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Abstract: Ecological ternary cements (ECP) were perpared with powders of phosphogypsum (PG),
fly ash (FA) and portland cement (PC). The evolution mechanism of the hydration product structure
was characterized through macro and micro experiments.The thermodynamic characteristics of
solid phase, solid solution phase and aqueous solution in process of hydration about phosphogyp-
sum-fly ash-cement ternary cementitious system were studied based on the Gibbs-free-energy C-S-
H thermodynamic model and GEM-Selektor software, and compared with experimental results.
The results show that in the hydration reaction the thermodynamic interaction between mineral
single-phase and hydration products plays an important role in the spatio-temporal distribution of
ions in the cementitious system. The values of CaO, SiO2Hand H20Ohyd gradually increased with
the increase of Ca/Si ratio, while the values of CaOext and H2OOH showed a positive proportional
relationship, and the values of SiO2H and SiO2 showed an inverse proportional relationship. GEM-
Selektor is accurate in the simulation calculation of the total amount of AFt and AFm mineral phases
which quantitatively analysis the correlation between C-S-H gels formation and C3S with complex
decomposition ion groups.

Keywords: ecological cement; cementitious system; thermodynamic; calcium silicate hydrate; trical-
cium silicate; GEM-Selektor

1. Introduction

The large-scale utilization of phosphogypsum (PG), a by-product generated from the
phosphorus fertilizer industry (phosphoric acid production), solves the waste disposal
and pollution problems that cause severe pollution of the soil, water, and atmosphere[1].
Efforts have been made to use virgin and calcined PG as the retarders [2] in Portland ce-
ment (PC), but the hydration kinetics of PC are negatively affected compared to natural
gypsum due to impurities [3].Therefore, the raw PG with a processing method such as
calcining, lime water washing or neutralization through studies is strongly recommended
[4]. To improve the performance of PG production, alkali-activated cements such as gran-
ulated slag, fly ash and zeolitic waste have been added to make PG-based cementitious
binders [5], which have become a viable ecological alternative to traditional cementitious
materials [6].

PG is widely used in ordinary Portland cement, oilwell cement, calcium sulfoalumi-
nate cement [7], magnesium phosphate cement [8], alkali-activated fly ash [9], supersul-
fated cement [10], and cemented paste backfill [11]. Calcium sulfoaluminate (CSA) ce-
ment, which was developed by the China Building Materials Academy in the 1970s, was
advertised as a sustainable alternative to PC. Belite sulfoaluminate (BSA) cement [11],
which is based on CSA cement, is made from clinker containing 40-70% of C2S and 20—
50% of CsAsS. In this work, PG is used as a substitute for natural gypsum in the production
of BSA cement and an excess of PG is added to the raw materials, which not only for the
sulfur emissions, but also means that the anhydrite phase remains in the clinkers pro-
duced.
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To the best of our knowledge, while the connections between the hydration process,
mechanical strength, and calorimetry in relation to the cement compositions have been
identified in previous [13], each investigation traced them back to a single phase and the
main limitations are the absence of a standard phase composition and published data
about composition-processing-performance relationships. In addition, as calorimetric
studies on PG efficiency as a source of alkali-activated cements have shown [14], its inter-
pretation cannot automatically be applied to these cements due to hydration processes.

For this reason and based on prior comments, the aim of this research was to analyze
the chemical interaction among the solid phases, solid solution phases and aqueous solu-
tion in the process of the ternary cementitious system through the experimental tests and
the GEMS software.

The morphology of hydration products, mechanical parameters and microscopic fea-
tures such as crystal structure were characterized. The thermodynamic model was con-
structed to reveal the optimization and hydration mechanism of phosphogypsum ecolog-
ical cement at a mesoscale.

2. Materials and methodology
2.1. Materials, mix composition and specimen preparation
2.1.1. Properties of materials:

Phosphogypsum (PG), fly ash (FA) and portland cement (PC) are utilized to prepare
the phosphogypsum-based composite cementitious materials (PBM) in this study. The PG
was excavated from the surface layer of a storage site, which belongs to a phosphogypsum
tailings pond in Hubei province (China) and the FA was manufactured from Ezhou Power
Plant Group (China). The mean humidity of raw PG obtained from six samples was 56.7%.
The PC (M 42.5 OPC, Chinese National Standard, GB 175-2007) was brought from Huaxin
Cement Co., Ltd, which the mineralogical compositions that was obtained from an X-ray
diffraction (XRD) analysis are as follows: alite (CsS, 40.65%), belite (CzS, 34.52%), calclum
aluminate (CsA, 10.87%) and ferrite (C4AF, 9.78%). The chemical composition of PG, FA
and PC was investigated by the means of X-ray fluorescence spectroscopy (XRF) and the
results have been presented in Table 1. Chemical characterization of raw materials was
shown in Figure 1. Moreover, the physical properties of PG, FA and PC raw materials
were shown in table S1. Ordinary tap water (TW) was used to mix the raw materials.

Table 1. XRF results of PG, FA and OPC in oxide weight percentage.

Sample SOs CaO SiO: P05 AlOs MgO Fe:0s TiO: LOI SSA!
PG2 4739 3244 761 1.02 0.66 0.38 0.31 0.09 216 0.349
FA 0.1 245 5415 033 3225 279 4.26 1.02 0.06 0.737
PC 192 6141 2174 0.16 6.19 2.23 3.2 039 095 1.280

Note: SSA®: Specific surface area / (m2eg); PG Table S2 reports the chemical composition of PG obtained from

the XRD quantitative analysis and XRF quantification.

Hemihydrate gypsum (HG) (3-CaSOs+1/2H:20, purity=97.0%) was obtained from
Acros Organics, Germany and dihydrate gypsum (DG) (CaSOs2H:O, purity>99.0%) was
purchased from Sinopharm Chemical Reagent Co. Ltd., China. A polycarboxylate ether-
based superplasticizer (PES) that met the ASTM C 494/C 499 M requirements for Type A
water-reducing and Type F high-range water-reducing admixtures was employed as the
admixture to prepare the high strength of composite cementitious materials.


https://doi.org/10.20944/preprints202205.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 May 2022 d0i:10.20944/preprints202205.0401.v1

(a) Portland cement
#: Mullite
¢: Quartz
&: Magnetite
: Calcite

Intensity (a.u.)

—— Fly ash
&: Mullite
+: Quartz

Intensity (a.u.)

—— Phosphogypsum
* : Gypsum
+: Quartz

Intensity (a.u.)

T T T T T T 1 ¥ 1 T T 10 um
5 10 15 20 25 30 35 40 45 50 55 60 65 i
20/(°) Wd)_______1hour PG _

Figure 1. Chemical characterization of raw materials. (a)-(c): XRD patterns of PC, FA and PG; (d):
SEM micrographs of changing in PG microstructure were taken of samples irradiated for the speci-
fied duration: Original PG, 15 min and 1 hour conventional heating at 100 ‘C; (e): The crystal struc-
ture of the three observed phases are presented, structures were visualized using the VESTA soft-
ware 45.

2.1.2. Mix composition:

In order to investigated the influence of the impurities in PG, curing time and condi-
tions, dosage of PES, and PC, FA and solids contents on the strength of the PBM materials,
three rounds of orthogonal experiments were designed by preparing different PC (1st test),
PC+FA (27 test) and PC+PES (3 test) specimens with the use of different calcium sources
(HG and DG), cementitious materials contents (80%, 61% and 19% by weight), percent-
ages of PES (0%, 0.91%, 0.95%, 0.98% and 1.03% by weight) on two curing conditions (dry
chamber and mosit curing). The water to solid ratio (W/S) and water to cement ratio (W/C)
used were equal to 1:3 and 1:1 respectively. The summary of orthogonal experiments
about mix composition of specimens is presented in Table 2.
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Table 2. Summary of mix composition of specimens used.

PC FA HG DG PG PES W/St  W/C?> Curing conditions

Combination  Notation —o /™10 '™ 1o/ ™ (o] [%]  [%] 13 11 Dry? Mosit

PC 1t test 100 - --- - --- --- - 4 --- v
PC+HG PH 80 20 v v v
PC+DG PD 80 20 v v v
PC+PG PP 80 20 v v v
PC+FA 2dtest 61 19 v v v v
PC+FA+HG PFH 61 19 20 v v v v
PC+FA+DG PFD 61 19 20 v v v v
PC+FA+PG PFP 61 19 20 v v v v
PC+PES 3dtest 7349 - — 090 @ - v v
PC+FA+PG ~ ECP-1 7349 825 - — 1826 1.3 v v v
PC+FA+PG ~ ECP-2 7349 1166 - — 1485 098 v v v
PC+FA+PG ~ ECP-3 7349 1485 - — 1166 095 v v v
PC+FA+PG ~ ECP-4 7349 1826 - — 825 091 v v v

Note:PC:Portland cement; FA: Fly ash; HG: Hemihydrate gypsum; DG: Dihydrate gypsum; PG: Phosphogypsum; PES: Polycarboxylate ether-based

supperplasticizer; W/S!: water-to-solid ratio; W/C?: water-to-cement ratio; Dry3: Dry chamber [T=60+2°C, Water<5%]; Mosit*: Mosit curing [T=20+1°C,

Water>95%]

2.1.3. Specimen perparation:

Firstly, five raw materials (PC, FA, HG, DG, PG, PES) were weighted by an electronic
scale with an accuracy of 0.01 g and then mixed with TW accroding to the proportioning
scheme until the slurry was fully dispersed. Secondly, the slurry was poured into a stand-
ard triple moulds with the dimension of 70.7 mmx70.7 mmx70.7 mm, then placed in a
curing box, which the temperature and humidity were set as dry chamber (T=60+2°C, Wa-
ter<5%) and mosit curing (T=20+1C, Water>95%) respectively to the predetermined age
of 3,7, 28, 90, and 180 days. All the samples were divided into two groups. One group of
these PBM materials was tested for the compressive strengths. Another group of these
samples was dried using a vacuum drying oven to a constant mass, and then crushed and
collected for the characterization of morphology and pore size distribution. The entire
process of the PBM materials specimens preparation is shown in Figure 2.
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Figure 2. Schematic reaction diagram of PBM materials specimens.

2.2. Methodology
2.2.1. Experimental test methods:

For cement is a multiphase material, the chemical reaction of PBM materials is more
complicated. It is necessary to start with a single-phase reaction, and then gradually im-
prove to multi-phases reaction based on different degrees of simplification and assump-
tions. The main experimental research carried out in this study includes macroscopic and
microscopic experimental test methods, which provides data support for calculating the
contents of hydration products and hydration mechanism. The main experimental meth-

ods and sofrwares used were shown in Table 3, for more details, seen support materials
S2.
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Table 3. Summary of experimental methods and softwares.

L
Experimental method Of’:lgra Types Softwares
Particle Size PSD BT-9300HT, China Origin 2021
Distribution
Uniaxial compressive , Materials
UCS HY400X125 according to GB/T 17671-1999 .
strength Studio
Mercurv intrusion Micromeritics-9310 MIP device,
€ olio};imetli © MIP maximum and minimum applied LAMMPS 19.0
P Y pressure of 100 MPa and 0.2 MPa
Isothermal An eight channel Thermal Activity ..
TA Visio 2021
calorimetry Monitor (TAM) Air calorimeter 1810
Scanr.ling Electron SEM Zeiss EVO18, Carl Zeiss AG, Oberkochen, MDI Jade
Microscopy Germany
X-ray fluorescence XRF PANalytical AXIOS spectrometer VESTA
. . X-Pert PRO DY2198 XRD, QXRD of Topas
X-ray diffraction XRD 42 Bruker AXS Photoshop
Thermogravimetric-
differential thermal TG-DTG Mettler TGA/DSC 250 analyzer GEM-selektor
analysis
Fourier Transform .
FTIR PerkinElmer FTIR Spectrometer
Infrared Spectroscopy
Nuclear magnetic
resonance NMR S5i and ZAl solid-state MAS NMR

spectroscopy

2.2.2. Thermodynamic modeling:

Thermodynamic calculations were carried out using a geochemical software GEM-
Selektor v.3 (GEMS) based on the Gibbs free energy minimization theory [15], and the
thermodynamic properties of the aqueous complexes come from the cement database
Cemdata 18 and Thermochimie database [16], which qualitatively computes equilibrium
phase assemblages and speciation in complex hydration processes. The databases of ther-
modynamic data for common cement minerals like ettringite (AFt) and AFm phases, hy-
drotalcite, portlandite and calcium silicate hydrate (C-S-H phases), and solubility prod-
ucts of solids relevant for cementitious systems were selected to model PBM hydrate re-
action. For lacking of approprite thermodynamic data of more phases, some hydration
products such as the fluoride and phosphorus residues were computed and simulated as
hydrogen fluoride (HF), fluorite and phosphoric acid, where the parameters were set at
0.1 MPa and 298.15K.
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Figure 3. Schematic representation of the derivation processes and calculations of thermodynamic
modeling.

The process of model represented in Figure 3 is composed of two parts, the electro-
negativity model for A«G? and the polyhedral model for S, Cp and V. For the electroneg-
ativity based part, seven unknowns AcOCa, AcO-Ca®t, AcO5i% AcOSiH, AcO-AlL
AcOH200 and AcO"H2Ohya are determined by minimization of the squared difference
between the A:G? calculated for each mineral and the experimental values. For the
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polyhedral part, six unknowns are refined by minimization of the squared differences be-
tween observed and calculated values, for each property [17]. The results of the model
refinements are reported in Table 4.

Table 4. Properties of polyhedral model component oxides (A:G’, S°, Cp and V) refined in this
work.

AfG° AcO S° Cp \'A
Component [em?/mol
oxides [k]J/mol] [k]J/mol] [J/mol-K] [J/mol-K] ¢ !
CaO -603.30 303.60 43.80 47.99 16.52
CaQext -603.30 464.23 --- --- ---
SiO2 -856.28 221.31 56.41 62.16 30.28
SiO:H -856.28 323.81 --- --- -
H20Oon -187.50 187.50 7.05 -13.33 -1.93
H2Onyd -221.47 221.47 47.95 43.56 13.96

3. Results and disscussion
3.1. Experimental results
3.1.1. Uniaxial compressive strength:

Table 5 presents the strengths of specimen up to 180 days at diffetent curing condi-
tion. This study illustrated that PBM cured under different curing conditions had different
technical properties. PBM cured under mosite curing conditions was found to achieve
higher compressive strength values than those cured under dry chamber conditions for
all treatments and inclusion ratios. At 28 days, PBM has already evolved a certain
strength, which is still comparatively low, as hydration is suppressed when the content of
soluble phosphogypsum gradually decreases. In system ECP, the UCS of ECP-1 (58.6
MPa) and ECP-2 (76.9 MPa) were lower than the UCS of ECP-3 (85.7 MPa) and ECP-4 (92.1
MPa) that these were selected for XRD and mineralogical studies. This is probably because
a considerable amount of calcium carbonate is formed after carbonization, which not only
causes the volumn expansion but also leads to external strength. Combined with the ob-
servations from the UCS test, it can be commented that the early robustness of PBM with
higher dissolved PG was poor. Besides, the PG affects the alkalinity of the solution [18],
which is also detrimental to the development of ettringite, which leads to a lower early
strength. Morevoer, at later stage, the C-5-H and C-A-H gels [19] are gradually carbon-
ized, and converted into a gel with a high extent of polymerization, which generates the
new capillary pores.

Table 5. Strengths (UCS/MPa) of specimen up to 180 days at different curing condition.

Specimen 3 days 7 days 28 days 90 days 180 days
PH 394 50.0 67.1 --- ---
PD 36.6 45.9 61.0 - -
PP 18.1 19.9 323 -- --

PFA 37.8 39.7 51.1 -- --

PFD 33.2 39.5 45.6 - -

PFP 25.1 28.9 38.8 - -
ECP-1 11.5 20.8 29.3 4.7 58.6
ECP-2 28.3 34.1 46.3 58.4 76.9
ECP-3 37.2 47.8 60.4 73.6 85.7

ECP-4 51.6 64.8 72.4 87.1 92.1
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3.1.2. XRD analysis:

In the microstructure characterization of PBM, minerals and hydration products are
the two main phases that are intensively investigated. Figure 4 presents the XRD analysis
patterns of the hydration products of the ECP-1, 2, 3, and 4 at the age of 3, 7, and 28 days,
that the spectral lines of the hydration products were mainly dispersed peaks, and the
phases mainly included OH, C:S, CsS, C4AF, C3A and unhydrated mineral admixture
phases. A selection of X-rays patterns between 10° and 202 (20) for hydrated ECP is plotted
that the characteristic peak of calcium silicate hydrate (C-S-H) appeared between 12°~13°.
There was a dispersion peak in the range of 20 from 14° to 16°, which was more obvious
at 3 days and 7 days, indicating that the intensity of the diffraction peaks of C2S, CsS and
mineral admixture phase components decreases continuously with the prolongation of
reaction time, that is the composite cementitious materials are continuously hydrated to
form AFt crystals during curing period. According to the study [20], when a large amount
of minerals existed, a variety of ions would replace each other to form complex com-
pounds. Due to the continuous dissolution and hydration of phosphogypsum calcium
ions, there will be a small amount of OH- and CH phase appears, the crystallinity of CH
generated by hydration is relatively poor. As the reaction progresses, it will be absorbed
with cement hydration products, making it difficult for CH to reach saturation, so the
diffraction peak of CH is relatively weak and inconspicuous at 28 days.

ECP-1 ECP-2
2
. .
5 5
4 6

4 6 7 8 7d
—_— LA‘L\-J A AA 3d
ECP-3 ECP-4

5 A )
7 8
4 6 7d
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20 [°] 20 [°]

Figure 4. Laboratory X-ray powder diffraction patterns of hydration products for pastes.

3.1.3. TG-DTG analysis:

Figure 5 shows the TG-DTG curves of ECP samples hydrated. It can be seen from
Figure 5 that the hydration reaction at the age of 28 days contains three endothermic peaks
and one exothermic peak: (1) The 1t peak between 98°C and 102°C was the endothermic
peak of the dehydration of C-S-H gels and AFt crystals, and the corresponding TG curve
showed that the mass loss at this stage was 4%~5%. (2) The 2" peak between 420°C and
440°C was the endothermic peak when PG was dehydrated and transformed into gyp-
sum, and the corresponding TG curve showed that the mass loss at this stage was 1%~2%.
(3) The 3 peak between 660°C and 680°C was the endothermic peak of the physical fill-
ing of the FA effect which has not been activated and the characteristic transformation of
C:S in cement. The corresponding TG curve showed that the mass loss at this stage was
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2%-3%. (4) The exothermic peak between 750°C and 770°C indicated that the C-S-H gel
transforms from colloidal to flocculent crystal, which is mainly caused by the transfor-
mation from AFt crystals to AFm crystals [21].

Compared with XRD analysis results, it can be seen that the endothermic peaks cor-
responding to AFt, C-S-H and CH increased with the increase of PG content, respectively.
The addition of PG promotes the formation of ettringite (AFt) and the dissolution of CsS,
thereby accelerating the early hydration reaction of ECP. During the hydration process,
almost all of the FA participated in the reaction, but there was still a small amount of
unreacted PG. The main reason was that PG contains a small amount of soluble phospho-
rus containing impurities, which will react with the hydration product CH to form insol-
uble salt calcium phosphate, which impedes normal hydration of PG and CsA. At the same
time, mass loss of specimen between 98°C and 102°C indicated that hydration of hard-
ened slurry was still undergoing hydration at 28 days, and its hydration products in-
creased continuously, ensuring the continuous growth of ECP strength.
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Figure 5. TG-DTG curves of ECP samples hydrated. .
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Figure 6. FTIR for hydrated pastes for ECP samples at 28 days.

3.1.4. FTIR analysis:

The FRIR spectra of ECP-1, 2, 3 and 4 at the age of 28 days are shown in Figure 6. The
bending vibration peaks at 750 cm™ and 464 cm! indicated asymmetric stretching of Si-O
bonds in [SiO4]%ion in C2S and symmetric stretching of Si-Si bonds in C-S-H gels. The
characteristic peak at 820 cm™ and 618 cm! showed the asymmetric stretching vibration
bands of Al-O-5i bond, which are related to the asymmetric elongation of [AlO4]> ions in
aluminates and aluminosilicates (C-A-H and C-A-S-H), and reflects the polymerization of
silicon-oxygen tetrahedra in C-S5-H gels. It makes up for the deficiency that it is not easy
to detect floccule C-S-H gels by XRD. The asymmetric stretching vibration band belong to


https://doi.org/10.20944/preprints202205.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 May 2022 doi:10.20944/preprints202205.0401.v1

the medium C-O bond of [COs]? at 1000 cm™ indicated the formation of amorphous or
low-crystalline carbonate, which was related to the existence of semi-aluminate and sin-
gle-carbon aluminate phases. The bands at 1420 cm™ and 1280 cm! showed the stretching
and bending of O-H bond in water molecules, indicating that with the continuous hydra-
tion reaction, the number of hydration products gradually increased, and the hydroxyl
content in the system also increased. There was a weak absorption peak at 1625 cm, in-
dicating a stretching vibration band of calcium hydroxide (CH), which is consistent with
the XRD results. According to FTIR results, the hydration products at the age of 28 days
were mainly AFt, silicate and calcite, C-S-H gels with low crystallinity and carbonate
phases.

3.1.5 ¥5i MAS-NMR analysis:

The #Si MAS-NMR spectrum of the deconvolution of signals for ECP during 28 days
is shown in Figure 7. It can be seen from the Figure 7 that there was Q! spectral signal at -
79 ppm and -85 ppm, which is related to the end unit of silicon chain, there was Q2(1Al)
spectral signal at -82 ppm, which represents the Al ionic bond contained in the adjacent
tetrahedron. The Q? spectrum signal at -85 ppm indicated that C-S-H was generated in
hydration products. Its larger spectral intensity indicates that a larger average silicon
chain was required to synthesize C-S-H. To sum up, the increase of PG content can accel-
erate the dissolution of CsS, the polymerization and transformation of C-S-H gel, which
can partially convert C-S-H gels to more dense C-A-5-H gels.

nnm nnm

Figure 7. Si MAS-NMR spectra showing the deconvolution of signals for ECP during 28days.

Figure 8 shows the 2Si NMR spectra of the composites with different Ca/Si ratios. It
can be seen from Figure 8 that 22Si NMR spectrum has three main peaks at -78 ppm, -81
ppm and -85 ppm, corresponding to the sites of Q!, Qr>(1AIV) and Q2 in the silicon chain
(Dreuerketten structure), grafted on both sides of CaO: layer respectively. The difference
of these sites was mainly related to Ca/Si ratios and pH values in the environment. In
addition, the resonance of Q? is mainly affected by paired Qr? and bridging site Qv?, with
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resonance frequencies of -85 ppm and -83 ppm, respectively. At the same time, the chem-
ical shift of #Si NMR spectrum was affected by the degree of polymerization of silicon-
oxygen tetrahedron. With the increasing of Ca/Si ratios, the chemical shift of #Si gradually
moved to the right, indicating that the binary hydrate was decreasing and the monomeric
Si tetrahedra was increasing in the hydration reaction.
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Figure 8. Si NMR spectra of different Ca/Si ratios.

3.2. Thermodynamic analysis
3.2.1. Thermodynamic parameters determination

The thermodynamic parameters of cement mineral phase are given in Table 6. The
hydration products are mainly divided into calcium silicate hydrate (C-S-H),
Ca(OH)2(CH), ettringite (AFt) and single sulfur calcium aluminate hydrate (AFm), among
which the hydration of CsS, C2S and C:AF will generate CH. The corresponding hydration
dynamics equation and heat balance coefficient are shown in Table 7. Studies have shown
that the amount of CH generated by the complete hydration of 1mol CsS was more than
1.3mol. Meanwhile, since two pozzolanic reactions occured during the hydration process
of FA, CH as a product of the early hydration process usually reacted with the SiO2 gen-
erated in the slurry. Thus, two types of calcium silicate hydrate phase, type C-S-Hiand
type C-S-H2 were generated.
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Table 6. The thermodynamic database of PC’s hydration phases.

Species parameters CsS C-S-H-jen Portlandite H:0(I)
AsH® kJ/mol -2931 -2723 -985 -286
AsG® kJ/mol -2784.33 -2480.81 -897.01 -237.18

Vin 10-6m3/mol 724 106 33.1 18.1

M kg/mol 0.22833 0.19132 0.07409 0.01802

*Note: The molar volume of CSH is calculated according to chemical formula C1.67SHa instead of C1.67SH21 since

the early age's CSH is under 100% relative humidity.

Table 7. Equations of hydration kinetics of ECP hydration products.

Phases Formula log Kso
CasAl2(SO4)3(OH)12226H20 — 2Al(OH)+ + 6Ca?* +26H20 + 40H-+
AFt -44.9
3504
AFm CasAl2(SO4)(OH)1226H20 — 2AI(OH)+ + 4Ca?* + 6H20 + 40H- + 2996
SO42
CH Ca(OH)2 — Ca? +20H- -5.2
C-S-H Ca? + Si0s?” — CaSiOz° 2.9
C-S-H2 Ca? + HS5i0s2— CaHSiOs* 0.5
CsHz CaSO4¢2H20 — Ca? +504 + 2H20 -4.581
CsHos CaS0s4¢0.5H20 — Ca? +SO4% + 0.5H20 -3.59
Cs CaSOs — Ca? + SO« -4.357
SiO:2 S5iO2(quartz) — SiO2°

Cs5+5.3H — Ci7SHs+1.3CH
CHJ6] C25+4.3H — C17SHa+0.3CH
CsAF+xC SHr+yH — zCmA SHw+CH+FHs
Calcium-silicates +H20 — C-S-Hi + Ca(OH):

CS-HI7] Ca(OH): + reactive SiO2 + H:O — C-S-H>

The hydration rate and hydration heat cumulative curves for ECP-1, 2, 3 and 4 are
shown in Figure 9. It can be seen from Figure 8 that the total hydration reaction heat of
ECP ranges from 400 J/g to 550 ]/g, and the peak times of hydration rates of the four types
of ECP are different. The peak value of hydration rate of ECP-1 and ECP-2 appeared early
and changed rapidly and lasted for about 3 hours. The peak value of hydration rate of
ECP-3 and ECP-4 appeared in the first hour, and in the later period, the hydration rate
firstly decreased, then rose and finally reached stability. These results indicate that the
early hydration of PG can significantly change the rate of hydration, while the continuous
hydration of FA inhibits the increase of hydration rate to a certain extent, but does not
affect the time when the hydration rate change reaches the extreme value. In addition to
the brief initial exothermic peak at the beginning of hydration of ECP, the hydration exo-
thermic curve also includes the exothermic peak generated by the dissolution of CsS and
the exothermic peak generated by the secondary dissolution of CsA.
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Figure 9. Hydration rate and hydration heat cumulative curves for ECP-1, 2, 3 and 4.

3.2.2. Simulation and calculation base on GEMS:

Phase evolution of hardened pastes under different curing conditions by the thermo-
namic simulation is shown in Figure 10. It can be seen from Figure 10 that CH and C-S-H
gels in ECP hydration products were increasing with the continuous hydration, while CsS
and H2O were decreasing. Up to the age of 28 days, CsS and OH were still existed, indi-
cating that the hydration reaction had not been completed. In test of ECP-1 and ECP-2, a
little PG was participated in hydration in the early stage, but in the later stage of hydra-
tion, it was completely hydrated. In test of ECP-3 and ECP-4, there were some FA mineral
phases existed in the later hydration stage, indicating that only part of PG dissolved and
hydrated with CsA and CsS in cement in the early stage, and [SiO4]> and [AlOs]> networks
in FA vitreous had not depolymerized yet, and mainly participated in the reaction by
physical filling [22]. In the late hydration stage, the pozzolash activity of FA [23] was grad-
ually activated and participated in the reaction, resulting in the existence of some FA at
the age of 28 days.

Meanwhile, due to the interaction between sulfate ions and CsS, the addition of PG
delayed the initial hydration of CsS, and the formation of gypsum had a promoting effect
on the hydration of CsS, mainly resulted of the changing of C-S-H morphology and the
increasing of ionic strength, ettringite (AFt) crystals inhibited the formation of Al**ions in
pore solution and enhanced the hydration mechanism of CsS. Thus, a more complex sul-
fate equilibrium system was formed in the middle and late stages.
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Figure 10. Phase evolution of hardened paste under different curing conditions by the thermody-
namic simulation.

3.2.3. Thermodynamic property analysis:

The standard formation enthalpy AcO and entropy S° of each reaction phase in ECP
were used to calculate the A«G®° generated by the dissolution reaction of each major min-
eral phase in hydration products, according to the model derived from the Section 2.2.2.
Since the solubility product of C-S-H gels are very small, and the surface state of silicate
ion in hydration solution and hydroxylation degree of CsS cannot be determined, and the
dissolution of various mineral phases in hydration reaction has not reached equilibrium,
in order to compare with the calculation results in literatures, In this paper, common
chemical equations and calculation models were used to calculate the gel saturation index
of CsS and C-S5-H. The thermodynamic models of C-S-H with Ca/Si ranging from 1.0 to 2.3
were constructed by NMR and other methods to demonstrate the possibility of polymor-
phic optimization in hydration products under different Ca/Si ratios, thereby explaining
the correlation between C-S-H formation and CsS and redecomposed ion groups during
hydration reaction. Combined the thermodynamic model and data given by the above
mentioned, the decomposition into consituent oxides for the minerals considered and
solid solution moderls of C-S-H at the age of 28 days are summaried in Table 8.

Table 8. Decomposition into constituent oxides for the minerals considered and solid solution mod-
els of C-5-H.

Phases Ca/Si CaO CaOext SiO2 SiOzHHzOOHHZdOhy AG® AcO S° Cp  V°
3
Unit — % % % % % % kJ/molkj/molJ/mol-KJ/mol- K™ l/mo
CaSizH ) e 060 000 061 039 028 068 26504~ 1970 2341 79
25 2782.0
CosSo7HL ) 52 070 0,00 0.61 039 028 069 -16567. . 1444 1669 48
5 17424
CisSHas 1.5 0.83 023 033 067 034 0.89 -2594.8272'2 , 2020 2370 81
Cre/SH21 2.1 092 031 0.17 0.83 037 1.06 -2601.9272'3 o 1751 2101 78
G507 ) 02 096 046 0.08 092 045 112 22852 . 2031 2328 81

5 2400.7
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Figure 11 shows the variation of characteristic values of hydration kinetics parameter
C-S-H oxide-solution model data with Ca/Si ratio in ECP. It can be seen from the Figure
11, the values of mineral single-phase CaO, SiO2" and H2Onyd in hydration products grad-
ually increase with the increase of Ca/Si ratio, which indicates that when Ca/Si ratios were
high or low, the maximum dissolution rate and dissolution amount of early cement and
phosphogypsum increase, and the duration is different, but the hydration mechanism is
not the same. At this time, with the continuous progress of the reaction, the values of
CaOext and H20on are in a proportional relationship, mainly mainifested in the acidic en-
vironment formed by the early hydration of PG with water, which leads to the continuous
dissolution of Ca? in the hydration solution and accelerates the ionization of H2O. When
the Ca/Si ratio was relatively high, the cement hydrated at the early stage, making the
hydration environment weakly alkaline [22], which promoted the generation of phos-
phate hydration products such as PG and accelerated the consumption of hydration prod-
ucts in cement, thus promoting the acceleration of the ionization of H20. From the per-
spective of the entire hydration process of ECP, the dissolution process of PG, FA, PC,
formation process of amorphous phase, and formation process of CsS and C-S-H gels were
proceed sequentially, but partially overlapping [23]. The emergence time of the former
process and its influence on the latter process. When Ca/Si=2.25 in ECP, the formation
process of amorphous phase like 5iO2 in FA was followed by the dissolution of PG that
the time difference between the two processes was very small, which can be confirmed by
Subgroup analysis. The formation process of amorphous phase during the formation of
ECP hydration products was a key factor affecting the quantity and type of hydration
products [24].
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Figure 11. The changes of the characteristic values about constituent oxides at different Ca/Si ratio
of C-S-H.

4. Evolution mechanism of hydration reaction

Figure 12 shows the ternary phase diagram of the main hydration products in the
ECP system. The hydration reaction mechanism of various raw materials in ECP is mainly
shown as follows: at the initial stage of the reaction, CsA and C4AF are the first to be hy-
drated. Calcium sulfate dihydrate reacts with CaO and Al2Os to generate AFt needlelike
crystals, which are connected with cement particles to form bridges. Subsequently, a large
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amount of Ca(OH)2and low-density C-S-H gels were generated by hydration of CsS and
B-C2S. Parts of CH were precipitated and filled in the crystal space structure formed by
low-density C-S-H gel and PG particles. Finally, the low-density C-S-H gels were further
hydrated to form plate-like high-density C-S-H and C-A-S-H gels.
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Figure 12. (Left) Modeled phase stability fields for the major hydrate phases within the ternary sys-
tem for full binder hydration. (Right) Positions of the five investigated systems within the ternary
system.

In accordance with the study, PBM is a three-phase composite material where hydra-
tion is the consequence of the co-hydration of multiple minerals. The nucleation process
is a reaction that can mainly be described as a solid, liquid and gaseous phases that has
passed through four stages, as demonstrated in Figure 13.

I: Physical and chemical mixing and modification treatment. PG, PC and FA are pul-
verized in a certain proportion to form a slurry and dissolved to provide a good hydration
environment.

II: Modification and hydration with low calcium content. The hydration of three ma-
terials produces a plasma like [SiO4]?, Ca2", [AlO4]>, [CaSiOs]> and OH- that breaks any
chemical bond, reploymerizes to form new hydrates that are on the surface particles ad-
here to the solid, gradually forming an irregular surface layer and pore structure. This
phasse manifests itself mainly that the ions of [SiO4]%, dissolved by CsS and C2S, react with
calcium aluminate to form AFt, and then combinated with Al2Os and SiO, dissolved by
FA, produce C-5-H gels, which be oiured into the ettringite framework. The growth of C-
S-H, the product of hydration in this phase, occurs mainly on the surface of the mineral
mud particle.

III: Secondary hydration. The hydration products react with free ions to gradually
form C-S-H and irregular crystals that bridge each other to form a layer and network
structure and then combine to form a new silicate framework. Part of the crystals and
unreacted particles are filled into the framework and pore structure, which form a certain
strength of materials. This phase manifests itself mainly in the fact that the vitreous struc-
ture of C3A in the PC is stimulated to depolymerize by the Ca(OH): in the hydration so-
lution. Since the C-S-H growth is intertwined at different nucleation sites on the surface
of the slurry mineral particles, the inter-gel pores are formed between the products of
hydration.

IV: High calcium condensation and geoplymencation. As hydration progresses, the
insufficiently reacted plasma of Ca2’, [AlO4]%, [CaSiO4]> and OH- in the slurry and seg-
ment of the C-S-H repolymerize to form C-A-S-H. Eventually, PBM is slowly solidified
and formed with new mineral crystals and C-S-H.
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Figure 13. Rate of PBM as a function of time given by isothermal calorimetry measurement.

5. Conclusion

(1) Macro and micro experimental analysis showed that the addition of PG at the
early stage promoted the formation of AFt, dissolution of CsS, polymerization of C-S-H
gels and morphological transformation. The amount of AFt crystal first increased, then
decreased and then increased with the increase of PG content, and the [SOs]* generated
by its dissolution could stimulate the activity of FA. The synergistic promoting effect of
PG and FA was confirmed. The hydration products were generated slowly in the early
stage and increased rapidly in the later stage, which AFt crystals were inserted into the C-
S-H gels to make the structure of the whole hardened slurry more dense.

(2) The thermodynamic model of ECP was established, and the thermodynamic
properties were simply simulated by GEMS, which can quantitatively explain the disso-
lution of CsS and the formation and evolution of C-S-H gels between PG-FA mineral ad-
mixture and hydration product of PC. The values of mineral single-phase CaO, SiO2 and
H2Onyd in hydration products gradually increase with the increasing of Ca/Si ratios. The
values of CaOext and H20OoH are proportional, while the values of SiO2" and SiO: are in-
versely proportional.

(3) The evolution law of hydration product structure mainly is manifested that PG
generates [SiO4]* ion by ionization, Ca-O-Ca and Si-O-Si covalent bonds break when alkali
encounters, and combined with Si-O-Si, Al-O-Al, Al-O and Si-O covalent bonds broken
by PC. At the same time, it reunited with [SiO4]?> and [AlO4]* ions ionized by FA, and
polymerized to form stable C-S-H and C-A-5-H hexahedral network structures.
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