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Phosphorus slags, abundant industrial by-products, hold significant potential for use as supplementary cemen-
titious materials (SCM). To explore its application, phosphorus slags with varying contents of P,Os5 were syn-
thesized, and their network structure, dissolution behaviour, and hydration products in cementitious systems
were investigated. The results showed that the pozzolanic reactivity initially decreased and then increased with
increasing P2Os content from 3.11 to 8.32 wt%. This behaviour was attributed to the competition between sil-
icate network repolymerization and distortion of aluminium polyhedra. Furthermore, the incorporation of
phosphorus increased the fractions of Aly and Aly; in the glass network, which promoted the incongruent
dissolution of Al over Si. Thermodynamic simulation predicted the formation of hydroxyapatite, as the main
phosphorus-containing hydration product, which was further confirmed by XRD and NMR results, although with
low crystallinity. These findings suggested new perspectives on adopting phosphorus slag as a SCM in cement and

concrete production.

1. Introduction

Phosphorus slag is a by-product of yellow phosphorus production
using an electric furnace [1-3]. It is mainly composed of CaO and SiO,
(over 85 wt%), with small amounts of Al,O3 and MgO, and contains
minor amounts of PyOs (typically less than 5.0 wt%) [4]. This compo-
sition is similar to that of blast furnace slag but with the addition of
P,0s, forming a CaO-SiO2-Al;03-MgO-P505 system. The melt-quench
process of phosphorus slag results in a predominant glassy phase
(>90 wt%), indicating its potential reactivity in an alkaline environment
[5-9]. Despite the generation of millions of tons of phosphorus slag
globally each year, it is primarily used for landfills [4], mainly due to
concerns over residual phosphorus [10-12]. Given the increasing annual
production of phosphorus slag, its large-scale utilization is urgently
needed.

Blast furnace slag and fly ash, both waste or by-products from the
steel industry and coal power plants, respectively, have been widely and
successfully utilized as supplementary cementitious materials (SCMs) in
the cement and concrete industry [13-15]. This approach not only
repurposes industrial waste as a valuable resource but also reduces CO2
emissions in cement and concrete production by partially replacing
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cement clinker with SCMs. Notably, >800 kg of CO; is emitted for every
ton of cement produced [16]. These SCMs participate in latent hydraulic
or pozzolanic reactions, with the main reactive components being
Ca0-Si0,-Al,03 glassy phases, enhancing the performance of blended
cement pastes. However, the availability of these SCMs has been
perceived as the major limitation in implementing this solution. Coal-
fired power plants are being gradually phased out worldwide, and the
hydrogen direct reduction of iron ore (HDRI) steelmaking method has
been recently proposed. In the Netherlands, scientists have even
attempted to use electricity produced from offshore wind turbines to
produce steel by direct electrolysis [17,18]. Therefore, the annual pro-
duction of fly ash and blast furnace slag is foreseeable to decrease in the
near future, and new sources of SCMs need to be explored [19].

The main reactive component in blast furnace slag is the glassy
phase, where Si and Al are main network formers. Similar to Si and Al, P
can also act as a network former in the network structure of glass. Each
phosphorus atom is coordinated with four oxygen atoms, forming PO4
tetrahedra with a P=0 bond. This makes the structure of phosphate glass
less compact and rigid compared to silicate glass, resulting in poorer
chemical durability [20-22]. However, some experimental results vali-
dated that the durability of phosphate glass can be improved by the
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addition of Aly03 (Al,03-P50s), which strengthens the glass network by
the formation of P-O-Al bonds [23-25]. Nevertheless, these studies
have focused on phosphate glasses with compositions that differ
significantly from phosphorus slag. As a result, the conclusions based on
phosphate or aluminophosphate glass cannot be adopted directly to
understand the role of P in the network structure of aluminosilicate
glass.

Phosphorus slag generally exhibits reactivity similar to fly ash, but
less than blast furnace slag, which may be primarily ascribed to its lower
Al,03 and MgO contents, as reported in [3,26,27]. When mixed with
cement and water, phosphorus slag dissolves, consumes portlandite, and
releases Ca and Si ions, leading to the formation of additional C-(A-)S-H
phases in the cement matrix. Due to its low MgO content, only a small
amount of hydrotalcite-like phases can be detected in a cement-
phosphorus slag mixture. Moreover, apart from its known effect of
delaying cement hydration [3,26], the impact of P20s on slag dissolu-
tion has been largely overlooked. There is limited knowledge about how
P,05 affects the reactivity of phosphorus slag and its role in the for-
mation of crystalline hydration products.

To answer these questions, four slags with different P,Os contents (0,
3.11, 5.90, and 8.32 wt%) were synthesized. These three P,0s levels in
the synthetic slags represented medium, high, and excessive content
found in phosphorus slags, allowing for an assessment of their influence
on the structure, dissolution, and pozzolanic reaction in a cementitious
environment. The network structure of the anhydrous glassy phases was
characterized by X-ray diffraction (XRD), Fourier transform infrared
(FTIR) spectroscopy, as well as 2’Al, 2°Si, and 3!P magic angle spinning
(MAS) nuclear magnetic resonance (NMR). A hydraulicity (R®) test on a
model cementitious system was then adopted to examine their reac-
tivity. Additionally, a dissolution test in an alkaline solution of pH 13.2
was employed to identify the dissolution characteristics of the synthetic
P,0s-containing slags under an alkaline environment. Furthermore,
thermogravimetric analysis (TGA), XRD, and MAS NMR were performed
to characterize the hydration products of synthetic phosphorus slags in
cementitious systems. Finally, the influence of P,Os incorporation on
the network structure, the pozzolanic reactivity of the calcium alumi-
nosilicate glassy phase, as well as its hydration products were discussed.
The results from this study highlight the impact of phosphorus on slag
reactivity and its hydration products in cementitious systems, poten-
tially opening new perspectives for the use of phosphorus slags as SCMs.
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2. Materials and methodology
2.1. Materials

Four slags, one without phosphorus oxide (P0) and three phosphorus
slags (P3, P5, and P8) were synthesized in this work, following the
detailed protocols reported in our previous studies [28,29]. Their
chemical compositions, prticle size distribution (PSD), specific surface
areas (SSA), calculated numbers of non-bridging oxygens (NBO) per
network-forming tetrahedra (NBO/T), and Rca g are listed in Table 1.

The CaO/SiO, ratios of the four synthetic slags were maintained at
around 1 to ensure consistent basicity across all samples. Moreover, to
minimize interference from Al;O3 and MgO, their amounts were kept in
the range of 14-16 wt% and 7-9 wt%, respectively. The composition of
the PO slag represents the chemical composition of commercial blast
furnace slag commonly available on the market and the slag was used as
a reference slag. The P,05 contents in the P3, P5, and P8 slags increased
from 3.11 to 8.32 wt% (at the proportional expense of CaO and SiOy),
which was slightly higher than the typical P,Os content (~5 wt%) in
conventional phosphorus slag. Furthermore, all four synthetic slags
exhibited nearly identical particle size distributions (Fig. 1), with a
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Fig. 1. Particle size distributions of four synthetic slags.

Table 1

Chemical compositions (wt.% and mol.%) determined by XRF analysis and physical properties of synthetic slags.
wt.% mol.%

PO P3 P5 P8 PO P3 P5 P8

Ca0 37.04 35.43 37.05 33.82 CaO 39.55 39.02 41.15 38.10
SiOy 37.79 35.89 33.39 31.88 SiOy 37.72 36.90 34.66 33.57
Al,04 14.51 15.95 13.92 15.42 Al,05 8.52 9.66 8.50 9.55
MgO 8.83 7.75 7.59 9.04 MgO 13.12 11.88 11.73 14.17
P,0g - 3.11 5.90 8.32 P,0s - 1.35 2.59 3.70
Fe,03 0.28 0.25 0.29 0.22 Fe,05 0.10 0.10 0.11 0.09
TiOy 0.70 0.71 0.91 0.74 TiOy 0.52 0.55 0.71 0.59
Mn,03 0.17 0.16 0.17 0.16 Mn,03 0.06 0.06 0.07 0.06
Na,O 0.24 0.28 0.27 — Na,O 0.23 0.28 0.27 0.00
K0 0.25 0.26 0.27 0.22 K;0 0.16 0.17 0.18 0.15
SO3 0.01 0.03 0.04 0.03 SO3 0.01 0.02 0.03 0.02
Adso (pm) 22.73 23.48 20.54 20.25 ‘NBO/T 1.64 1.50 1.75 1.65
PSSA (m?/g) 0.895 0.841 0.946 0.952 “Reaimg 2.63 3.11 2.74 3.10

3The particle size distribution (PSD) of synthetic slag was measured by EyeTech, Ankersmid.
bThe specific surface area (SSA) of synthetic slag was measured by nitrogen adsorption with the BET method.
“Number of non-bridging oxygens (NBO) per network-forming tetrahedra, NBO/T = (2[Ca] + 2 [Mg] — [Alyy1)/([Si] + [Aly]). Alyy content was determined from the

simulation of % Al MAS NMR spectra using Czjzek model (Table 3).

dRCa+Mg = (Mg + Ca)/2Al, molar ratio. For peraluminous glasses, Rca1mg < 1 and peralkaline glasses, Rcamg > 1.
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similar dsq value reported in Table 1.
2.2. Characterization of synthetic slag

The synthetic slags were ground and sieved down to <63 pm. A
Philips Powder Diffractometer (PW 1830/40) with Cu K-alpha radiation
was utilized to collect the XRD pattern and identify the phase present in
the anhydrous glasses. Powder samples were scanned in the range of
5°-60° (20) with an acceleration voltage of 40 kV, an X-ray beam current
of 40 mA, and a step size of 0.03°.

The Fourier transform infrared spectra (FTIR) were obtained through
Spectrum TM 100 Optical ATR-FTIR spectrometer, with a wavelength
range of 700-1300 cm™!. The measurement adopted a single-beam
configuration, and each sample was scanned 20 times with a fixed in-
strument resolution of 4 cm ™.

The 2°Si MAS NMR spectra were acquired at 79.49 MHz on a Bruker
Avance 400 NMR (9.4 T) spectrometer with a 4 mm Bruker CP/MAS
probe and a spinning frequency (vg) of 10 kHz. The single-pulse ex-
periments employed a 45° excitation pulse, a relaxation delay of 30 s,
and typically 2000 scans. The 2°Si chemical shift was referenced to neat
tetramethylsilane (TMS), and larnite (B-CaS, 5(%°si) = —71.33 ppm) was
utilized as a secondary reference. The 27 A1 MAS NMR were conducted on
a Bruker Avance 600 NMR spectrometer using a 4 mm CP/MAS probe
with vg = 13 kHz, a relaxation delay of 2 s, a short pulse (~15°) and
typically 4096 scans. As for the 3'P MAS NMR spectra, they were ob-
tained using the similar procedure as the 2°Si MAS NMR on Bruker
Avance 400 NMR spectrometer, with a relaxation delay of 2 s. Longer
relaxation delays were used to ensure that no further increase in spectral
intensity occurred, allowing for the acquisition of quantitative NMR
spectra. The relatively short relaxation delay observed for the synthetic
slags may be ascribed to the presence of a minor amount of iron. The
27A1 and 3'P chemical shifts were referenced to an aqueous solution of
1.0 M AICl3-6H20 and 85 wt% H3POj, respectively.

2.3. Pozzolanic reactivity test

2.3.1. R test

The pozzolanic reactivity of the synthetic phosphorus slag was esti-
mated by the R3 test, following the mixture of the model system [30-32]
containing synthetic slag, portlandite, limestone and KOH and K;SO4
solutions, as listed in Table 2. The pH value of the potassium solution
(Table 2) was measured to be 12.85, mimicking the alkaline environ-
ment of pore solution in blended cement [33]. This model system has
proved that its heat evolution presented a good correlation with its
compressive strength of SCMs-containing mortar, making it a reliable
method for evaluating the pozzolanic reactivity.

The heat evolution during the reaction was measured using a TAM
Air isothermal calorimeter at 40 °C over 7 days. In addition, the model
paste of each mixture was cast in a 20 mL plastic bottle and cured at
40 °C for 7 and 28 days, respectively, for further tests.

After 7 days of curing, specimens were demoulded, sliced, and then
placed in isopropanol to stop hydration. The slices were subsequently
ground and manually sieved to obtain a fine powder (<63 pm). For the
TGA measurement, approx. 50 mg of the sample powder was heated up
from 40 °C to 900 °C with a heating rate of 10 °C/min under an argon
atmosphere using a Netzsch STA 449 F3 Jupiter. The bound water
content (BW) of each mixture was calculated using the following
formula:

Table 2
Mix proportion of the model system for the R® test.

slag Portlandite Limestone Potassium solution *

Model system 10.0g 30.0¢g 5.0¢g 54 mL

@ Potassium solution was prepared by dissolving 4.0 g KOH and 20.0 g K2SO4
in 1.0 L of deionized water at 20 + 3 °C.
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BW = (Wso — Wsso — WHZO.CH)/ Wsso

Here, W5, is the sample weight at 50 °C, Wsso is the sample weight at
550 °C, and Wgy,ocn is the mass loss from the decomposition of por-
tlandite using the tangent method [34].

2.3.2. Dissolution test

The dissolution test was conducted to monitor the release of ele-
ments from synthetic phosphorus slags under an alkaline environment,
using a high liquid-to-solid ratio of 1000 to prevent potential precipi-
tation. The effect of PoOg addition on the dissolution characteristics of
Ca, Si, Al, and Mg was investigated. In the dissolution test, 1 g of
anhydrous slag powder was dissolved in 1000 mL NaOH solution in a
sealed polyethylene (PE) bottle at 20 + 2 °C, following the protocols in
[35]. The NaOH solution was prepared by dissolving 5.6 g of NaOH
pellets (Sigma-Aldrich) in 1000 mL deionized water. The measured pH
value of the prepared NaOH solution was ~13.20, which was compa-
rable to the alkalinity of pore solutions in blended cement systems [33].
Additionally, effective saturation indices (ESI), based on the measured
ion concentrations, were calculated to assess which solid phases could
form or dissolve from a thermodynamic prospective [36,37]. This
approach facilitated the identification of potential hydration products of
the synthetic P»Os-containing slags.

During the experiment, ~10 mL solution was taken from the PE
bottle at each sampling age (1, 2, 4, 6, 8, 24, 48 and 72 h), and the same
amount of NaOH solution was added back to keep a constant volume.
Subsequently, the extracted solution was filtered and stored in a fridge
at 4 °C for further tests. Inductively coupled plasma-optical emission
spectroscopy (ICP-OES) with a matrix-matched standard, was utilized to
determine the concentrations of Ca, Si, Al, and Mg in solution. The
concentration of PO was measured by ion chromatography (IC), as
phosphate (PO3 ") is the only stable form of phosphorus in high-alkaline
conditions [38]. Both ICP-OES and IC spectrometers had a detection
limit of 0.1 mg/L. Moreover, the pH of the bulk solution was monitored
throughout the dissolution test, and the values were found to be ~13.0
for up to 7 days.

At the same time, thermodynamic modeling was carried out to
calculate the effective saturation indices of potential precipitations,
using the Gibbs free energy minimization software GEM-Selektor [39]
with thermodynamic data from the PSI-GEMS database [40] supple-
mented by cement-specific data [37,41]. For the possible formation of
phosphate-containing phases, e.g., hydroxyapatite (Cas(PO4)3(OH)),
bobierrite (Mgs(PO4)2-8H20), and cattiite (Mg3(PO4)2-22H,0), etc., the
database provided by [42,43] was added in the modelling.

2.4. Hydration products of synthetic slags

Model pastes with a curing age of 28 days were prepared to examine
the hydration products of synthetic slags in the cementitious system
using TGA, XRD, and NMR. The fine powder (<63 pm) samples used for
the measurements were obtained following the same procedure
mentioned above.

3. Results
3.1. Structure of anhydrous glass

The XRD patterns of the four synthetic slags (Fig. 2) only showed
broad humps without any clear crystalline peaks, implying their amor-
phous structure with short-range order in the glassy phases. The humps
for slags with and without phosphorus incorporation were all centered
at ~30°, without significant detected shifts, suggesting that the addition
of P205 did not modify the main alumino-silicate network of the CaO-
Si02-Al;03-MgO glassy phase notably.

The FTIR spectra of synthetic phosphorus slags (Fig. 3) further
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Fig. 2. XRD patterns of the four synthetic phosphorus slags.
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Fig. 3. FTIR spectra for the four synthetic slags with (P3, P5, P8) and without
(P0) phosphorus incorporation, the intensity of each spectrum was normalized
to its maximum intensity.

supported the amorphous structure of the glassy phase, as reflected by
the broad peak between 1300 and 700 cm™!. The broad absorption band
from 1100 to 800 cm ™! implied the wide existence of different [SiO4]*
tetrahedral vibration bands, mainly including [Si3010]8’ (chain,
980-950 cm 1), [Six0,1%" (dimer, 920-900 cm™!) and [SiO4]*"
(monomer, 880-850 cm ) [44,45]. Overall, it exhibited no clear

Chemical Engineering Journal 507 (2025) 160463

difference by introducing phosphorus into the system.

As for the absorption of PO bond (P-O and P=O0) in the [PO4]3'
tetrahedra, it was also identified in the range of 800-1100 cm ! [46],
and modified the vibration state of reference PO slag. However, it could
not be precisely observed due to the strong overlap with Si-O bond in
this wavelength range, and thus no quantitative analysis was performed
based on this technique.

Due to the lack of long-range order and the intrinsic amorphous
network of glassy phase in the synthetic slags, only limited quantitative
structure information can be extracted from the XRD patterns and FTIR
spectra. 27Al, 29Si, and 3'P MAS NMR spectroscopy were employed to
provide quantitative and qualitative information on the chemical envi-
ronments of Si, Al, and P in the alumino-silicate network, com-
plementing the results from XRD and FTIR. 2°Si MAS NMR spectra
(Fig. 4) for the synthetic anhydrous slags illustrated broad and
featureless resonances, located at —90 to —70 ppm, covering the reso-
nances mainly from Q% Q, Q% and Q3 sites. This observation was
consistent with the XRD and FTIR results, and verified the amorphous
structure of the glassy phases in these synthetic slags [6,7]. The centre of
gravity (dcg) and full width at half maximum (FWHM in short) were
utilized to characterize the 2°Si resonances, the results are presented in
Fig. 5. A noticeable shift of 5¢g (3°si) from approx. —75.6 to —79.5 ppm
was observed with the incorporation of the lowest amount (3.11 wt%) of
phosphorus into slag (from PO to P3), while no clear shift of §.; was seen
with increasing PoOs content (from P3 to P8). The shifts toward lower
frequency suggested the higher polymerization degree of the silicate
network structure in the presence of phosphorus. Furthermore, the P-
containing slags displayed relatively broad 2°Si resonances (FWHM of
295i MAS NMR in Fig. 5) in comparison to the reference PO slag,
implying a more distorted local structure of Si with the addition of P in
the network.

The corresponding 2’Al MAS NMR spectra exhibited centerband
resonances located at ~70 ppm, indicating a predominant presence of Al
in tetrahedral coordination [47,48]. This was in accordance with the
previous studies on peralkaline (Rcaimg>1) calcium aluminosilicate
glasses [6,7,49]. Besides, indications of the presence of Aly and Alyy
resonances in the 2’Al MAS NMR spectra for the slags with higher P,Os
contents (P5 and P8) were noted, evidenced by the shoulder and small
peak at ~35 and ~15 ppm, respectively.

The contents of Alyy, Aly, and Aly; sites in these anhydrous slags were
quantitatively determined by simulating the centerband lineshapes in
the 27Al MAS NMR spectra using the Czjzek model [50]. The results, as
illustrated in Table 3, showed that the fractions of Aly and Aly; increased
at the expense of Aljy with increasing phosphorus content in the glassy
phase. A clear Aly; site was detected in P8 slag with the highest phos-
phorus oxide amount (8.32 wt% or 3.70 mol.%). In addition, the
distortion of the local environment for the AlO4 tetrahedra can be
revealed by the second-order quadrupolar product parameter, i.e., Pg =
Co(1 + 13/3)"/%, where Cq is the quadrupolar interaction constant and
ng is the asymmetric parameter. The calculated Py parameter for Alyy
resonances enhanced slightly with the rise of P2Os (Fig. 5), indicating a
progressive distortion of the local AlO4 tetrahedral environment with
the incorporation of P in the glass network.

For the 3!P MAS NMR spectra (Fig. 4), only one broad featureless
resonance centered at ~2 ppm was seen for the P»Os-containing slags,
which can be assigned to the phosphorus in the form of orthophosphate
and/or pyrophosphate [51]. Moreover, the peak intensity was propor-
tional to the P;Os content in the glassy phase, implying that the phos-
phorus was almost incorporated into the alumino-silicate network
without any P,Os-containing crystalline phase formation. Note that the
Slp bcg shifted toward a lower frequency with the gradual introduction of
P,0s (Fig. 5), whereas the linewidths did not exhibit a systematic trend.
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Table 3

Fractions of Alyy, Aly and Aly; sites determined from simulations of the 2’ Al MAS
NMR spectra using the Czjzek model [50], estimated error limits of which were
+ 1 %. The demonstration of the simulation for slag P8 is shown in Fig. Al.

AlIV AlV AlVI
PO 95.73 % 4.27 % -
P3 91.34 % 8.66 % -
P5 88.26 % 11.74 % -
P8 86.31 % 8.67 % 5.02 %

3.2. Pozzolanic reactivity
3.2.1. R’ test

3.2.1.1. Heat evolution. Fig. 6 (a) and (b) present the heat evolution rate
and cumulative heat release per gram of solid, respectively, as measured
by isothermal calorimeter for the four blends with synthetic slags. After
contact with water, an initial peak occurred immediately, which can be
ascribed to the initial wetting and dissolution of raw materials. Then, the
curves were dominated by the main peak within the first day, due to the
reaction between synthetic slag and Ca(OH),. Note that the main peak
arose at about 9 h after mixing in the PO slag blend, and a 3-hour delay of
the main peak (located at ~12 h) was observed for the P5Os-containing
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Fig. 6. (a) Heat evolution rate and (b) total heat release as a function of time for blends with synthetic slags at 40 °C.

slags. The retarding phenomenon can be explained by the following two
reasons: (1) phosphorus species released from slag dissolution may react
with Ca?* ion, leading to the precipitation of Ca;o(PO4)¢(OH)y. This
reduces the Ca®' concentration in the pore solution, thereby delaying
hydration products formation, e.g., C-(A-)S-H phase; (2) a decrease in
the pH value of the pore solution due to the release of PO3 ™ ion, which
hinders the further dissolution of slag, as a result. After one day, a
distinct hump can be distinguished among slags with and without
phosphorus. The heat evolution rate of PO slag blend decreased to zero
quickly after the main peak. Conversely, the deceleration period of
phosphorus-containing slags was longer, representing a steady hump.
The total heat release increased with increasing phosphorus content in
the synthetic slags, as observed in Fig. 6 (b). Compared to P3 slag
mixture, ~120 and 170 J/g of additional heat were released in the P5
and P8 systems after 4 days of hydration, respectively. The reference PO
slag blend evolved the most heat before 24 h, and then it was overtaken
by the slag P5 and P8 blends. No significant increase in the total heat
release for the four synthetic slags was observed from 4 days to 7 days, so
this data is not shown in Fig. 6.

3.2.1.2. Bound water content. The chemically bound water contents of
the four model blends for the R® test after 7 days of hydration are dis-
played in Fig. 7(a), and their correlation with total heat release is
illustrated in Fig. 7(b). The bound water content in each blend generally
correlated with the total heat release, which is consistent with the pre-
vious studies on similar systems [30,32]. The P5Os-containing slags
presented higher bound water contents as the P,Os content increased.
Lower bound water contents were observed for P3 and P5 blends
compared to the reference PO, whereas the P8 blend showed the highest

bound water content among the hydrated blends.
3.2.2. Dissolution test

3.2.2.1. Ions concentrations in leachate. The dissolution behaviour of the
four synthetic slags has been monitored by dissolving them in NaOH
solution with a pH value of ~13.2, and the Ca, Si, and Al concentrations
in the solution, normalized to their molar fractions in the raw slags, are
present in Fig. 8 (a)-(c). A rapid dissolution was detected for all four
synthetic slags up to 10 h, as indicated by the quick increase in Ca, Si,
and Al concentrations in the leachate. Subsequently, the release of Ca
and Si slowed down for up to 1 day, and the Ca and Si concentrations
reached a plateau afterwards. The reduced dissolution rate after 10 h can
be attributed to ion accumulation in the leachate, which lowers the
undersaturation of the solution, i.e., the main driving force for glassy
phase dissolution [35,52,53]. The dissolution of Al in the reference PO
slag displayed a similar trend as Si. For the concentration of phosphate
species (PO?{ in Fig. 9 (d)), no clear trend was observed as a function of
dissolution time or P2Os5 content in the slag, was observed in the solu-
tion. It fluctuated within the range of 1.0-2.5 mg/L. Additionally, the
Mg concentration was very low, even below the detection limit (0.1 mg/
L) at some sampling points, thus it was not shown here.

In comparison with the reference slag PO, the phosphorus slags
illustrated higher Si and Al concentrations, and their contents increased
with higher P,0s content. This was more pronounced for the dissolution
of Al, and its concentration in the leachate for slag P8 was almost 3 times
higher than slag PO after 3 days of dissolution. This explains the steady
hump in the decreasing period of calorimetric measurement of phos-
phorus slags (Fig. 7(a)), where enhanced Al release promoted the

0.30 0.26
(a) (b)
P8

0.25 0.24 4
= o}
(5] ©
2 0.20 £ 0 Y
Ke] oY =
> 2 P5
5015 §
© 0.20 ~
2 )

o

© 3
€ 0.10 o)
3 M
a 0.18 P3

0.05

0.16 : . T T
0.00 : . 350 400 450 500 550 600
PO P3 Normalized heat (J/g)

Fig. 7. (a) Chemically bound water content of each model blend after 7 days of curing at 40 °C; (b) correlation between bound water content and cumulative heat
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formation of calcium aluminate hydrate phases, e.g. ettringite and cal-
cium monocarboaluminate (monocarbonate for short). In contrast, a
reduced Ca concentration was found in the solution of phosphorus slags.
The more P50s5 incorporated in the synthetic slag, the lower Ca con-
centration observed. This can be ascribed to the precipitation of hy-
droxyapatite (see the below section of the Effective saturation index),
consuming Ca ion and delaying the reaction between slag and por-
tlandite (Fig. 7(a)).

The relationship between Al and Si concentrations, normalized to
their corresponding molar percentages in the raw slags, is shown in

Fig. 9. For the reference PO slag, a nearly congruent dissolution between
Al and Si was observed, indicated by the 1 to 1 linear correlation (k = 1
line in Fig. 9), which is consistent with the results studied on the calcium
aluminosilicate glasses [35,52,53]. However, incongruent Al and Si
dissolution was noticed for all phosphorus slags, as demonstrated by the
higher normalized concentration of Al over Si for P3, P5, and P8 slags.
Moreover, a normalized Al/Si ratio of ~2.0 (k = 2 line in Fig. 9) was
found for P8 slag. It implied that the incorporation of P in the calcium
aluminosilicate glassy network promoted the preferential release of Al
over Si, which will be discussed in detail in Section 4.1.

3.2.2.2. Effective saturation index. The effective saturation index, based
on the measured ion concentrations in the leachate, is used to assess
whether the target phases will precipitate or dissolve from the thermo-
dynamic point of view [36,37]. A positive value indicates oversaturation
with regard to the solid phase, meaning that it can form or precipitate.
Conversely, a negative value suggests undersaturation, indicating that
the respective solid phase cannot form or will dissolve.

Fig. 10 (a) and (b) show the calculated ESI values of precipitates,
including hydrotalcite-like phase, brucite, C-(A-)S-H phase, and hy-
droxyapatite, for PO and P5 slags as a function of dissolution time,
respectively. Brucite and hydrotalcite-like phases were saturated from
the first sampling point (1 h), owing to their low log K, (solubility
product, —11.16 and —51.14 for brucite and hydrotalcite-like phases,
respectively) [54]. Hydroxyapatite was also predicted to be over-
saturated upon dissolution, although the phosphate content in the so-
lution was low. The precipitation of hydroxyapatite well explained the
retarding effect in the reaction between slag and portlandite (Fig. 7 (a))
and the reduced Ca concentration in the solution of P;Os-containing
slags (Fig. 8 (a)). On the other hand, the calculated ESI values of other
phosphate-containing phases (e.g., bobierrite (Mg3(PO4)2-8H20), catti-
ite (Mg3(PO4)2-22H50),) were far below 0, thus they were not shown. As
for the C-(A)-S-H phase, it was below saturation initially; however, this
phase became saturated at around 8 and 24 h in the solution of PO and
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Fig. 10. Calculated effective saturation indices of phases in the solution of slag (a) PO and (b) P5 as a function of dissolution time. A saturation index of 0.0 indicates

an equilibrium state.

P5 slags, respectively. Similarly, due to the formation of hydroxyapatite
(competence for Ca), the precipitation of C-(A-)S-H phase in the solution
of phosphorus slags was induced.

3.3. Phase assemblage of hydration products

The TG and DTG curves for the four model blends containing syn-
thetic slags after 28 days of curing at 40 °C are displayed in Fig. 11 (a)
and (b), respectively. The distinct peak at 400-500 °C can be assigned to
the dehydroxylation of Ca(OH)2, and the notable mass loss at
700-800 °C was originated from the decarbonation of limestone. The
mass loss for ettringite and C-(A-)S-H phase overlapped at 100 — 150 °C.
Besides, because of the presence of CaCO3, monocarbonate (decom-
posed at ~200 °C) was formed and stabilized ettringite indirectly [55].
In addition, the peak at ~350 °C and the shoulder at ~250 °C suggest
the presence of hydrotalcite-like phase, as the hydrate of all synthetic
slags.

The X-ray diffraction patterns (Fig. 12) reveal the presence of
unreacted portlandite and limestone in the blends for the R® test after 28
days of hydration. No clear peak from monosulfate was noticed for all
the systems (Fig. 12 (a)). It verified that ettringite was stabilized with
the presence of carbonate, consistent with the results of DTG (Fig. 11
(b)). Additionally, monocarbonate was detected instead of hemi-
carbonate, irrespective of slag composition. It agreed with the results
reported in [56], where hemicarbonate was the main carbonate-bearing
phase during the first days, but it would eventually transform into
monocarbonate at later ages, as monocarbonate was thermodynamically
more stable than hemicarbonate. Besides, the monocarbonate content
increased continuously with the gradual incorporation of P;0s in slags,
and reached maximum in the blend containing P8 slag (Fig. 12 (b)).
Indication of the presence of hydroxyapatite was also noticed, illustrated
by the hump at ~32° (Fig. 12 (¢)) [57,58], and became more obvious in

100

slag P5 and P8 blends. It matched well with the calculated ESI values
(Fig. 10 (b)), of which hydroxyapatite was predicted to be oversaturated
upon dissolution.

According to the results from XRD and TGA, the phase assemblage
for the studied synthetic slag blends used for the RS test after 28 days of
curing mainly comprised portlandite, ettringite, AFm phases (primarily
monocarbonate), hydrotalcite-like phase, hydroxyapatite, and C-(A-)S-
H phase. These phases can also be confirmed from the 2’Al and 3P MAS
NMR spectra (Fig. 13). The difference between ettringite, AFm phases,
and hydrotalcite-like phase can be revealed by their distinct resonances
from octahedrally coordinated Al in the 27A1 MAS NMR spectra, ie.,
ettringite Siso(?’Al) = ~13.4 ppm [59], AFm phases Siso(?’Al) = 9-11
ppm [60], and hydrotalcite-like phase Biso(*’Al) = ~10.1 ppm [61]. The
resonances of tetrahedrally coordination Al in the C-(A)-S-H phase were
located in the range of 50-70 ppm [48]. As for the chemical environ-
ment of phosphate in hydroxyapatite, it can be probed by the 3!P MAS
NMR, i.e., hydroxyapatite 8i50(3'P) = 2.75 ppm [57].

For the 2Al MAS NMR spectra, notably higher resonances from AFm
phases were detected for the three phosphorus-containing slags, at the
expense of ettringite and octahedrally coordinated Al associated with C-
(A-)S-H phase (Alyy(c.a-s-1)) compared to the reference PO slag. This was
most pronounced in P8 blends, with the highest amount of AFm phases
observed, which was consistent with the results of XRD (Fig. 12 (a)).
Only one peak, resonanced at ~3 ppm, was observed in the 3!P MAS
NMR spectra for the P,Os-containing slag blends hydrated for 28 days.
The small !P chemical shift difference between anhydrous glass (~2
ppm) and hydrated phosphorous species (~3 ppm) implied that the
phosphorous species in the hydration products were present in a similar
environment to that in anhydrous glassy phase, near calcium ions and
associated with silicate and aluminate sites [62]. This might suggest that
phosphorus in the hydrated blend was likely present in hydroxyapatite
(located at 2.75 ppm for the well-crystallized hydroxyapatite) and/or in

954 (a)
. 90+
S €
@ E
(3
85 -
3 :,3 Erringite + C-(A)-S-H
2 & 181
& 80 =
s [a}
2.0
754
——P0 —FPo
70 4——P3 254 —P3
——P5 —P5
——p8 —P8
65 T T T T T T T -3.0 T T T T T T T T
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800 900

Temp (°C)

Temp (°C)

Fig. 11. (a) TG and (b) DTG curves for the four model blends with synthetic slags after 28 days of curing at 40 °C. Mc: monocarbonate; Ht: hydrotalcite-like phase.
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the interlayer of C-(A-)S-H phase. Moreover, note that the linewidth
(FWHM) of the 3'P MAS NMR spectra reduced from ~11 ppm to ~3 ppm
with hydration, reflecting that the hydrated phosphate units were
formed in a more ordered structure. All these results verified the for-
mation of hydroxyapatite in the hydrated blends, complementing the
results of XRD measurement (Fig. 12 (c)).

4. Discussion

4.1. Impact of phosphorus on structure and reactivity of calcium
aluminosilicate glassy phase

In the network structure of aluminosilicate glass with a composition
resembling that of blast furnace slag, SiO4 and AlO4 tetrahedra act as the
main network formers and construct the amorphous glass framework.
Meanwhile, the alkali and alkaline-earth cations play dual roles: they
compensate for the negative charges from Al substitution for Si and act
as network modifiers, disrupting Si-O-Si bonds within the network
structure. For the present investigation, all the studied glassy phases in
the synthetic slags were peralkaline glass with Rca4mg = (Mg + Ca)/2Al
> 1, indicating that all AlO,4 tetrahedra were fully charge balanced by Ca
and/or Mg. The remaining Ca and Mg cations served as network mod-
ifiers, forming NBOs within the amorphous structure and depolymeriz-
ing the glass network.

Phosphorus can act as an additional network former in an alumi-
nosilicate glass network. Similar to silicate tetrahedra, each phosphorus
atom can also be coordinated with four oxygen atoms and form POy4
tetrahedra. However, unlike SiO4 tetrahedra, phosphorus (P>") in the
PO4 unit has an excess positive charge. As a result, phosphorus forms
three single bonds with oxygen atoms, which can act as bridging oxygen
connecting to other PO,4/SiO4/AlO4 tetrahedra, and one double bond
with a fourth oxygen, which remains a non-bridging oxygen. This cre-
ates a distinct structural arrangement compared to the SiO4-AlO4
network.

In this work, a low phosphorus content, i.e., <5 mol.% (or 8.32 wt%,
see Table 1), was introduced into the peralkaline Ca/Mg aluminosilicate
glass, resulting in a higher polymerized silicate network, reflected by the
chemical shift of 2°Si 8cg toward a lower frequency (Fig. 5). This may be
attributed to amorphous phase separation caused by the incorporation
of phosphorus into the calcium aluminosilicate glass system, leading to
the formation of phosphate- and silicate-rich phases. A similar phase
separation introduced by phosphorus was observed in the study of a
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peralkaline NapO-SiO2-Al,03-MgO-P,05 glass system [63]. The
phosphate-rich phase attracted alkali cations to form alkali orthophos-
phate- and pyrophosphate-like units, reducing the number of alkali
cations associated with the silicate network. The removal of these alkali
cations associated with silicate tetrahedra, which previously acted as
network modifiers, allowed the re-connection of silicate tetrahedra and
resulted in a more polymerized silicate network. This agreed well with
the results from the studies conducted through both experimental in-
vestigations [64] and theoretical calculations using ab initio molecular
dynamics (AIMD) [65,66]. This repolymerization of the silicate network
due to the addition of phosphorus explained the reduced pozzolanic
reactivity of P3 slag (3.11 wt%), as indicated by the lower heat release
(Fig. 6) and reduced bound water content (Fig. 7) compared to the
reference PO slag. In other words, the reactivity of slag decreased upon a
small phosphorus oxide addition, explaining the low reactivity of com-
mercial phosphorus slag with low P05 content (typically < 3.0 wt%).
On the other hand, the silicate network did not exhibit a continuous
increase in polymerization with increasing phosphorus content in the
glassy phase, as evidenced by the lack of a clear 2°Si 8cg shift in Fig. 5.

Compared to the silicate network, phosphorus exerted a more pro-
found impact on the chemical environment of aluminium in the glass. A
noticeable Al dcg shift (Fig. 5) occurred as the phosphorus content
increased from 3.11 wt% (P3) to 5.90 wt% (P5), with an additional
octahedrally coordinated Al site observed in slag P8, containing 8.32 wt
% P,0s. It suggested that Al was more susceptible to the variation in
phosphorus content than Si, and P was preferentially associated with Al,
likely through the P-O-Al bonding. The affinity of P with Al in the glass
network has also been reported in the AIMD simulation study [66] and
the studies [24,25] on enhancing the strength, compactness, and
chemical durability of glass via the incorporation of phosphorus. More
than double the fraction of Aly species was detected in the P5 slag
compared to the reference PO slag (Table 3). The increased fraction of
reactive Aly species compensated for the lower reactivity caused by the
repolymerization of the silicate network. As a consequence, P5 slag
exhibited a similar reactivity to PO slag. With the further incorporation
of P50s in slag P8, clear Aly; resonance was detected, implying the
formation of a more distorted local structure, resulting in its highest
reactivity among all the investigated slags.

Following the studies on aluminophosphate glass with the compo-
sitions of xAl;03—(50-x)P20s in the x = 0-10 range [24,25], the results
verified that when the molar ratio of P/Al increased, aluminium was
mostly located in the Aly and Aly; units. Although the phosphorus
content in the synthetic glassy phases in this work was different, similar
results were obtained. With the gradual incorporation of P;Os into the
Ca0-SiO-Al,03-MgO glass network, ie., the molar ratio of P/Al
increased, although the Aljy unit still constituted the dominating
aluminium polyhedra, the proportion of Aly and Aly; rose.

4.2. Hydration products of synthetic phosphorus slags in cementitious
environment

The incorporation of phosphorus into slag modified the calcium
aluminosilicate glass network, altering the dissolution behaviour of Ca,
Si, and Al profoundly. Additionally, the dissolved phosphate species in
the pore solution influenced the phase assemblage of hydration
products.

Hydroxyapatite was predicted to form in the bulk solution of disso-
lution test according to thermodynamic modelling. However, the clear
identification of hydroxyapatite in the hydrated model paste through
current characterization methods was relatively difficult. For example,
the main thermal decomposition peak of hydroxyapatite occurred from
350-400 °C, overlapping with the hydrotalcite-like phase [67]. Fortu-
nately, the hump at ~32° (26) in the XRD pattern was considered to be
originated from hydroxyapatite (ICSD#81442). Since this hump was too
broad to be taken as a well-crystalline peak, the hydroxyapatite formed
in the model paste might be present as nano-scale crystals, consistent
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with the results reported in [57,58]. Furthermore, the 31p MAS NMR
spectra only showed one resonance at ~3 ppm for all synthetic phos-
phorous slag blends after 28 days of curing, close to 2.75 ppm for the
well-crystallized hydroxyapatite. Compared to the 3'P chemical shifts of
other orthophosphates [57], this stable chemical speciation of phos-
phorus in the hydrated paste was strongly suggested as hydroxyapatite.
The calcium consumption by micro- or nano-hydroxyapatite formation
led to a reduced Ca concentration in the pore solution, thus a delayed
main heat peak was observed in the calorimetry measurement. This
hydration delay effect caused by the incorporation of phosphorus was
more pronounced in the slags with higher P,Os contents (Fig. 6 (a)).
Moreover, the quick precipitation of hydroxyapatite also consumed PO}
ions, resulting in a low phosphate concentration with prolonged hy-
dration (Fig. 8 (d)). Minor phosphorus might be present in the interlayer
of the C-(A-)S-H phase, as reported in [68,69]; however, no clear evi-
dence was found in this study because of the low phosphorus content in
slag and the intrinsic amorphous structure of C-(A-)S-H phase.

Compared to the Si-O-Si bonding, the Al-O-P bonding and Aly as
well as Aly; were more vulnerable to hydrolysis. As a result, Al was
dissolved into the solution more readily than Si, and an incongruent
dissolution of Al over Si was found in Py0Os-containing slag (Fig. 9). Due
to the enhanced Al release in P;Os-containing slag, it promoted the
steady hump that occurred in the calorimetric measurement of model
phosphorus slag pastes (Fig. 6 (a)) and boosted the formation of mon-
ocarbonate (Figs. 12 (a) and 13), suggested by the 27A1 MAS NMR
spectra.

The results obtained in this study were evidently beneficial for
optimizing the reactivity of PyOs-containing SCMs, e.g., phosphorus
slag, not only by changing properties such as fineness but also by
manipulating the composition and network structure. As mentioned,
phosphorus slag currently produced exhibites a low P05 content, which
was one of the reasons for its low reactivity according to the results of
the present investigation. For the best use of this kind of SCM, slightly
increasing the P,Os5 content can be suggested for the industry. Mean-
while, phosphorus-rich SCMs seem to be quite suitable for alkali-
activated systems, where fast setting is an issue. The dormant stage
can be postponed by several hours, which can be used for casting,
transporting, and placing in practice. In addition, the enhanced Al
release and thus Al-bearing phases formation in P»Os-containing slag
indicated that it is a suitable SCM to interact with limestone, leading to
the precipitation of hemi- and mono-carbonate and stabilization of
ettringite, improving the early-age strength development of blended
cements.

This study mainly focuses on the structural characteristics and
dissolution behavior of phosphorus slag as a potential supplementary
cementitious material. However, further investigations on its long-term
durability, mechanical performance, and other key properties are
needed to fully assess the viability of phosphorus and optimize its
practical application in construction.

5. Conclusions

The influence of phosphorus on the network structure, pozzolanic
reactivity, and hydration products of synthetic slags in cementitious
systems was investigated in this study, using XRD, FTIR, and 271, %%si,
and 3P MAS NMR. The findings of this study led to the following main
conclusions:

e The results determined from the calorimetric measurement and
bound water content quantification of the model paste showed that
the slag reactivity decreased upon a small P5Os5 addition. However, it
conversely increased with the continuous incorporation of phos-
phorus, and the highest reactivity was observed in slag with the
highest P2Os content.

e In the calcium aluminosilicate glass system, the small introduction of
P,0s5 led to a higher polymerized silicate network and lower glass
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reactivity, which may be ascribed to the amorphous phase separation
and formation of phosphate- and silicate-rich phases.

With the further incorporation of P50s, the silicate network did not
exhibit further polymerization. Instead, clear Aly and Aly; resonances
were noted, indicating the formation of a more distorted local
structure and compensating for the lower glass reactivity caused by
the repolymerization of the silicate network.

Compared to the reference PO slag, the gradual addition of P5Os5 in
synthetic phosphorus slag modified the phase assemblage of hy-
drated model paste significantly. On the one hand, nano-
hydroxyapatite was confirmed to form in both the bulk solution of
dissolution test according to thermodynamic modelling and the hy-
dration products of model paste through XRD and MAS NMR mea-
surements. On the other hand, the formation of AI-O-P bonding and
Aly as well as Aly; promoted the incongruent dissolution of Al over Si
in P,Os-containing slag. The enhanced Al release boosted the for-
mation of Al-bearing phases in the hydrated cementitious system, e.
g., monocarbonate.
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