly be
observed due to the relatively small average crystallite size of o and
B-CoS which leads to an overestimation of the vanadium concentration
(Table 5) (see average crystallite size in Fig. S6). That’s why the oxide
composition diagram exhibits some outliers which leads to the wide
range of the composition.
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The replacement of Si with V in the C,S matrix leads to the formation
of three types of phase composition such as primary CyS phases, V-rich
C,S phases, and high V-bearing phases as encircled in Fig. 6(h). In the
V10-0 and V15-O samples, the vanadium started to enrich in separate
phases which would be the reason for the high amorphous content
(Table 5).

3.2. Hydration studies of Cr and V doped C2S

Cr and V doped C,S under oxidizing conditions (Cr5-O, Cr10-O,
Cr15-0, V5-0, V10-0O, V15-0) were measured via isothermal calorim-
etry to determine the hydration rate. The heat flow curves normalized to
the mass of the solid are presented in Fig. 7. The CyS reactivity is highly
sensitive to the specific surface area, lime (CaO) content, water to solid
ratio (w/s), and the type of CuS (¢, p, y) polymorph (Thomas et al., 2017;
Georgescu et al., 2000). Therefore, the samples were sieved to between
20 and 40 um, and different w/s ratios were investigated. Usually, the
increase in the w/s ratio enhances the degree of dissolution of CyS
(Nicoleau et al., 2013). However, Ref. (-O) sample does not show any
significant increase or decrease in the heat release with varying w/s
ratio. Instead, a constant cumulative heat ~56 J/gcas in Ref. (-O) sample
is observed with increasing w/s from 0.5 to 1.0 as shown in Fig. 7(b, f).
All Cr and V-containing samples show almost no heat release in the first
48 h, except for an initial strong heat flow for the first twenty minutes
observed that could be attributed to the dissolution of CS phases
(El-Didamony et al., 1996). A similar pattern of early heat release was
observed in all the samples with varying water to solid ratios (inset of
Fig. 7 ((a), (), (e)). To identify the possible baseline disturbance in the
first 20-30 min due to the opening of the calorimeter ampoule, a
balanced amount of water was added alongside all the samples and was
labeled as H20. This way it can be ensured that the exothermic peaks
during the first 20-30 min of hydration are indeed coming from the
sample as shown in Fig. 7(a, b). The samples hydrated for 20 min and
were further investigated via thermal gravimetric analysis after stopping
the hydration. It is concluded that the initial peak originated from the
formation of portlandite due to free lime dissolution as shown in Fig. 7
(g, h). That is why the contribution of heat signal due to free lime re-
action is removed from the cumulative heat release of all the sample. As
a result, the Ref. (—O) sample exhibited the highest cumulative heat
release (~56 J/g), while a nominal ~1-7 J/g cumulative heat of hy-
dration was observed in all the Cr and V doped C,S with varying water to
solid ratio. It is known that the presence of lime decreases the dissolution
of C3S, and the Ref. (-0) (2.7 wt%) contains the highest amount of free
lime (Tables 3 and 4) (Nicoleau et al., 2013) but it is also the most
reactive. Incorporation of minor ions such as K or B into C5S is reported
to improve hydration activity due to the stabilization of
high-temperature polymorphs (of and f-C2S) (Cuesta et al., 2021;
El-Didamony et al., 1996; Parkash et al., 2015b). However, Cr and
V-containing samples exhibited minimal reactivity. Even having o
(5-9 wt%) and B -C2S (71-88 wt%) in the Cr5-O and V5-O sample as
compared to Ref. (-0) B (75 wt%)/y -C2S (17 wt%), the early stage
(48-72 h) C,S reactivity is not improved.

As the dissolution of solids is a surface phenomenon, the rate of
dissolution is dependent on the total surface area of the dissolving solid
as shown in the general rate law expression (1). The specific surface area
(SSA) of the sieved sample exhibited that the Ref. (O) (3.8 mz/g) con-
tains the highest available surface for the reaction (Table 2). Therefore,
the lower reactivity of Cr5-O and V5-O samples than the Ref. (-O) can
also be attributed to the less available surface for the reaction with water
(Brand et al., 2019).

The dissolution rate should follow a general law such as,

Rate = k.S, (1) f(AG) M

Sreact= reactive surface area (mz/g)
k = rate constant (s'1)
f = unknown priori function for free enthalpy
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AG = Gibbs free energy change (kJ/mol)

Persuasively, the early age (48-72h) of CyS reactivity is more
dependent on the available SSA than lime, w/s ratio, and the type of C,S
polymorph.

3.3. Leaching behavior

The leaching of Cr and V doped C,S under varying (oxidizing and
reducing) calcination condition depends on the oxidation state of Cr and
V, its substitution amounts, pH, type of mineral phase as well as the
kinetic equilibrium between varying oxides of chromate and vanadate.
Calcium chromate is soluble at> 20 g/L in the water while calcium
vanadate is insoluble at room temperature. The synthesized samples
contain CoS (Ksp = 9.17 x 10_6), and free lime (CaO) (Ksp = 4.3 x 10_6)
that upon hydration can increase the pH of the leachate as shown in the
following Egs. 2,3 (Brand et al., 2019).

Ca0 + H,0—Ca(OH),,,=Ca’* +20H" pH= 1246 (2
CaySi0, +2H,0-2Ca*" + H,Si0F +20H pH= 10-12.5 3)
Ca*" + CrO? =CaCrO, pH > 12.0 4
3Ca*" +2V0} 5Cay(VO,),pH > 12.0 (5)

The pH of the Cr5-O, Cr10-0, and Cr15-O samples after placing in
water for 24 h at a liquid/solid ratio of 10 was found to be in the range of
12.5-13.0. The Cr5-O sample exhibited the highest percentage of Cr, Si,
and Ca leaching compared to Cr10-O and Cr15-O samples as shown in
Fig. 8(a). The Cr leaching is directly proportional to Si leaching in all the
samples synthesized under oxidizing conditions. Moreover, possible
aqueous Ca?" concentration is slightly variating in Cr10-O and Cr15-O
samples. At pH> 12.0, the dominant species of chromate ion is CrO7.
The solubility product (Ksp) value of CaCrO4 is 5.1 x 107°, and the
chemical reaction between Ca®" and CrOF has been shown in Eq. (4).
Part of Cr (VI) can be immobilized by the formation of the low solubility
chromium complex. But it can be understood with the help of Cr dis-
tribution in mineral phases and amorphous content in Cr5-O, Cr10-O,
and Cr15-0 samples. In Cr5-0, the Cr (VI) can substitute on Si-site in C2S
as shown in Section 3.1.1. The high Cr leaching from the Cr5-O sample is
due to the high dissolution of C5S phases as the high Si leaching supports
the idea. As the replacement of Cr increases in Cr10-O and Cr15-O, the
more individual grains are covered with a glass layer which restricts the
dissolution of CyS (Fig. 5(a), (b), and (c)) (see Table S7 for QXRD of
leachate residues).

The Ca and Cr leaching in the samples produced under reducing
conditions decreased as compared to the values calcined under oxidizing
conditions as shown in Fig. 8(b). The Cr2R exhibited the highest Cr
leaching value while other Cr (4—15) R samples showed a clear decrease
in the Cr leaching. This can be attributed to stabilize more Cr as (II and
I1I) upon incremental addition of Cr to the samples (Table 3), which does
not occupy the Si-site in CyS. Therefore, the Cr leaching is directly
proportional to the degree of C5S dissolution.

It is shown in Section 3.1.2 that the V(V) tends to substitute on Si-site
in CyS under oxidizing conditions (V5-O, V10-O, V15-0). Upon disso-
lution, the type of calcium vanadate precipitates depends on the pH of
the leachate. The Ca(VO3); forms around pH 5-8 while CasV207, as well
as Cag(VOg)o, are the dominant precipitates at pH 9-10.6 and 10.6-13
respectively (Hobson et al., 2017). The pH of the V5-O, V10-O, and
V15-0 samples was found in the range of 12.6-12.7. So, the dominant
calcium vanadate would be Ca3(VO4)2 (logKs, = —17.97) as shown in
Eq. 4. The percentage leaching of Si and V from V5-0, V10-O, and V15-O
is shown in Fig. 8(c). It can be observed that the maximum V concen-
tration in the leachate is inversely proportional to the aqueous Ca%*
concentration. Even the amount of V mol. % is incrementally increasing
in the starting sample. But it seems that the percentage concentration of
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Fig. 7. Heat release of the chromium and vanadium
doped C,S under oxidizing conditions sieved be-
tween 20 and 40 ym. with water to solid ratio (a)
0.5 (c) 1.0 (e) 1.6. Cumulative heat release in J/g of
the (b) 0.5 (d) 1.0 (e) 1.6. TG curve of the synthe-
sized C,S samples showing the mass loss in function
of temperature (e) mass loss of Cr and V doped C,S
samples under oxidizing conditions in first 20 min
of hydration (f) DTG curve of the synthesized C5S
samples showing the mass loss per minute in func-
tion of temperature.
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Fig. 8. One batch leaching analysis (w/s = 10) of Cr and V doped C,S, the amount Si, Cr and V has been plotted as a function of Ca (%) leaching and pH range
mentioned on the graph (a) Cr doped C,S under oxidizing conditions (b) Cr doped C,S under reducing conditions (¢) V doped under oxidizing conditions (d) V doped

under reducing conditions.

V leaching is controlled by the percentage of aqueous Ca?* presence in
the leachate. The sample V10-O exhibited the highest percentage of V
(0.018 %) leaching but the lowest percentage of Ca?* (1.16 %) leaching
while the V15-O contains the highest amount of V in the C3S matrix
phases. This can be understood by considering the source of Ca?* in the
leachate. The V10-O sample contains the lowest amount of free lime
(0.1 wt%) as one of the active sources of aqueous Ca?*. While the V15-O
sample exhibited high free lime (1.6 wt%) and calcite (1.6 wt%). The
presence of dissolved CO; in solution (leads to the formation of CaCO3
(Ksp = 3.36 x 107%) provides a sink for calcium in the leachate due to
lower solubility of calcium carbonate than calcium hydroxide. More-
over, the aqueous Ca?" concentration developing from CyS dissolution
results in vanadate concentration either at or very close to the solubility
limit of Cag(VO4)2 which limits the concentration of vanadate in solu-
tion. Conclusively, the amount of V leaching is independent of the
starting amount of V in the C,S matrix. It depends on the active aqueous
Ca2" source in the solution, the type of calcium vanadate complex, and
pH. The amount of percentage leaching of Si is directly proportional to
the amount of V concentration in the leachate which indicated the de-
gree of dissolution of CyS phases and active occupation of V205 on the
Si-site. The dissolution of CsS which also leads to the formation of
Ca-Si-H can also actively uptake some V305 on tetrahedral Si-sites
(Hobson et al., 2017).

In reducing conditions, overall calcium, silicon, and vanadium
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leaching decrease as compared to oxidizing condition samples as shown
in Fig. 8(b). As we have seen above, the leaching of vanadium is
controlled by the active calcium source in the leachate. The vanadium
leaching is inversely proportional to calcium concentration in the
leachate. The reducing sample contains a high amount of free lime
(4.2-9.4 wt%) that would limit the solubility of Ca3(VO4)2 like the
sample under oxidizing conditions.

4. Summary and Conclusion

The Cr (0-15 mol%) and V (0-15 mol%) incorporation on the Si-site
in CyS was investigated using sol-gel synthesis under oxidizing and
reducing (20 %CO/80 % CO-) conditions. The CyS polymorphs stability,
the effect of varying calcination conditions on heavy metals (Cr, V)
incorporation as well as the oxidation state, and microstructure along
with early age (48-72 h) hydration at different water to solid ratio and
the leaching behavior. The important findings are as follows.

1. The C5S can incorporate Cr (VI) and V(V) on Si-site in C2S under air-
oxidizing conditions. This led to stabilization of the high-
temperature o, p-CoS polymorphs as shown in Cr5-O and V5-O
samples. A Cr and V content higher than 5 mol% started to stabi-
lize heavy metal (Cr and V) bearing amorphous phases due to the
substitution limit. The stabilization of o~C5S in Cr-containing samples
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can be attributed to the matrix constraint due to the glass layer
covering individual C5S particles. In addition to that, a twin domain
was observed in the V5-O sample which is the characteristic defor-
mation that evolved during the o—~p transition due to doping of
foreign ions in C,S. A constant amount of Cr (VI) can substitute on Si-
site in CoS which is independent of the starting amount of Cr in the
sample. The remaining chromium oxide prefers to stay Cr (III) as the
most stable oxidation state. A maximum of 4.1 mol% Cr can be
substituted on Si-site in CyS theoretically while it was difficult to
predict the maximum substitution of V due to high amorphous
content in the sample.

2. Cr and V oxide tend not to replace Si in C,S under reducing condi-
tions (20 % CO/80 % CO-) due to oxidation state mismatch. The Cr
was present as (II) and (III) oxidation states in Cr2R-Cr15R samples
which led to the formation of high CaO and (Para)wollastonite
phases due to calcium to silica ratio of less than 2. The V2R-V15R
samples also contain calcium vanadate phases with high amor-
phous content (2.9-24.5 wt%), (Para)wollastonite (6.4-12.4 wt%),
and lime (4.2-9.4 wt%) indicating Si deficit for CyS synthesis. The
incorrect stoichiometry stipulated that V and Cr were not available in
a favorable oxidation state to be incorporated in CpS at high
temperatures.

3. The incorporation of V and Cr into CsS stabilizes the reactive o/p-CoS
but drastically reduces the early-stage hydration activity of CyS
compared to the Ref. (-O) sample. Even though the reference sample
contains a significant amount of y which is non-reactive as well as
free lime that also reduces the solubility of C5S. The specific surface
area for the reference is higher than for the doped samples making it
reactive at early age hydration.

4. The V (V) and Cr (VI) substituted on Si-site in CyS exhibited higher
mobility than Cr (II) (III) containing C,S samples. The Cr leaching is
sensitive to the oxidation state as well as the Cr-bearing amorphous
phases in the sample. Even having the mobile Cr (VI) oxidation state,
the coverage of Cr grains with a glass layer decreases the dissolution
degree of solid and leaching. Once Cr (VI) is substituted on Si-site in
CS, the Cr leaching is directly proportional to the degree of CyS
phase dissolution.

5. The vanadium leaching is controlled by the active source of aqueous
Ca" which is independent of the starting amount of V in the sample.
The V leaching is inversely proportional to the aqueous Ca2" in the
leachate due to the formation of Ca3(VO4)3 at pH > 12. The directly
proportional relationship between V and Si leaching in the V50,
V100, and V150 samples explained that the V,05 was released from
the Si site of CyS. The Si leaching from V2R, V4R, V6R, V8R, V10R,
and V15R samples was independent of V leaching indicating the
source of V505 is not the Si-site of C,S.
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