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A B S T R A C T   

Copper slag (CS), a by-product of copper smelting, is normally stockpiled, leading to wastes of resource and space 
as well as environment pollution. It has not been massively reutilized as a supplementary cementitious material 
in Portland cement due to its low reactivity. In the present study, CS is for the first time utilized as the base 
component to prepare an iron phosphate cement (IPC) by reacting with ammonium dihydrogen phosphate (ADP) 
at room temperature. The influence of the raw materials mass ratio (CS/ADP) on the microstructure and per
formance of IPC pastes are investigated. It is found that the compressive strength of IPC pastes at all ages is not a 
monotonic function of CS/ADP, and the paste with CS/ADP of 2.0 gives the highest strengths, i.e., 26.8, 38.9 and 
47.5 MPa at 1, 3 and 28 d, respectively. The crystalline phases including FeH2P3O10⋅H2O and FePO4 are formed 
as the main reaction products to bind the unreacted CS particles. The early age hydration of IPC is found to be a 
multi-stage process, involving the initial dissolution of ADP and iron-containing phases of CS, the formation of 
FeH2P3O10⋅H2O, the initial generation of FePO4, and the attainment of the hydration reaction equilibrium. 
Unlike the magnesium phosphate cement, a redox reaction of Fe(II) into Fe(III) occurs due to the suitable range 
of pH and oxidation-reduction potential of the IPC system during the hydration reaction.   

1. Introduction 

Phosphate cements, also called chemically bonded phosphate ce
ramics, were first developed as dental or bone restoration cement ma
terials due to their fast hardening and high early-age strength in the late 
19th century. Over the last several decades, many types of phosphate 
cements have been developed and attracting more and more attention 
because of their performance merits. For example, because of their fast 
setting nature and extremely dense microstructure, these materials have 
been employed for repair and rehabilitation of civil structures [1,2], 
stabilization of toxic matters (e.g., heavy metals) and nuclear waste and 
treatment of wastewater [3–5]. 

Phosphate cements are usually formed by the reactions between an 
acidic phosphate salt (such as that of potassium, ammonium, or 
aluminum or phosphoric acid) and a metal oxide (such as that of mag
nesium, calcium or zinc). Kingery [6] investigated the formation of 
generalized phosphate cement materials by reacting various inorganic 
oxides with phosphoric acid solution, and concluded that metal oxides 
with a weakly basic or amphoteric nature can react with acid phosphates 

or derivatives of phosphoric acid at room temperature to form a glassy 
structure. In the recent two decades, Wagh and his coworkers did 
extensive research works on the reaction mechanisms of three types of 
phosphate cements through solution chemistry and thermodynamics 
[7–9]. Among these phosphate cements, magnesium phosphate cement 
(MPC) was the most widely researched on its performances and prop
erties [10–13], formation mechanism [14–17]. However, its application 
prospect is severely hindered by its high manufacture cost, which is 
caused by the high cost of the used chemical agent graded raw materials 
(MgO and acid phosphate or phosphoric acid) and the high 
energy-consumption of the necessary dead-burnt pretreatment of 
magnesia. Therefore, to extend the application of phosphate cement 
materials, one of the keys is to reduce their cost, say, by finding low-cost, 
alternative base materials. 

It is generally known that iron is one of the most abundant elements, 
by mass percentage, in the earth crust [18]. Regrettably, iron is rarely 
used for the manufacture of phosphate cement, and there is totally very 
limited literature reporting the iron phosphate cement (IPC). In the early 
2000s, Wagh investigated the feasibility of using iron oxides for the 
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preparation of IPC [9]. It was demonstrated that FeO and Fe3O4 can 
directly react with phosphoric acid or acid phosphate solution at room 
temperature to form IPC, while Fe2O3 cannot be directly used to prepare 
IPC by reacting with any phosphate solution due to its low solubility 
even in an acidic solution. Our research group also recently reported the 
feasibility to prepare IPC by using Fe3O4 to react with phosphoric acid 
solution [19]. In recent years, preparing phosphate cements using sili
cate minerals-containing industrial solid wastes has become a new hot 
research topic [20,21], because this not only tackles the environmental 
pollution caused by the solid wastes but also reduces the manufacturing 
cost of phosphate cements. In our previous work, iron silicate-contained 
copper smelting slag was successfully used to prepare a novel acid-base 
cement, ferrous oxalate cement by reacting with oxalic acid [22,23]. It 
was found that the iron compounds contained in copper slag (CS), 
including fayalite and magnetite, can easily react with oxalic acid at 
room temperature. Inspired by this finding, we propose to prepare iron 
phosphate cement using CS (as the iron source) and ammonium dihy
drogen phosphate (ADP, as the acidic phosphate), which can react at 
room temperature. 

CS is an industrial by-product obtained from the copper smelting and 
refining process. It is estimated that about 2.0–3.0 tons of CS are 
generated per ton of copper produced in the smelting process [24]. 
Every year, around 68.7 million tons of CS is discharged into the envi
ronment worldwide, and 20.25 million tons in China [25]. CS contains 
about 40% iron, most of which exists in the forms of fayalite (Fe2SiO4) 
and magnetite (Fe3O4). Unluckily, these forms of iron compounds 
cannot be easily separated from the slag due to their coexistent state and 
lower ferromagnetism [26]. Considering the above, CS is often reutilized 
in the fields of abrasive material, road− base construction, fine and 
coarse aggregate in concrete by only taking advantage of its physical 
characteristic (i.e., high hardness) [27]. But these approaches fail to get 
fully use of its high content of iron and silicon, thus resulting in a huge 
resource waste. Instead, the reutilization of CS for the preparation of IPC 
takes fully account of its physical and chemical properties, and, thus, 
will maximize the values of CS. 

This work aims at developing a new type of phosphate cement, iron 
phosphate cement, by using the iron-rich CS as the only base resource 
instead of supplementary material. For comprehensively characterizing 
the new phosphate cement system, this research is divided into two 
parts: first, experiments are performed on IPC pastes with normal water 
(W) to cement (C) ratio (W/C = 0.13), and the influences of the raw 
materials ratio (CS/ADP) on the compressive strength, hydration heat 
evolution, setting behavior and the formation of hydration product of 
the cured IPC pastes are holistically investigated; then, the diluted 
cement suspension with a W/C of 0.7 was adopted to further research 
the early-age hydration mechanism of IPC by determining the ion (Fe, Si 
and P) concentrations, pH and oxidation-reduction potentials of the 
aqueous and solid phase compositions. 

2. Materials and methods 

2.1. Materials 

The starting raw materials used for the preparation of IPC paste and 
suspension include CS, ammonium dihydrogen phosphate (NH4H2PO4, 
ADP, 99%) and deionized water. CS was supplied by Yunnan Copper Co., 
Ltd, located in Yunnan, China. CS was firstly dried in an oven at 80 ◦C for 
24 h, and then ground in a ball mill (MTW 110, Shanghai Shibang 
Machinery Co., Ltd.) for 3 h. The particle size distribution of CS powder 
was determined using Malvern MASTERSIZER 3000 Analyzer. The mean 
particle size and BET surface area of the CS powder are 8.50 μm and 
1185 m2/kg, respectively. Its chemical compositions were determined 
by X-ray fluorescence (XRF, PW 1400 spectrometer, Philips) analysis are 
given in Table 1. As listed in Table 1, the total amount of iron oxides 
(Fe2O3) and silica (SiO2) accounts for approximate 81% by weight of CS. 
In addition, CS also contains little amount of other metal oxides such as 

magnesium oxide (MgO, 4.99%), aluminum oxide (Al2O3, 3.40%) and 
calcium oxide (CaO, 3.28%). The XRD result shows that the main 
mineralogical phases of CS are mainly composed of fayalite (Fe2SiO4) 
and magnetite (Fe3O4), as well as a certain amount of amorphous phase, 
as shown in Fig. 1. The ADP used was the purity of 99% and provided by 
Fengchuan Chemical Reagent Technology Co., Ltd., Tianjin, China. 

2.2. Mix design and sample preparation 

In this study, IPC pastes and suspension were prepared for the 
research of the mechanical properties and hydration mechanism. The 
mix designs are listed in Table 2. For the IPC paste, a CS/ADP mass ratio 
ranging from 1.0 to 5.0 and the same W/C mass ratio of 0.13 were 
selected for the sample preparation. According to the mix proportions 
listed in Table 2, the dry powders with different CS/ADP mass ratio were 
dry-mixed in a planetary ball mill for 10 min. Subsequently, the 
deionized water was added to the pre-mixed dry powders at W/C ratio of 
0.13 and mixed for another 1 min. Then, the fresh paste mixtures were 
cast into a stainless-steel mould with a dimension of 20 mm × 20 mm ×
20 mm and sealed with plastic sheets. After 3 h, the specimens were 
demolded and cured under ambient conditions (25 ± 1 ◦C and RH 60% 
± 5). In order to evaluate the water stability of IPC pastes, the specimens 
were divided into three group and cured under three different curing 
conditions such as ambient condition (23 ± 2 ◦C and 55 ± 5% RH), 
water curing condition (25 ± 0.5 ◦C, immersed in water) and standard 
curing condition (25 ± 0.5 ◦C and 99% RH) till the day of testing. At 
every testing age, the specimens were taken out to test the compressive 
strength and characterize the microstructure. However, for the IPC 
suspension, the even-mixed dry IPC powder with CS/ADP of 2.0 was 
placed in a sealed beaker and then the deionized water at the W/C of 0.7 
was added in and sealed with a lid. The suspension mixture was me
chanically agitated until the end of test. It is worth noting that we 
counted the starting time when the pre-mixed powder was mixed with 
the deionized water. 

Table 1 
Chemical composition of CS, wt %.  

Fe2O3 SiO2 MgO Al2O3 CaO ZnO SO3 Others 

58.09 22.84 4.99 3.40 3.28 1.67 1.50 4.23  

Fig. 1. XRD pattern of CS.  
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2.3. Test methods 

2.3.1. Setting behavior and compressive strength 
The initial setting time of IPC pastes was determined using a Vicat 

needle apparatus (Jinan Hensgrand Instrument Co., Ltd.) according to 
GB/T 1346-2011. The hydration heat flows and cumulative hydration 
heat of IPC paste was monitored by isothermal conduction calorimetry 
(TAM Air, TA Instruments, USA) at 25 ◦C. The compressive strengths of 
the cured IPC paste specimens were tested on a mechanical compression 
machine (YAW-100D, Jinan Kesheng Machinery Co., Ltd.) with a 
maximum load of 100 kN at a loading rate of 0.5 kN/S. All the tests were 
performed on three parallel specimens, and the arithmetic mean value 
was adopted as the final value for the compressive strength of the 
specimen. 

2.3.2. Suspension analysis 
The suspension analysis involves the pH, oxidation–reduction po

tential (ORP) and ion concentration measurement, and the experimental 
setup is schematically shown in Fig. 2. The pH change of the suspension 
with reaction time was recorded by a pH acidity meter (PHS-3C, INESA). 
ORP was measured by an ORP electrode (ORP-BL, Hangzhou Qiwei 
Instrument Co., LTD), which is a digital electrode with a refillable Ag/ 
AgCl reference and a built-in temperature sensor. Before determining 
the pH and ORP, the suspensions were prepared as stated in Section 2.2. 
The vessel containing the prepared suspension was sealed in order to 
avoid the possible evaporation of water. The data were recorded at 
irregular intervals. 

For the ion concentration determination, in order to timely obtain 
the filtrate of the IPC suspension, a disposable syringe filter assembled 
with a 0.22 μm filter membrane is used to collect and filter the IPC 
suspension (5 mL) at every set reaction time. Each sampling process 
usually spends no longer than 10 s. Then the obtained filtrate was 
immediately acidified with enough nitric acid solution (0.2%, mass 
concentration) to prevent the precipitation reaction between Fe2+ and 

PO4
3− before determining the ion concentrations. Finally, the ion con

centrations were determined by ICP-OES (VISTA-MPX, Agilent, USA). 

2.3.3. Characterization of the solid phase 
For both IPC paste and suspension systems, the solid phase was firstly 

characterized by X-ray diffraction (XRD) to evaluate the evolution of 
mineral phases. The hydration reactions were timely stopped at every 
set time. For IPC suspension, the suspension samples were separated by 
centrifugalization, and the remaining solids were soaked in isopropanol 
for around 1 h to stop the reaction. The final solid phase was obtained 
after filtration using a Buchner funnel and further drying in an oven at 
40 ◦C and then characterized by XRD. For the paste sample, when cured 
for 28 d, the sample was crushed and rinsed with isopropanol to stop the 
reaction, and then filtered under vacuum using a Buchner funnel. The 
solid phase was dried in an oven at 40 ◦C and then ground by hand 
before performing the XRD, thermogravimetry analysis (TG-DTG), 
Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron 
spectroscopy (XPS). 

The XRD analysis was carried out using a Bruker D8 Advance device 
with Cu-Ka radiation (1.5406 Å, 40 kV and 40 mA). The diffraction was 
performed in the 2 θ range of 10 ◦–50◦ with a step size of 0.2◦/min. TG- 
DTG analysis was conducted using a NETZSCH STA 449 F3 device from 
30 to 1000 ◦C at a heating rate of 10 ◦C/min under a flowing nitrogen 
atmosphere. FTIR (Tensor 27 Bruker Optics, Germany) was adopted to 
identify structures on the basis of characterizations of functional groups, 
and the spectra were obtained by a Bruker Tensor 27 spectrometer in the 
wavenumber range of 4000–400 cm− 1 with a resolution of 4 cm− 1. The 
XPS was performed with a Thermo Scientific K-Alphato device to 
determine the composition and chemical state of CS and 28 d-cured 
IP2.0 and IP5.0. Survey spectra (pass energy = 150 eV, step size = 1 eV) 
and high-resolution spectra of C 1s, O 1s, Si 2p, Fe 2p and P 2p (pass 
energy = 50 eV, step size = 0.1 eV) were collected on a spot size of 400 
μm. The morphology of the 28 d-cured IP2.0 and IP5.0 was character
ized by scanning electron microscopy/energy-dispersive X-ray spec
troscopy (SEM-EDS) and backscattered electron (BSE, Zeiss Sigma 300). 
For BSE imaging, the paste sample was firstly polished slightly using 
argon ion polishing (Leica EM TIC 3X) to improve the flatness of the 
surface, and then dried and vacuum impregnated with low viscosity 
epoxy resin to solidify the internal microstructure. 

3. Results and discussion 

3.1. Physical performance and setting behavior of IPC pastes 

3.1.1. Compressive strength 
The influence of the CS/ADP mass ratio on the strength development 

of the IPC pastes was investigated, as shown in Fig. 3. The raw materials 

Table 2 
Mix proportions and the initial setting time of IPC pastes and suspension.  

Sample CS/ADP (mass ratio) W/C (mass ratio) Setting time (min) 

IP1.0 1.0 0.13 2.5 
IP1.5 1.5 0.13 3.0 
IP2.0 2.0 0.13 4.0 
IP2.5 2.5 0.13 4.5 
IP3.0 3.0 0.13 4.8 
IP3.5 3.5 0.13 5.5 
IP4.0 4.0 0.13 5.8 
IP5.0 5.0 0.13 6.5 
IP2.0S 2.0 0.70 –  

Fig. 2. Experimental setup for the suspension preparation, sampling and determination.  

Y. Luo et al.                                                                                                                                                                                                                                      
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ratio had a significant effect on the compressive strength of the IPC 
pastes. The compressive strength firstly increased, and then decreased 
with the CS/ADP mass ratio increasing from 1.0 to 5.0. When CS/ADP 
mass ratio was 2.0, the compressive strengths at all curing ages reached 
the maximum values, which were 10.9, 26.8, 38.9, 39.0 and 47.5 MPa at 
3 h, 1, 3, 7 and 28 d, respectively. The early compressive strength of IPC 
prepared by CS was higher than that prepared by Fe3O4 [19]. Low 
CS/ADP means that excessive amount of ADP remains unreacted in the 
IPC paste specimen (IP1.0) and absorbs moisture from the environment, 
forming high porosity in the microstructure of IPC paste specimen, thus 
resulting the lower compressive strength. This phenomenon of optimal 
precursor ratio has been widely found and explained by a three-limit 
theory [11,28]. It can also be found that the compressive strengths for 
all specimens keep increasing with the extension of curing age from 7 to 
28 d. The compressive strengths for the IPC with lower CS/ADP 
(1.0–2.0) increase more greatly than those with higher CS/ADP 
(2.5–5.0). The sufficient amount of ADP in the IPC pastes can still react 
with the iron compounds contained in CS to form more hydration 
products at later age in the IPC pastes with lower CS/ADP mass ratio. 

Water stability is always a matter of concern for the wide application 
of phosphate cement materials [29]. Therefore, we evaluated its water 
stability performance by using strength retention coefficient, which is 
defined by the ratio of 28 days compressive strength of the specimen 
cured under water condition or standard curing condition to that cured 

under the ambient condition. The result is shown in Fig. 4. It can be seen 
that the cured condition has great influences on the compressive 
strength of IPC pastes. Comparing to that of IPC pastes cured at ambient 
condition, the 28 days compressive strength presented a decline of 
different degree under standard curing condition and water curing 
condition. The strength retention coefficient is also dependent on the 
CS/ADP ratio. When the CS/ADP is at higher level (no less than 3.0), the 
prepared IPC paste has better water stability, and the strength retention 
coefficient is up to 0.918 under water curing condition. The mechanism 
of physical property degradation will be detailly discussed in our next 
submitted manuscript. 

3.1.2. Hydration heat evolution and setting behavior of IPC 
The isothermal heat rate and cumulative heat of the IPC paste with 

different CS/ADP ratios are shown in Fig. 5. Due to the rapid hydration 
process of IPC paste, we only measured the isothermal heat rate within 
55 h was measured. As seen from Fig. 5a, an endothermic heat event is 
observed during the first few minutes for all IPC pastes due to the 
dissolution of ADP in water and the ionization of H2PO4

− (Eq. (1)− (2)). 

NH4H2PO4 → NH4
++H2PO4

− ​ ΔH = 3.88 kJ mol− 1 (1)  

Fig. 3. Influence of CS/ADP mass ratio on the compressive strength of 
IPC pastes. 

Fig. 4. The compressive strength (28 days) and strength retention coefficient of 
IPC pasts with different CS/ADP cured under different conditions. 

Fig. 5. Effect of the CS/ADP ratio on the hydration heat evolution of IPC pastes. 
(a) hydration heat evolution rate; (b) cumulative hydration heat. 
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H2PO4
− → H+ + HPO4

2− ΔH = 0.99 kJ mol− 1 (2) 

It is interesting to find that the endothermic effect of IP5.0 is higher 
than that of IP1.0 and IP2.0, which apparently inconsistent with the 
expectation that the lower CS/ADP, the higher endothermic heat 
amount. The above result can be addressed from the following aspects: 
(1) the incomplete dissolution of ADP in IP1.0 due to equal solid to water 
ratio for all IPC pastes, proved by the XRD results of the cured IPC pastes; 
(2) the slower hydration for IPC paste with higher CS/ADP mass ratio 
according to Table 2 (initial setting time: IP5.0, 6.5 min; IP2.0, 4 min; 
IP1.0, 2.5 min), there may be some overlap between the endothermic 
process and subsequent exothermic process for IP1.0 and IP2.0. 

The dissolution of ADP and its ionization in water can provide acidic 
environment for the IPC paste [30], which facilitates the dissolution of 
iron oxide and metal silicates contained in CS in water (Eq. (3)− (4)). 
Their reaction enthalpy data indicate that these dissolution reactions are 
exothermic. Hence, a distinct exothermic peak can be detected on the 
heat evolution curves. Moreover, the dissolution of ADP and metal sil
icates generates large amount of phosphate (HPO4

2− , HPO4
− , PO4

3− ) and 
metal ions (Fe2+), both of which can combine to form the precipitations 
as the binding phase (i.e. Fe3(PO4)2, FeHPO4, Fe(H2PO4)2) [31]. The 
precipitation reactions can also make some contribution to the 
exothermic peak. 

Fe3O4+2H+ → Fe2++Fe2O3+H2O ΔH = − 19.3 kJ mol− 1 (3)  

Fe2SiO4+4H+ → 2Fe2++H4SiO4 ΔH = − 39.9 kJ mol− 1 (4) 

As displayed in Fig. 5b, IP5.0 has the lowest cumulative heat due to 
its low content of ADP. But the almost same cumulative heat is obtained 
for IP1.0 and IP2.0, despite the higher content of ADP of IP1.0 than 
IP2.0. As stated above, excess ADP keeps unreacted in IP1.0 within the 
measured stage (55 h), and cannot contribute to the cumulative heat 
release. It is worth noting that the heat release for IP1.0 doesn’t reach its 
balance at 55 h. The undissolved ADP can still slowly dissolve and react 
with CS during the later age. This result is consistent with the strength 
evolution of IPC pastes shown in Fig. 3. 

3.2. Characterization of the 28 d-hydrated IPC pastes 

3.2.1. XRD 
Fig. 6 shows the XRD patterns of the 28 d-hydrated IPC pastes with 

different CS/ADP mass ratios. As demonstrated in the figure, iron 
dihydrogen triphosphate hydrate (IDTH, FeH2P3O10⋅H2O, PDF# 
30− 0652) can be identified as the main reaction product, which is 
detected at the 2θ of 14.7◦, 20.5◦ and 29.6◦. It was different from the 
main IPC binder prepared with Fe3O4，which was main amorphous iron 
phosphate phase [19]. With the decrease of CS/ADP mass ratio, the 
intensity of its strongest characteristic peak at the 2θ of 14.7◦ rose 
sharply, indicating the formation of more hydration product. Beside 
IDTH, small amount of iron phosphate (FePO4) was formed at low 
CS/ADP mass ratios, attributed to the reaction between ADP and the 
magnetite (Fe3O4), which usually dissolves at relative highly acidic 
environment. It is worth mentioning that there is a considerable amount 
of (NH4)4H2P4O13 formed during the hydration reaction of IPC. Unlike 
magnesium phosphate cement (MPC) [32], ammonium ion can be 
incorporated into the crystal lattice of magnesium phosphate salt to 
form the struvite as the main hydration product for MPC or released as 
ammonia due to the high pH value of MPC system. For IPC, the released 
ammonia can be absorbed by the acidic environment of IPC paste and 
combine with ADP to generate new ammonium phosphate. In addition, 
the XRD patterns clearly displayed that part of fayalite and magnetite 
were not involved in the hydration reaction of IPC; this unreacted CS 
particles could be one source (as the secondary phase) of the mechanical 
properties of IPC paste [33]. Finally, when CS/ADP mass ratio was 1.0, 
the presence of residual ADP is very clear. According to Ma et al. [15], 
the compressive strength of MPC is not determined by a single factor, 
nor by the amount of hydration products, but by the ratio of MgO, 
phosphate and water, or by the volume ratio of hydration products in 
space. Therefore, despite the formation of more hydration product for 
IP1.0, the existence of unreacted ADP and the loss of the secondary 
phase (unreacted particles) may lead to the lower strength of the IPC 
paste, which is consistent with the results of Fig. 3. 

3.2.2. TG-DTG 
Fig. 7 presents the TG-DTG curves of CS and the 28 d-hydrated IPC 

pastes with different CS/ADP mass ratios. As shown in Fig. 7, the weight 
of CS almost keeps unchanged in the measured temperature range of 
25–1000 ◦C, and no water loss and gas emission occur during the heating 
process. For IPC pastes, an obvious weight loss peak can be observed at 
about 85.6 ◦C in the DTG curves, and attributed to the dehydration of the 
hydration product FeH2P3O10⋅H2O. It can be seen that the maximum 
weight loss rate increases with the decrease of CS/ADP mass ratio, 
indicating that the higher reaction degree of CS in the IPC pastes with 
lower raw material ratio. It can also be observed from TG curves, the 
weight losses between 85.6 ◦C and 105 ◦C are 3.18%, 2.39%, 1.41%, 
1.08%, and 0.93% for IP1.0, IP2.0, IP3.0, IP4.0 and IP5.0, respectively. 
Additionally, a minor peak appears at about 199.6 ◦C only in the DTG 
curve of IP1.0, and can be associated with the thermal decomposition of 
the excess ADP existed in IP1.0 [34]. Then, the slight weight loss 
occurred at high temperature can be corresponding to the decomposi
tion of (NH4)4H2P4O13. 

3.2.3. FTIR 
Fig. 8 depicts the collected FTIR spectra of CS powder and IPC pastes 

with different CS/ADP ratio hydrated for 28 days. For CS, four main 
vibrations centered at 476, 563, 867 and 962 cm− 1 were identified, 
among which the bands around 476 and 563 cm− 1 represent the ν4 
stretching vibration of Fe–Si–O, and the bands at 867 and 962 cm− 1 are 
corresponding to the ν3 stretching vibration of Fe–Si–O [35,36]. A broad 
absorption band appeared at 3376 cm− 1 is attributed to the vibration of 
O–H bond. After reaction with ADP, the peak intensity of the bands at 
476 and 867 cm− 1 distinctly weaken, and even the band at 962 cm− 1 

disappears, suggesting the part consumption of fayalite during the 
Fig. 6. XRD patterns of the 28 d-cured IPC pastes with different CS/ADP 
mass ratios. 

Y. Luo et al.                                                                                                                                                                                                                                      



Cement and Concrete Composites 133 (2022) 104653

6

hydration reaction of IPC paste. Meanwhile, the band at 563 cm− 1 shifts 
to the lower position of 545 cm− 1, and the peak intensity increase with 
the decrease of CS/ADP ratio, indicating the formation of amorphous 
H4SiO4 through the reaction between fayalite and ADP [37]. The band 
appeared at 1292 cm− 1 shows the presence of PO4

3− in the hydrated IPC 
pastes, while, the peaks at 1100–1050 cm− 1 are attributed to the 
stretching vibration of P–O–P [38], and the lower CS/ADP, the higher 
peak intensity. The bands at 1459 and 3187 cm− 1 can be assigned to the 
N–H stretching vibration, confirming the formation of (NH4)4H2P4O13 
[39]. 

3.2.4. XPS 
The results of XPS analysis for CS and the 28 d-hydrated IP2.0 and 

IP5.0 are shown in Fig. 9, and the surface elemental composition of the 
samples obtained from the spectra is presented in Table 3. As shown in 
Fig. 9a, O 1s, Fe 2p, and Si 2p signals can be observed at 527–536 eV, 
705–735 eV, and 101–106 eV for CS, IP2.0 and IP5.0 samples, respec
tively. A distinct P 2p signal peak appears at 148 eV for IP2.0 and IP5.0, 
and its intensity increases with the decrease of CS/ADP ratio. The 
deconvoluted spectra of Fe 2p, O 1s, Si 2p and P 2p for CS, IP2.0 and 
IP5.0 are compiled in Fig. 9b, c, d, and e. 

According to Fig. 9b, the Fe 2p spectrum of CS illustrates the pres
ence of Fe 2p3/2 (710.58 eV) and Fe 2p1/2 (724.8 eV), while for IP5.0 and 
IP2.0, the peaks corresponded to Fe 2p3/2 and Fe 2p1/2 shift toward 
higher binding energy, and the maximum shifts of binding energy value 
were 1.42 eV of Fe 2p3/2 and 0.7 eV of Fe 2p1/2 for IP2.0. The energy 
shift between CS and the hydrated IPC paste may be caused by the 
decrease of the electron density in the relevant atom [40] and the rise of 
Fe valence state. The spectra could be decomposed into four peaks 
including one Fe3+ peak, one Fe2+ peak and two satellite peaks. The 
percentage of different valence states of Fe was determined by calcu
lating the peak areas and the result was listed in Table 3. The percentage 
of Fe3+ in IPC paste increased by almost 100% in comparison with that 
in CS, indicating that the happening of the oxidation of Fe2+ during the 
hydration reaction [41]. It can also be found that the percentage of Fe3+

rises with the decrease of CS/ADP ratio, suggesting the higher reaction 
degree of fayalite at the lower CS/ADP ratio, as proved by the XRD 
result. 

Fig. 9c shows the deconvoluted O 1s spectra of CS, IP2.0 and IP5.0. 
The fitting peaks of CS spectrum appeared at the binding energy of 529.9 
and 530.9 eV can be associated with the oxygen atoms forming the Fe–O 
and Si–O bonds due to the species such as Fe3O4 and Fe2SiO4 contained 
in CS. For IP5.0 and IP2.0, the O 1s peak can be deconvoluted into three 
peaks, among which a peak ascribed to P–O bond appears at around 
532.8 eV due to the formation of phosphate phase in IPC paste. As shown 
from the high-resolution Si 2p spectra (Fig. 9d), the only one peak 
appeared at 102.3 eV for CS confirms the single Si coordination envi
ronment originated from silicates in CS. While the Si 2p spectra of IP5.0 
and IP2.0 could be deconvoluted into two components. As proved by 
FTIR, the newly appeared peak at 103.2 eV can be assigned to the 

Fig. 7. TG-DTG curves of CS and IPC pastes hydrated for 28 d.  

Fig. 8. FTIR spectra of CS and the hydrated IPC pastes at the age of 28 d.  
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formation of amorphous H4SiO4, as proved by FTIR. As listed in Table 3, 
the percentage of H4SiO4 increases from 41.29% to 54.04% with CS/ 
ADP ratio decrease from 5.0 to 2.0, while the percentage of silicates 
decreases by 12.75%. The high-resolution P 2p spectra of IP5.0 and 
IP2.0 are displayed in Fig. 9e, and the peak can be broken down into two 
components. The first one at lower binding energy (around 133.3 eV) 
can be ascribed to FeH2P3O10⋅H2O. The peak area ratio of FeH2

P3O10⋅H2O of IP 5.0 and IP 2.0 accounts for 62.3% and 66.67%, 
respectively. The second peak at higher binding energy (around 134.3 
eV) may arise due to the formation of iron phosphate and little amount 

of residual ADP in IPC paste. The result echoes the conclusion of XRD. 

3.2.5. Microstructure analysis 
In order to analyze the microstructure and the phase distribution of 

the hydrated IPC pastes, SEM-BSE tests were performed on the 28 d- 
hydrated IP2.0 paste. As shown in Fig. 10a, the polished surface of IP2.0 
paste is composed of three parts including irregular-shaped particles, 
continuous phase and pores. It can be seen that the irregular particles 
show distinctly dark color on the P mapping, suggesting no P element 
existed in the particles. But they are rich in Si, O and Fe elements. It is 
interesting to find that P element is abundant around the particles as a 
continuous phase, indicating the formation of phosphate as binder 
phase. Meanwhile, Si element is also contained in the binder phase 
because the new silicates are formed accompanied by the dissolution of 
fayalite [37]. 

EDS tests were also carried out based on the BSE images (Fig. 10b), as 
listed in Table 4. Many spots were selected to analyze the atomic com
positions of different parts. According to the Si/Fe and P/Fe molar ratio, 
the phase composition can be roughly estimated. The red spots (1–12) 
sampled from the surface of irregular-shaped particles mainly contain 
Fe, O, Si, Mg, Ca, etc., but no any amount of P element, suggesting they 
are unreacted CS particles. The quantitative analysis results show that 
the Si/Fe ratios are higher than the theoretical Si/Fe ratio of fayalite. It 
may be caused by the existence of little amount of forsterite (Mg2SiO4) 
and monticellite (CaMgSiO4) in CS. The blue spots (13–14) selected from 
the continuous phase are composed of Fe, O, Si, P, Mg, Ca, etc. Both of 
them have similarly low P/Fe ratio, which corresponds to the formation 
of FePO4. But spot 14 has much higher Si/Fe ratio than spot 13, ascribed 
to the generation of more amorphous H4SiO4 around spot 14. The green 
spots (15–16) have significantly higher P/Fe ratio than other spots, 
identifying the abundance of phosphate hydration products (FePO4, 
FeH2P3O10⋅H2O) in this area. 

Fig. 10c presents the SEM images of IP2.0 paste hydrated for 28 d. It 
can be seen that the hydrated IP2.0 paste specimen presents a rather 
dense structure. Large amount of pentagonal nut-shaped crystals are 
formed as the binding phase. In combination with the above discussion, 
the crystal might be FeH2P3O10⋅H2O. Moreover, the flocculent gel phase 
is also formed due to the formation of amorphous H4SiO4 as the other 
binder phase. 

3.3. Reaction behavior of CS and ADP at early hydration process 

In order to more accurately investigate the reaction mechanism, the 
evolution of pH, oxidation–reduction potential, ions concentration, and 
the phase composition of IPC suspension (IP2.0S) were further 
researched. 

3.3.1. pH and the oxidation–reduction potential evolution 
The evolution of the pH and ORP of IP2.0S with ongoing hydration is 

illustrated in Fig. 11. The pH of IP2.0S rapidly decreases from 6.9 to 4.5 
during the first 10 s. When the dry premixed raw materials are mixed 
with water, ADP can easily dissolve and be ionized to release certain 
amount of protons, resulting a dramatic drop of pH [42]. Then, the pH 
decreases slowly during the following period of 10 s–100 s, because the 
dissolution of the fayalite begins and consumes some protons, and thus 

Fig. 9. Full XPS spectra (a), and deconvoluted spectra of Fe 2p (b), O 1s (c), Si 
2p (d) and P 2p (e) for CS, IP2.0 and IP5.0. 

Table 3 
Elemental composition and chemical state of the elements of Fe, O, Si and P for CS, IP2.0 and IP5.0.  

Sample Elemental compositions (%) Chemical state of the elements (%) 

Fe 2p O 1s Si 2p P 2p 

C O Si Fe P Fe2+ Fe3+ P–O Si–O Fe–O Si–O Fe–Si–O P–O P–O–P 

CS 28.0 51.5 11.8 8.7 / 64.2 35.8 / 60.0 40.0 / 100.0 / / 
IP5.0 12.2 63.8 6.8 5.2 12.1 37.7 62.3 24.1 48.3 27.7 41.3 58.7 37.7 62.3 
IP2.0 14.6 60.8 4.5 5.6 14.5 32.4 67.6 35.9 41.8 22.4 54.0 46.0 33.3 66.7  
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slows the rate of pH drop. After that, the dissolution of ADP ends, but the 
silicate phase continues to dissolve in the acid environment, resulting a 
slight increase of pH from 4.2 to 4.8 at the stage of 100 s to 3.5 min. 
Finally, the pH keeps stable after a very slight decrease. It may be caused 
by the redox reaction happened in the hydration reaction. Herein, we 
also monitored the evolution of ORP of IP2.0S. The potential continu
ously decreases until the reaction time of around 2.0 min, then slightly 

increases and finally reaches a steady platform. For Fe3+/Fe2+, the po
tential is often inversely proportional to the pH and [Fe2+] of the solu
tion. At the first stage, the evolution of the potential is mainly controlled 
by [Fe2+]; the dissolution of fayalite causes the increase of Fe2+, and 
thus resulting the decrease of the potential. After 3.5 min, the potential 
increases slightly, indicating that part of Fe2+ is oxidized into Fe3+ as the 
hydration products. The mechanism will be detailly discussed at Section 

Fig. 10. Element mapping of BSE image (a), element mass percentage analysis of BSE image (b) and (c) SEM images based on the IP2.0 paste cured at 28 d.  
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3.4. 

3.3.2. Ion concentration evolution 
The evolution of the PO4, Fe and Si concentrations in IP2.0S hydrated 

within 1 h is shown in Fig. 12a, which is zoomed in the range of 0–240 S 
(Fig. 12b). The concentration of PO4 is always higher than that of Fe and 
Si, and it can reach as high as 3925 mM just at 20 s due to the fast 
dissolution of ADP. Then all three ions reach their maximum values at 
around 100 s, but the increasing rate of PO4 concentration is signifi
cantly lower than that of Fe and Si between 20 s and 100 s, indicating 
that the dissolution of fayalite lags behind that of ADP. This can also 
explain the slow decrease rate of pH at this stage (20–100 s). After 100 s, 
the concentrations of Fe and PO4 start to decrease, confirming the 
combination of both them to form iron phosphates as the hydration 
products. The decreasing concentration of Fe and PO4 concentrations 
can be divided into two stages including 100 s–3.5 min and 3.5 min–37 
min. At the former stage, the concentration of Fe decreases more 
moderately than that of PO4, indicating that more PO4 is incorporated in 
the formed hydrates, which tentatively verifies the formation of FeH2

P3O10⋅H2O in this stage. However, both Fe and PO4 concentrations show 
a comparable decrease rate at the latter stage, corresponding to the 
formation of FePO4. Moreover, the concentration of Si shows a generally 
growing tendency within the first 10 min, and then remains stable. 

Between 20 s and 60 s, the concentration of Si always nearly doubles 
that of Fe due to the dissolution of fayalite (Fe2SiO4), revealing that only 
the dissolution of fayalite occurs, while there is no precipitate reaction 
happening at this stage. After 80 s, the ratio of Fe/Si in the suspension 
dramatically decreases below 1, suggesting that part of Fe ion is 
precipitated by PO4 ion to form the hydration product. The existence 
state of Si in the system can be simulated by using Visual Minteq 3.1 
software [43]. As shown in Fig. 12c, the dissolved Si mainly exists in the 
form of H4SiO4 in the pH range of 4.2–4.8. 

3.4. Discussion of the IPC hydration mechanism 

Eh-pH diagrams are the most well-known kinds of stability diagrams 
to predict reactions that produce the dominant species and may occur 
under certain conditions. Hence, it is often used to guide the hydro
metallurgical technology [44], contaminant removal [45] and metal 
passivation [46]. Therefore, the Eh-pH diagram (Fig. 13) for the 
Fe–Si–P–H2O system at 298.15 K was constructed by using the HSC 6.0 
software (a commercial software program, HSC Chemistry, Fairfield, 
USA) to evaluate the dissolution of the main minerals and the formation 
of the hydration products in this paper. 

As shown in Fig. 13, the upper and lower dashed lines represent the 
O2/H2O and H2O/H2 stability boundaries, respectively, meaning that 
H2O can only stably exist in the area between these two dashed lines. It 
should be noted that any species that has some portion of its predomi
nance region within the water stability region is stable with respect to 
water in the overlapping region [47]. The trends and stability region of 
solid species such as Fe2SiO4 and Fe3O4 depicted in Eh-pH diagram are 
in general agreement with the reported work [44]. It can be seen that the 
dissolution boundary of Fe2SiO4 is a vertical line and appears at pH 6.5, 
below which it can dissolve to form Fe2+ ion. The vertical boundary line 
also indicates that the dissolution of Fe2SiO4 is mainly dependent on the 
pH instead of the potential of solution. While for the dissolution of 
Fe3O4, the sloped boundary line running from pH = 5.6 (Eh = − 143.7 
mV) to pH = 6.5 (Eh = − 318.1 mV) illustrates that the dissolution of 
Fe3O4 is dependent on both pH and potential of solution and occurs at 
stronger acidic condition. It means that only a small part of Fe3O4 can 
dissolve in IP2.0S system. Therefore, the dissolution of Fe2SiO4 makes 
the main contribution to provide the iron ions for the formation of hy
dration products. 

In addition, it can be found that the stable domain region of FePO4 
becomes larger with the increase of PO4 concentration, and therefore, 
the oxidation of Fe2+ to Fe3+ is much easier at higher PO4 concentration, 
and the presence of phosphate enhances the oxidation rate of Fe2+. A 
kinetic model of the Fe2+ oxidation enhanced by phosphate was first 

Table 4 
EDS analysis result based on the BSE images (Fig. 10b.).  

Spot Percentage (mass %) Molar ratio Possible substances 

Fe O Si P Mg Ca Al Zn Si/Fe P/Fe 

1 43.9 27.1 18.9 0 1.1 2.8 3.4 0 0.58 
− 0.95 

None Fe2SiO4 

Mg2SiO4 

CaMgSiO4 

2 44.8 27.2 18.9 0 1.1 1.8 3.2 0 
3 50.9 25.5 14.8 0 1.4 2.1 2.7 0 
4 42.1 26.6 19.6 0 1.9 2.6 2.9 1.9 
5 47.9 25.8 15.5 0 1.2 2.8 2.7 1.9 
6 41.1 27.9 19.6 0 1.6 4.1 3.3 0 
7 40.6 26.1 14.8 0 1.6 1.9 2.6 0 
8 43.6 27.2 18.8 0 1.7 3.4 3.1 0 
9 44.3 26.6 17.4 0 1.5 3.5 2.8 1.5 
10 42.3 28.5 19.1 0 1.8 3.4 3.1 0 
11 42 27.8 20.0 0 1.6 3.2 3.1 0 
12 42.6 28.5 15.8 0 1.3 2.4 3.0 1.6 
13 37.8 30.6 13.0 11.4 1.0 2.3 2.5 0 0.68 0.55 Fe2SiO4; H4SiO4 

FePO4 14 25.9 34.3 20.8 7.4 0.7 4.0 4.1 0 1.61 0.52             

15 23.8 42.2 1.6 30.4 1.1 0 0 0 0.134 2.31 FePO4; H4SiO4 

FeH2P3O10⋅H2O 16 18.3 39.1 9.9 29.8 0.6 0.8 0.7 0 1.08 2.95  

Fig. 11. Evolution of pH and oxidation–reduction potential over time 
for IP2.0S. 
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described as Eq. (5) with the rate constant k=4.5 ± 0.3 atm− 1 mol− 2 

L2⋅h− 1 by Cher and Davidson [48]. Due to the exponent on the [H2PO4
− ] 

term in Eq. (5), slight increase of [H2PO4
− ] can bring about a great in

crease of oxidation rate. Tamura (1976) [49] also proposed a model (Eq. 
(6)) to describe the relation between the oxidation rate and ions con
centrations. Different from Eq. (5), the order of [H2PO4

− ] varies with its 
concentration range, when [H2PO4

− ] < 0.1 M, n=1, k=5.02 × 109 M− 3 

s− 1; when [H2PO4
− ] > 0.1 M, n=2, k=5.02 × 1010 M− 4 s− 1. According to 

these two models, the [H2PO4
− ] has a positive effect on the Fe2+ oxida

tion rate. The enhancement of Fe2+ oxidation by phosphate has been 
reported widely, especially the influence of phosphate at lower con
centration level (0–0.18 mM [50], 70 mg/L [51] or P/Fe (0–2) [52], 
0.025–0.5 [53]) on the oxidation rate of Fe2+. For IP2.0S system, the 
theoretical [H2PO4

− ] is close to 4.58 mol/L and conducive to form the 

FePO4 phase as the hydration product according to Eh-pH diagram. The 
formation of FePO4 can be completed through three routes. In route I, as 
represented by the green line in the Eh-pH diagram, under the reductive 
condition with pH below 6.5, Fe2SiO4 dissolves and decomposes into 
Fe2+. After dissolution, FePO4 can be precipitating by promoting the 
redox potential. In route II (yellow line in Fig. 13), small part of Fe3O4 
dissolves, releasing part of Fe2+, and then precipitates as FePO4. More
over, it can be found that there is a short boundary line (Eh = − 143.7 
mV) between the Fe3O4 and FePO4 region, suggesting that Fe3O4 can 
directly transform into FePO4 in the Fe–Si–P–H2O system at an appro
priate condition (route III, blue line in Fig. 12). The transformation can 
occur in this system when the potential of the solution greater than 
− 143.7 mV. It should be noted that the route III can only happen at 
higher [H2PO4

− ] level due to the larger FePO4 predominance region. 
Instead, there is no boundary line between these two phases at lower 
[H2PO4

− ] level, meaning that route III can’t be proceeded to form the 
FePO4 phase. Unfortunately, the species of FeH2P3O10⋅H2O is not 
included in the Eh-pH diagram due to the unavailability of its thermo
dynamic data. 

−
d
[
Fe2+]

dt
= k

[
Fe2+]Po2[H2PO4

− ]
2 (5)  

−
d
[
Fe2+]

dt
= k

[
Fe2+][OH− ][O2][H2PO4

− ]
n (6) 

In order to further investigate the hydration process, the solid phase 
of the IPC suspension was sampled at different reaction time to conduct 
the XRD analysis, as shown in Fig. 14. Then, in combination with the 
results of pH, potential and ions concentration of IP2.0S, the early hy
dration mechanism of IPC can be deduced as the following four stages: 

Stage I (0–100 s): the dissolution of ADP and Fe-containing phases in 
CS 

First, most of ADP quickly dissolves and ionizes in the IPC system at 
0–10 s, leading to the sharp decrease of pH value. Then, between 10 s 
and 100 s, the formed acid environment promotes the start of the 
dissolution of Fe2SiO4 and Fe3O4, among which the former takes 

Fig. 12. (a) the evolution of PO4, Fe and Si concentrations and pH value in IP2.0S system; (b) the zoomed Figure (a) in the range of reaction time of 0–240 s; (c) Ion 
speciation curves of silicic acid (H4SiO4) under different pH condition. 

Fig. 13. Eh− pH diagram for the Fe–Si–P–H2O system at 25 ◦C and the for
mation of FePO4 routes (I− III) of IP2.0S. 
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precedence according to the thermodynamic data (ΔrG◦ (Eq. (4)) =
− 135.60 kJ/mol, ΔrG◦ (Eq. (3)) = − 57.37 kJ/mol, at 298.15 K) and 
Eh− pH diagram. Meanwhile the rest few ADP continues to dissolve. The 
simultaneous dissolution of ADP and fayalite and magnetite brings 
about a slowly decrease of pH value. Their dissolution can be described 
as Eq. (1)− (4). 

Stage II (100 s− 3.5 min): the formation of FeH2P3O10⋅H2O as the 
hydration product 

At this stage, Fe2SiO4 continues to dissolve in the acid environment, 
releasing Fe2+ into the solution. Meanwhile, the concentrations of Fe 
and PO4 ions start to decrease, suggesting the happening of some pre
cipitation reaction of these two ions. As seen from XRD patterns of the 
solid phase in IP2.0S (Fig. 14), the characteristic peaks of FeH2

P3O10⋅H2O are observed for the solid phase hydrated for 3.5 min. This 
result accords closely with the evolution of ions concentrations. The 
formation reaction can be written as Eq. (7), for which a REDOX reaction 
between Fe2+ ion and O2 occurred in the presence of PO4 ion, just 
illustrating the slight increase of the potential in the reaction time range 
of 2.0–3.5 min. Moreover, when both Eqs. (3) and (4) reactions are taken 
together, the increase of pH at this stage is easily accountable. 

2Fe2+ + SiO4
− +6H2PO4

−

+
1
2

O2+3H2O→2FeH2P3O10⋅H2O + H4SiO4+6OH− (7)   

Stage III (3.5–37 min): the new formation of FePO4 as the hydration 
product 

According to Fig. 14b, the intensity of the characteristic peak of 
continues to increase, indicating the ongoing formation of FeH2

P3O10⋅H2O. Meanwhile, FePO4 is newly formed as a hydration product 
at this stage, as shown in Fig. 14. The formation of the crystal leads to a 
decrease of pH due to the consumption of OH− ion for the reaction (see 
Eq. (8)), while the dissolution of Fe2SiO4 and the precipitation of 
FeH2P3O10⋅H2O results an increase of pH. Therefore, the pH evolution is 
determined by all reactions that take place during this stage. According 
to Fig. 11, the pH shows a trend of first decrease and then increase, 
indicating that the hydration process during this stage is initially 
dominated by Eq. (8), and then by Eq. (7). Additionally, according to the 
Eh-pH diagram, the pH and potential don’t reach the conditions for the 
formation of FeOOH, so there is no FeOOH formed in the IPC suspension 
system. Thibault et al. [54] also reported that the presence of phosphate 
could inhibit the formation of FeOOH. 

2Fe2++2H2PO4
− +

1
2

O2+2OH− →2FePO4+3H2O (8)   

Stage Ⅳ (after 37 min): the formation of (NH4)4H2P4O13 and H4SiO4 

After 37 min, small quantity of FeH2P3O10⋅H2O is continuously 
formed according to Eq. (7), leading an increase of pH, also proved by 
the evolution of pH. The decrease of PO4 concentration at this stage 
shown in Fig. 12a is mainly ascribed to the formation of (NH4)4H2P4O13, 
which can be confirmed by the XRD pattern of the solid at 37 min 
(Fig. 14). While the decrease of Si concentration may be attributed to the 
formation of amorphous H4SiO4, which also contributes to the 
improvement of physical property of IPC paste. 

4. Conclusion 

Iron phosphate cement (IPC) was firstly prepared by using high− iron 
copper slag (CS) to react with ammonium dihydrogen phosphate (ADP) 
at room temperature. The influence of CS/ADP on compressive strength 
and hydration behavior of IPC pastes was investigated. In addition, the 
structure and the mineral compositions of the hydrated IPC pastes as 
well as the evolution of ions concentration, pH and oxidation− reduction 
potential (ORP) of the IPC suspension (w/c = 0.7) were investigated to 
understand the underlying hydration mechanism. The following con
clusions were drawn:  

(1) The compressive strength initially increases, and then decreases 
with the CS/ADP mass ratio increasing from 1.0 to 5.0. When CS/ 
ADP is 2.0, the compressive strength could reach 10.85, 26.75, 
38.9, 38.95 and 47.45 MPa at 3 h, 1 d, 3 d, 7 d and 28 d, 
respectively. The initial setting time was short as 4 min.  

(2) The hydration products mainly involve iron dihydrogen 
triphosphate hydrate (FeH2P3O10⋅H2O), Iron (III) phosphate 
(FePO4) and little amount of amorphous phase, all which are 
formed through the reaction between ADP and iron− containing 
phases such as fayalite and magnetite. XPS analysis indicates that 
the percentage of Fe (III) in IPC paste increases by almost 100% in 
comparison with that in CS due to the occurrence of the oxidation 
of Fe (II) during the hydration reaction.  

(3) The XRD analysis results show better consistency between the 
hydration reaction of IPC suspension and paste. By monitoring 
the pH, ORP, and ions concentration of the solution and the solid 
phase of the former paste, it can be concluded that the hydration 
is a multi− stage process, involving the initial dissolution of ADP 

Fig. 14. The XRD patterns of IP 2.0S hydrated for different times, (b) the zoomed XRD patterns at the 2θ range of 14.2◦–15.2◦, (c) the zoomed XRD patterns at the 2θ 
range of 31.0◦–36.5◦. 

Y. Luo et al.                                                                                                                                                                                                                                      



Cement and Concrete Composites 133 (2022) 104653

12

and iron− containing phases in CS (before 100 s), the new for
mation of FeH2P3O10⋅H2O (100 s− 3.5 min), the starting genera
tion of FePO4 (3.5 min− 37 min) and the attainment of the 
hydration reaction equilibrium. 

In this study, CS was firstly used to prepare the iron phosphate 
cement. The development of this technology is of great significance, not 
only enriching the kind of phosphate cements, but also greening the 
preparation of the phosphate cements. The prepared IPC material may 
have quite potential application prospects as an alternative cementitious 
material in pavement and construction repair and the solidification/ 
stabilization of hazardous materials due to its fast setting and high early 
strength. In the future, we will focus on the optimization of the IPC 
preparation and the durability such as water and heat resistant prop
erties of IPC. 
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