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Effect of P2O5 incorporated in slag on the hydration characteristics of 
cement-slag system 

Yu Zhang *, Yu Chen , Oğuzhan Çopuroğlu 
Microlab, Section of Materials and Environment, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, The Netherlands   

A R T I C L E  I N F O   
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A B S T R A C T   

This paper presents the influence of P2O5 incorporated in slag on the hydration characteristics of cement-slag 
system. It was found that the gradual addition of phosphorus oxide in slag did not change overall mineralogy 
of the hydration products. Except hydration retardation in the dormant stage, chemically bound water and 
portlandite contents, hydration degree of slag, and pore structure at all investigated ages were similar among 
cement-slag pastes with different P2O5 percentages. Furthermore, significantly higher amount of monosulfate 
was observed as the P2O5 content in slag increased. In addition, a higher Al/Si atomic ratio was measured in the 
C-S(A)-H gel phase formed in the cement matrix. However, similar Ca/Si atomic ratio of C-S(A)-H gel phase and 
Mg/Al atomic ratio of hydrotalcite-like phase were determined in all slag pastes, irrespective of the addition of 
P2O5. In contrast to magnesium ion which was retained within the original slag boundary, phosphorus ions could 
migrate into cement matrix. Therefore, P/Si atomic ratio of the C-S-H gel phase increased with the increasing 
phosphorus oxide content in slag, reaching up to ~0.08.   

1. Introduction 

To compensate the limited availability of raw material resources and 
the growing need for decreasing CO2 emissions during cement and 
concrete productions, a practical way is to reduce the clinker proportion 
in cement. This strategy mainly consists of substituting a part of the 
clinker with supplementary cementitious materials (SCMs) at the 
cement and concrete production level [1–4]. These SCMs can be by- 
products from other industries, e.g., fly ash from coal power plants 
and blast furnace slag from steel-making industry, or natural materials, 
such as natural pozzolans. 

Phosphorus slag is a by-product of yellow phosphor production via 
electrical furnace method. It is estimated that for each ton of yellow 
phosphorus, 7 tons of phosphorous slag are produced in general [5–8]. 
Several million tons of phosphorus slag was produced across the world 
annually [7,9], and it was commonly considered as a landfill waste, 
leading to serious environmental pollution. Phosphorous slag is mainly 
composed of CaO and SiO2 (over 85 wt%), with small amounts of Al2O3 
and P2O5 [7–11]. The glassy-phase content is higher than 90 wt% due to 
the high viscosity of molten slag, proving its potential chemical reac
tivity. The main crystalline compounds formed in phosphorus slag are 
CaO⋅SiO2, 3CaO⋅2SiO2, and 3CaO⋅2SiO2⋅CaF, etc. [7,9]. 

It has been well demonstrated that phosphorus slag presents a similar 
reactivity to fly ash, and lower reactivity than blast furnace slag, prob
ably owing to its lower Al2O3 content, as reported by [6,12]. The 
dissolution of phosphorous slag consumes portlandite and produces 
additional C-S-H gel phase, which can densify microstructure. However, 
phosphorous slag has not been widely used as SCMs in cement industry 
yet. The main concern is originated from the residual phosphorus in the 
form of P2O5 in phosphorous slag, resulting in delayed cement setting 
(retarding effect) [10,11]. 

However, the P2O5 content in phosphorous slag is low (typically <3 
wt%), and its effect on slag reactivity has been overlooked. Moreover, 
very little is currently known about the influence of phosphorous on the 
formation of hydration products and its distribution after dissolution. 
Thus, this study aims to systematically investigate the impact of P2O5 
incorporated in slag on the hydration characteristics of cement-slag 
system. Four synthetic slags produced in the laboratory with pure re
agents were considered. One was made without any phosphorus- 
containing agents, the chemistry of which was representative of a 
typical commercial blast furnace slag in the market. Three phosphorous 
slags with increasing phosphorus oxide contents were also produced. To 
explore the effect of P2O5, the paper analyzed the kinetics of hydration, 
the evolution of hydration phase assemblage, and the development of 
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microstructure using a series of techniques. Additionally, the distribu
tion of phosphorus in cement matrix and the influence of phosphorus 
oxide on slag reactivity were discussed. The authors believe that the 
results obtained in this paper propose new perspectives on utilizing 
phosphorus-rich slag in cement industry. Additionally, it provides 
insight into the interaction between cementitious materials and P2O5- 
containing admixtures, e.g., in [13–16]. 

2. Materials and methodology 

2.1. Materials 

CEM I 42,5N (manufactured by ENCI Maastricht B.V.), four synthetic 
slags, of which three (P3, P5, and P8) with and one (S) without phos
phorus oxide, were employed in this study to produce the cement-slag 
system. Quartz was also introduced to act as a reference. The chemical 
compositions and selected physical properties of the raw materials are 
reported in Table 1. For these synthetic slags, CaO/SiO2 ratio was kept at 
around 1, while the phosphorus oxide content increased from 3.11 (P3) 
to 8.32 wt% (P8). To eliminate the interference of Al2O3 and MgO, and 
avoid the introduction of other metal oxides, pure agent magnesium 
phosphate hydrate (Mg3(PO4)2⋅H2O, provided by Sigma-Aldrich) was 
added as raw material to incorporate phosphorus oxide into slag. The 
Al2O3 and MgO contents were designed at ~14 and 8 wt%, respectively 
in the study. For the detailed process of slag production, the readers can 
refer to [17]. 

The particle size distribution of slags and quartz was measured by 
laser diffraction and is shown in Fig. 1. Fig. 2 shows the X-ray diffraction 
scan (XRD) of these slags. Apparently, they were entirely amorphous 
without any significant peak indicating crystallinity. No shift regarding 
the position of amorphous hump was observed, and it was centered at 
~30◦ (2θ). 

2.2. Mix design and experimental method 

All raw materials were in mass percentage (wt.%) with respect to the 
total binder content (see Table 2). The slag (or quartz) to cement ratio 
was 7/3 and the water to binder ratio was 0.4. Mixtures were mixed at a 
high speed for 2 min, and then transported to 20 mL plastic bottles, 
which were sealed with thin parafilm to avoid any evaporation of water 
and ingress of CO2. Sealed curing was performed for all specimens at 

room temperature until 3 months. 
TAM Air isothermal calorimeter was employed to observe the heat 

evolution of paste sample at 20 ◦C for 7 days. The sample was prepared 
in the same manner mentioned above, and approximately 7 g of the 
binder was transported to a glass ampoule, sealed, and placed in the 
calorimeter. 

Selective dissolution using a mixture of ethylenediaminetetraacetic 
acid (EDTA), Na2CO3 and triethanolamine was employed to calculate 
the reaction degree of slag in the hydrated paste with time, following the 
procedures suggested by [18]. Unreacted cement clinker, hydration 
products except hydrotalcite-like phase would be dissolved in the 
mixture solution, while unhydrated slag particle would not. At each 
sampling age, ~0.25 g of dry sample powder below 63 μm after 

Table 1 
Chemical compositions (wt.%) determined by XRF analysis and physical prop
erties of cement and slags.   

Cement P3 P5 P8 S 

CaO 64 35.43 37.05 33.82 37.04 
SiO2 20 35.89 33.39 31.88 37.79 
Al2O3 5 15.95 13.92 15.42 14.51 
MgO – 7.75 7.59 9.04 8.83 
P2O5 – 3.11 5.90 8.32 – 
FeO/Fe2O3 3 0.25 0.29 0.22 0.28 
TiO2 – 0.71 0.91 0.74 0.70 
MnO/Mn2O3 – 0.16 0.17 0.16 0.17 
Na2O 0.58a 0.28 0.27 – 0.24 
K2O – 0.26 0.27 0.22 0.25 
SO3 2.93 0.03 0.04 0.03 0.01 
Residual 4.49 0.18 0.20 0.15 0.18  

Physical properties 
d50 (μm)b 26.81 23.48 20.54 20.25 22.73 
SSA (m2/g)c 0.284 0.841 0.996 1.002 0.895 

a. This value was determined as Na2Oeq in cement, namely Na2O + 0.658 × K2O. 
b. The particle size distribution (PSD) of slags and quartz was measured by 
EyeTech, Ankersmid. The d50 of quartz is 24.21 μm. 
c. The specific surface area (SSA) of cement and slags was measured by Blaine 
and nitrogen adsorption with the BET method respectively. 

Fig. 1. Particle size distribution of slags and quartz.  

Fig. 2. XRD scan of slags used in the present research.  

Table 2 
Mixtures of specimen (g).   

Cement Slag Quartz Water w/b 

Cement-slag 30 70 – 40 0.4 
Cement-quartz 30 – 70 40 0.4  
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hydration stop was diluted in the mixture solution, shaken in a me
chanical shaker for 1 h, and filtered through GF/C filter paper (The GF/C 
filter paper was dried at 105 ◦C oven for 1 h and weighed before testing). 
The residue on the filter paper was washed with deionized water several 
times and dried at 105 ◦C oven for 1 h before another weighing. 

Before XRD and thermogravimetric analysis (TGA), hydration was 
stopped by solvent exchange with isopropanol. Slices cut from the 
specimen were crushed, ground, immersed in isopropanol for 15 min, 
filtered, and immersed for another 15 min. After filtration, sample 
powders were dried at 40 ◦C for ~8 min in a ventilated oven and then 
stored in a vacuum oven for further measurement. X-ray powder 
diffraction was performed on a Philips PW 1830/40 Powder diffrac
tometer employing the Cu K-alpha radiation. The machine was operated 
with an acceleration voltage of 40 kV and an X-ray beam current of 40 
mA. Analysis was performed with a step size of 0.03◦ for a 2θ range from 
5◦ to 60◦. Thermogravimetric analysis was carried out on Netzsch STA 
449 F3 Jupiter under Argon atmosphere. About 40 mg of sample powder 
was heated from 40 to 900 ◦C with a heating rate of 10 ◦C/min in an 
Al2O3 crucible with an identical one as reference. 

Fourier transform infrared spectroscopy was performed using Spec
trum TM 100 Optical ATR-FTIR spectrometer over the wavelength range 
from 600 to 1600 cm− 1 to identify the chemical bonding environment of 
Si structural unit. A single-beam configuration was used, and each 
sample was scanned 20 times with a fixed instrument resolution of 4 
cm− 1. 

Mercury intrusion porosimetry (MIP) measurement was also imple
mented to measure the pore size distribution of each mixture. The 
specimen was crushed into small slices, immersed in isopropanol solu
tion to stop hydration, and stored under vacuum to constant weight 
subsequently. The maximum pressure applied by the instrument was 
210 MPa, and each measurement process contained three steps: intru
sion of mercury at a low pressure from 0 to 0.170 MPa; intrusion at a 
high pressure from 0.170 to 210 MPa and extrusion of mercury back to 
0.170 MPa. The relationship between pore radius and pore pressure was 
elaborated in Washburn equation, of which the surface tension of mer
cury was 0.485 N/m at 25 ◦C and the contact angle between mercury 
and specimen was 140◦. 

Scanning electron microscopy (SEM) investigation was performed on 
selected samples, which had been dried at 40 ◦C, vacuum impregnated 
with epoxy resin, ground and polished by 9, 3, 1, and 0.25 μm diamond 
paste in turn. After each step, the samples were immersed briefly in an 
ultrasonic bath filled with 99.9 % ethanol for cleaning. The carbon 
coated sample was examined with FEI QUANTA FEG 650 ESEM at 10 kV 

accelerating voltage and 10 mm working distance to get backscattered 
secondary electron (BSE) image. Energy dispersive X-ray spectroscopy 
(EDS) point analysis was also used to determine the elemental compo
sition of phase assemblage in the matrix and slag rim. 

3. Result 

3.1. Kinetics of hydration 

3.1.1. Heat of hydration 
Fig. 3 exhibits the heat evolution rate (a) and cumulative heat release 

(b) for all mixtures, normalized to per gram of cement. Note that a strong 
exothermic peak occurred upon contacting with water, which was 
ascribed to the initial dissolution of raw materials, especially C3A 
(3CaO•Al2O3). The cement-quartz blend was dominated by one main 
hydration peak at approximately 12 h after mixing, related to the hy
dration of alite (C3S, 3CaO•SiO2) in the cement clinker, and followed by 
a shoulder, implying the secondary aluminate reaction upon sulfate 
depletion [19,20]. 

During the dormant period, it was evident that the incorporation of 
slag containing phosphorus oxide prolonged the induction stage in 
comparison to that of slag S and Qz pastes. To be more specific, slag S 
and Qz mixtures entered accelerating stage at a similar timing, around 2 
h after mixing, as the embedded graph shown in Fig. 3(a). However, the 
dormant stage was postponed by approximately 3, 4, and 4.5 h in slag 
P3, P5, and P8 systems, respectively, with the gradual addition of 
phosphorus oxide in slag. Commonly, there were two possible expla
nations regarding this retarding effect: (1) P2O5 in slag, even a minor 
amount, was able to react with Ca2+ ion and form Ca10(PO4)6(OH)2, 
resulting in the deficiency of Ca2+ ion in the pore solution and hindering 
the nucleation and growth of C-S-H gel phase and portlandite; (2) With 
slag dissolution, PO4

3− ion tended to form phosphoric acid which would 
reduce the pH of pore solution, negatively affecting the hydration of 
cement clinker at an early age [6,9,21]. 

When stepping into the accelerating stage, the hydration rate of these 
mixtures was similar. The second aluminate reaction peak was observed 
clearly in slag S mixture soon after the main hydration peak, whereas it 
overlapped with the main hydration peak in slag P3, P5, and P8 pastes. 
Also, it was noted that this peak occurred earlier and was more intense in 
all slag blends when compared with that in cement-quartz blend (Fig. 3 
(a)). Besides aluminate from C3A, aluminum dissolved from slag also 
contributed to this enhanced secondary aluminate peak. Moreover, the 
possibility of a small number of reactions between small slag grain and 

Fig. 3. Calorimetric curves of cement-slag and quartz systems. (a) Normalized heat flow; (b) Normalized heat release.  
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calcium hydroxide cannot be excluded, considering such a high slag 
replacement level [22–24]. 

The hump after the second aluminate reaction peak (after one day) 
could be distinguished among mixtures containing slag and quartz. This 
peak corresponded to the pozzolanic reaction between slag and por
tlandite. Moreover, continuous transformation of ettringite to calcium 
monosulfoaluminate (monosulfate for short) was also included in this 
hump until 7 days. 

The curves of total heat release deviated from each other after 1 day, 
as Fig. 3(b) presents, indicating that slag started to participate in reac
tion from there on. Note that slag S, P3, and P8 mixtures evolved a 
similar heat, while ~50 J/(g cement) less heat was measured in slag P5 
mixture at 7 days. 

3.1.2. Chemically bound water and portlandite contents 
Chemically bound water (BW) is assumed to be water chemically 

fixed in the hydrated phases and is often referred as non-evaporable 
water [25]. It is primarily associated with the amount of C-S-H gel 
phase formed in the matrix, which can be sourced from the hydration of 
cement clinker and pozzolanic reaction between portlandite and SCMs. 
According to the following formula [25], the bound water content of 
each mixture determined from TGA and corrected for the water bound in 
portlandite is present in Fig. 4(a): 

BW =

(
W50 − W550 − WH2OCH

W550

)

× 100%  

with W50 = sample weight at 50 ◦C, W550 = sample weight at 550 ◦C, 
and WH2O CH = mass loss from the dehydroxylation of portlandite by 
tangent method. 

At all investigated ages, the bound water content of pastes containing 
slag was notably larger than that of cement-quartz paste. The gap 
increased with the prolongation of curing age because of the pozzolanic 
reaction. Besides, the gradual addition of P2O5 in slag increased the 
amount of bound water slightly, however, the difference was too small 
to distinguish. 

Fig. 4(b) illustrates the portlandite content in the system with time. It 
was estimated based on the weight loss between 400 and 500 ◦C 
(dehydroxylation of portlandite) from TGA through the tangent method. 
This value can be regarded as an index indicating the hydration degree 
of slag (reactivity), as portlandite was mainly consumed in the pozzo
lanic reaction with slag. The portlandite content increased continuously 
in cement-quartz paste, although the increment was small after 7 days, 
meaning that most of cement clinker had been hydrated at this age. On 
the other hand, this value decreased from 7 days to 3 months in cement- 
slag mixtures, and the most and least portlandite contents were 

determined in slag P5 and P8 mixtures, respectively. Taking cement- 
quartz paste as a reference, it was calculated that about half (≈0.25/ 
0.50) of portlandite liberated from cement hydration was consumed at 7 
days and about one-third (≈0.15/0.50) was left at 90 days. 

3.1.3. Selective dissolution 
As mentioned earlier, the mixture solution allows the dissolution of 

unhydrated cement clinker, most hydration products except 
hydrotalcite-like phase. However, unhydrated slag particle cannot be 
dissolved through this procedure. The hydration degree of slag (α) in 
cement-slag system was calculated by comparing the residues after se
lective dissolution of unhydrated raw material (Ru) and hydrated sample 
powder (Rh) through the following equation: 

α =
Ru − Rh

Ru
× 100% 

Moreover, a correction considering that Mg2+ dissolved from slag 
contributed to the formation of hydrotalcite-like phase was introduced 
following [26]: 

αcorrection =
Ru − Rh

Ru × (1 − hM)
× 100%  

where h is 2.35, indicative of the mass of hydrotalcite-like phase formed 
from 1 g of MgO in slag and M (wt.%) was MgO content of slag. 

This approach gives the results in Fig. 5. Slag P8 displayed the 
highest hydration degree at all investigated times, reaching ~0.2 at 90 
days, close to the value measured in [27]. On the contrary, the hydration 
degree of slag P5 was the lowest, in agreement with the results of cu
mulative heat (Fig. 3(b)), as well as bound water and portlandite con
tents (Fig. 4). Similarly, the gap among slags was very small. 

3.2. Hydration products 

3.2.1. TG-DTG 
TG-DTG curves of cement-slag and quartz systems after 7 days and 3 

months of curing are shown in Fig. 6(a) and (b), respectively. Note that 
the main hydrates formed in slag-containing blends were similar. There 
were two distinct endothermic peaks on the DTG curve of all samples, 
corresponding to the water loss of C-S-H gel phase between 100 and 
150 ◦C and the dehydroxylation of portlandite between 400 and 500 ◦C. 
Hydrotalcite-like phase could also be detected with a shoulder located at 
approximately 350 ◦C. 

It was also noted that the shoulder at ~200 ◦C, implying the presence 
of monosulfate, was more visible in P2O5-containing slag pastes at all 
investigated ages when compared with that in slag S paste. The 

Fig. 4. (a) Bound water and (b) Portlandite contents of cement-slag and quartz systems.  
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enrichment of monosulfate in P2O5-containing slag pastes was probably 
associated with the preferred release of aluminum from P2O5-containing 
slag (see Section 4.2). It was well recognized that in addition to 

aluminum incorporated into C-S(A)-H gel phase and hydrotalcite-like 
phase, aluminum dissolved from slag particles can also participate in 
the formation of monosulfate [28,29]. 

3.2.2. XRD 
X-ray diffractograms in Fig. 7 reveal the presence of portlandite, 

unhydrated C3S and C2S in cement-slag mixtures at specific ages. As 
shown in the graph, the peak intensity of portlandite decreased from 7 
days to 3 months, and the most negligible portlandite content was 
identified in slag P8 paste at 90 days, consistent with the results 
measured by TGA (Fig. 6(b)). No trace of ettringite was detected, and it 
suggested that the transformation from ettringite to monosulfate almost 
ended after 7 days of curing (Fig. 7(c)). 

3.2.3. FTIR 
Fig. 8 illustrates the FTIR spectra of cement-slag mixture at 90 days. 

Depending on the connectivity of silicon site in the [SiO4]4− tetrahedral, 
silicate tetrahedral can be divided into five characteristic units further 
with representative IR absorption bands separately, i.e., Q4 (~1200 
cm− 1), Q3 (~1100 cm− 1), Q2 (~950 cm− 1), Q1 (~900 cm− 1), and Q0 

(~850 cm− 1), respectively [30–33]. Apparently, Q2 was the main unit of 
C-S-H gel phase of the investigated cement-slag pastes at 90 days, irre
spective of the addition of P2O5 in slag or not. Moreover, no shift with 
respect to the position of Q2 silicate group was observed, indicative of 
the similar polymerization degree of silicate chain in all investigated 
samples. The Q0 unit was related to the silicate group that remained in 

Fig. 5. Hydration degree of slags with respect to time based on selective 
dissolution method. 

Fig. 6. TG-DTG curves of cement-slag and quartz systems after curing of (a) 7 days and (b) 3 months. Ms: calcium monosulfoaluminate; Ht: hydrotalcite-like phase.  

Fig. 7. XRD analysis of cement-slag systems after curing of (a) 7 days and (b) 3 months; (c) XRD patterns from 5 to 15◦ (2θ). E: ettringite; Ms: calcium mono
sulfoaluminate; Ht: hydrotalcite-like phase; CH: portlandite. 
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unreacted slag particles. 
Meanwhile, it was found that the band at around 650 cm− 1, ascribed 

to the asymmetric stretching vibration band of the [AlO4]5− unit 
[34,35], was more intense in P2O5-containing slag pastes. Similarly, it 
was linked with the preferred release of aluminum from P2O5-containing 
slag, and thus more Al can be absorbed into C-S(A)-H gel phase (see 
Section 4.2). 

3.3. Microstructure 

3.3.1. Pore structure of the paste samples 
Compared with cement-quartz mixture, hydrates formed from reac

tion between portlandite and slag helped refine the pore structure of slag 
pastes, which is illustrated clearly in Fig. 9. The critical pore radius 
decreased remarkably with curing time from 7 days to 3 months in all 
studied samples. At 7 days, cement-slag mixtures presented a bimodal 
pore structure; however, they eventually evolved into a unimodal pore 
structure at 90 days. Additionally, the critical pore radius of these 
cement-slag mixtures was almost identical after 3 months of curing, 
regardless of the addition or not of P2O5 in slag. 

3.3.2. SEM-BSE 
Fig. 10 exhibits the typical BSE micrographs of cement-slag mixtures 

after 3 months of curing. A close mixture of unhydrated slag grains, 
minor cement clinkers, hydrated phases and pores were observed to 
form the microstructure. Monosulfate (circled) existed as fine and 
compact clusters intermixed with C-S-H gel phase [36]. As confirmed in 
Section 3.2, more monosulfate was observed in P2O5-containing slag 
pastes, and it was distributed everywhere in the matrix. Also, the 

Fig. 8. FTIR spectra of cement-slag mixtures at 90 days.  

Fig. 9. Differential pore size distribution of samples measured after (a) 7 days and (b) 3 months of curing.  

Fig. 10. Electron micrographs of typical cement-slag microstructure of (a) P3; 
(b) P5; (c) P8; and (d) S pastes after 3 months of curing. 
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massive existence of unreacted slag particles indicated the slow hydra
tion of slag. 

3.3.3. Chemical composition of cement matrix 
Hydration products in cement matrix and rims of unhydrated slag 

particles were characterized by SEM-EDS microanalysis with internal 
standards (standardless microanalysis). It was worth mentioning that 
the accelerating voltage used for analysis was 10 kV under high vacuum 
conditions. 

The scatter plot of Al/Ca vs Si/Ca in molar ratio is presented in 
Fig. 11. The addition of phosphorus oxide in slag seemed to have no 
influence on the determined Ca/Si atomic ratio, which fluctuated at 
approximately 1.1, close to values reported in [28,37,38]. On the other 
hand, the Al/Si atomic ratio increased with phosphorus oxide incorpo
ration. It agreed well with the FTIR results (Fig. 8) that an enhanced 
band at ~650 cm− 1 was noted in phosphorus slag pastes. This can be 
ascribed to the asymmetric stretching vibration of [AlO4]5− unit incor
porated in C-S(A)-H gel phase. However, note that the trend was not 
very clear, and only some points in slag S paste tended to show a 
decreased Al/Si ratio. Thus, more point analysis was recommended in 
the future to verify this conclusion. 

3.3.4. Chemical composition of slag rim 
Hydrotalcite-like phase is the main precipitation from the hydration 

of slag, and its Mg/Al atomic ratio can be obtained from the slope of the 
regression line when plotting Mg/Si against Al/Si [28,39–41]. Fig. 12 
presents the scatter plot of Mg/Si vs Al/Si in molar ratio. Note that the 
Mg/Al ratio of hydrotalcite-like phase formed in slag rim was nearly the 
same among slags, leveling off at ~1.60, commonly reported at high slag 
replacement levels [24,28,42]. 

4. Discussion 

4.1. The distribution of phosphorus in cement matrix 

As mentioned earlier, the P2O5 content in phosphorus slag was very 
low compared to the four main metal oxides (CaO-SiO2-Al2O3-MgO), 
commonly <3 wt% [5–8]. At this level, P2O5 was always regarded as a 
minor or trace component, and few studies focused on its effect in depth. 

To address this issue, we intentionally increased the amount of P2O5 
in slag up to 8.32 wt% (P8), close to MgO. Fig. 13(a) and (b) give the EDS 
mappings of main elements (Ca, Si, and Mg + P) from the typical areas of 
slag P5 and P8 pastes, respectively. Ca appeared to be distributed over 
the whole region. Si deficiency was observed in some areas, 

characterized by the occupation of monosulfate. Compared with mag
nesium (yellow coloration) which was exclusively entrapped within the 
original slag grain boundaries, phosphorus (blue coloration) was able to 
migrate into cement matrix. It can be partially explained by the rela
tively high mobility of phosphate ion (In the strongly basic environment, 
e.g., the pore solution of blended cement paste, the phosphate ion 
(PO4

3− ) predominates [43].). Taking Mg2+ as a reference, the mobility of 
PO4

3− was ~1.2 times higher [44]. 
Additionally, areas rich in phosphorus were also identified (circled in 

the graphs), where element phosphorus accumulated and formed clus
ters. The typical EDS spectra inside (Point 1) and outside (Point 2) these 
circles are displayed in Fig. 14(a) and (b), respectively. It was evident 
that these areas were rich in P, while the Si and Al concentrations 
decreased. The P/Si atomic ratio of Point 1 and 2 was 0.30 and 0.08, 
respectively. Probably it indicated the close mixture of C-S(A)-H gel 
phase and calcium phosphate hydrate (Ca3(PO4)2⋅H2O) or hydroxyap
atite (Ca5(PO4)3(OH)) [13]. However, the existing characterization 
techniques cannot identify their precipitations due to the serious overlap 
with typical cement hydration products. One alternative method is to 
extract pore solution from the paste and measure concentrations of ions, 
including Ca2+, Si4+, Al3+, Mg2+, and PO4

3− . According to the effective 
saturation index of various precipitations, the possible formations can 
thus be identified. These experimental results will be published in a 
follow up study. 

Fig. 15 presents the scatter plot of P/Ca vs Si/Ca in molar ratio. For 
slag P3 paste, the P/Si ratio of cement matrix was quite low. On the other 
hand, the value was found to increase with the gradual addition of 
phosphorus oxide, which reached ~0.08 for slag P8 paste. Like silicate 
tetrahedral (SiO4), each phosphorus atom can be surrounded by four 
oxygen atoms, forming phosphate tetrahedral (PO4). Thus, P5+ is very 
suitable for the substitution of Si4+ and exhibits fourfold coordination to 
form PO4 tetrahedral in the structure of C-S-H gel phase [45]. At this 
level (~0.08), phosphorus should have been incorporated into the gel, 
replacing silicon and forming C-S(A, P)-H. The works in [46,47] also 
confirmed that in the doping of C-S-H gel phase by P improved the 
stability of cement-based materials. From this point of view, the release 
of P from phosphorus slag was beneficial from cement matrix. 

4.2. The effect of phosphorus oxide on the reactivity of slag 

For commercial phosphorous slag from the production of yellow 
phosphorous, it mainly consists of CaO and SiO2 with insufficient 
amounts of Al2O3 and MgO, fluctuating at 1 ~ 2 wt%, far less than that 

Fig. 11. Atomic ratio of Al/Ca against Si/Ca of cement-slag systems after 3 
months of curing. 

Fig. 12. Atomic ratio of Mg/Si against Al/Si of cement-slag systems after 3 
months of curing. 
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commonly encountered in blast furnace slag. Thus, it had been 
demonstrated that the low Al2O3 content reduced the reactivity of 
phosphorous slag [6,12]. According to the results found in [17], Al2O3 
and MgO had a positive effect on slag reactivity, and low Al2O3 and/or 
MgO contents (<5 wt%) significantly decreased its reactivity. It 
explained the relatively low reactivity of slag P5 because of its lower 
Al2O3 and MgO contents. 

To eliminate the interference of Al2O3 and MgO, the authors 
designed phosphorous slag with common Al2O3 and MgO contents in the 
study, i.e., about 14 and 8 wt%, respectively (see Table 1), and increased 
the phosphorus oxide content from 3.11 to 8.32 wt% gradually. For 
P2O5, it acts as a network former in the structure of glass [45]. Like 
silicate tetrahedral (SiO4), each phosphorus atom is surrounded by four 
oxygen atoms, forming phosphate tetrahedral (PO4). However, because 
of the excess charge of P5+, phosphorus has three single bonds bound to 

other PO4 units, and one double bond only connected with oxygen atom, 
named as non-bridge. Therefore, phosphate tetrahedral possesses a less 
cross-linked or polymerized structure than SiO4 tetrahedral (Due to the 
absence of this double bond, SiO4 tetrahedral exhibits a high degree of 
symmetry while phosphate tetrahedral is asymmetric [48].). Moreover, 
compared to Si-O-Si and Al-O-Al chains, P-O-P is much more easily 
hydrated, and phosphate glass typically has a poor water resistance 
[48–50]. Thus, except for the retarding effect during the dormant stage, 
the gradual addition of P2O5 in slag did not change the mineralogy of 
hydration phase assemblage. Similar bound water and portlandite con
tents, hydration degree of slag, pore structure, and chemical composi
tion of hydration phase assemblage, at all investigated ages were 
achieved among cement-slag pastes with different P2O5 contents. 

In the network structure of blast furnace slag, Al3+ is very suitable for 
the substitution of Si4+ and exhibits fourfold coordination to form AlO4 

Fig. 13. Main EDS element mappings (a) P5; and (b) P8 slag pastes after 3 months of curing.  
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tetrahedral. The charge difference between AlO4 and SiO4 tetrahedras is 
balanced by cations in slag, Ca2+ and K+ in principle [51,52]. However, 
it is noticed that fourfold coordinated Al (Al(IV)) was not favored in the 
aluminophosphate glass, while sixfold coordinated Al (Al(VI)) prevailed 
in the glass structure [53,54]. It is well recognized that Al(IV) is 
commonly considered as network former, while Al(V) and Al(VI) as 
network modifiers [55,56]. Under this circumstance, Al was more easily 
dissolved from phosphorus slag and moved into cement matrix, pro
moting the formation of monosulfate and involving in the substitution of 
Si in C-S(A, P)-H gel phase. 

5. Conclusions 

This paper presents the influence of P2O5 incorporated in slag on the 
hydration characteristics of cement-slag system. It was found that the 
gradual addition of phosphorus oxide in slag did not change overall 
mineralogy of the hydration products. The main conclusions drawn were 
as follows:  

• Except hydration retardation in the dormant stage, chemically bound 
water and portlandite contents, hydration degree of slag, and pore 
structure at all investigated ages were similar among cement-slag 
pastes with different P2O5 dosages.  

• Significantly higher amount of monosulfate was observed as the 
P2O5 content in slag increased. In addition, a higher Al/Si atomic 
ratio was measured in the C-S(A)-H gel phase formed in the cement 
matrix. It can be explained that Al(IV) was not favored in the alu
minophosphate glass while Al(VI) prevailed, which was more easily 
hydrated. Thus, more Al can be dissolved from slag particles and 
move into cement matrix.  

• Similar Ca/Si atomic ratio of C-S(A)-H gel phase and Mg/Al atomic 
ratio of hydrotalcite-like phase were determined in all slag pastes, 
irrespective of the addition of P2O5.  

• In contrast to magnesium ion which was retained within the original 
slag boundary, phosphorus ions could migrate into cement matrix. 
The P/Si ratio of C-S-H gel phase was found to increase with the 
increasing phosphorus oxide content in slag, reaching ~0.08 for slag 

Fig. 14. Typical EDS spectra of points (a) inside (Point 1) and (b) outside (Point 2) circles in Fig. 13.  
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P8 paste. At this level, phosphorus should have been incorporated 
into the gel, replacing silicon and forming C-S(A, P)-H gel phase. 

Based on results in the present paper, phosphorus-rich slag seems to 
be suitable for alkali-activated system, where fast setting is an issue. 
Also, the release of phosphorus and incorporation it into C-S-H gel phase 
improve the stability of cement-based materials, thus phosphorus-rich 
slag is beneficial for resisting deteriorations induced by environmental 
factors and improving the durability of cementitious materials. 
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