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Abstract: Magnesium phosphate cement (MPC) is widely used to effectively 
stabilise/solidify heavy-metal-contaminated soils, and leachability is the most 
important parameter for MPC-treated metal-contaminated soil. However, 
various factors in the stabilisation/solidification (S/S) process, such as the metal 
concentration in the soil and the water-to-solid (W/S) ratio of the S/S paste 
treated using MPC, can greatly affect the leaching behaviour of heavy metal in 
S/S monolith. The toxicity characteristic leaching procedure (TCLP) and  
semi-dynamic leaching tests were conducted to investigate the effects of metal 
concentrations and W/S ratios on the leaching behaviours of MPC treated Pb 
contaminated soil. Results showed that the Pb concentration and W/S ratios 
change the leaching behaviours and leaching mechanisms of MPC-treated  
Pb-contaminated soil and the optimum W/S ratio 0.50 was obtained when MPC 
was used to stabilise Pb contaminated soils. 

Keywords: stabilisation/solidification; leaching behaviour; water-to-solid ratio; 
magnesium phosphate cement; MPC. 
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1 Introduction 

Cement is the most widely used binder for stabilisation/solidification (S/S) because of its 
relative convenience and economic advantages (Dermatas and Meng, 2003; Li et al., 
2001) in addition to its promising and stable chemical and physical properties. As the 
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most versatile construction material, the annual production of cement has reached  
2.8 billion metric tons (US Geological Survey, 2010). However, the production of cement 
wastes energy and is harmful to the environment because of the generation of large 
amounts of carbon dioxide during production. Therefore, it is necessary to find an 
economical and environmentally friendly substitute for cement. 

Previous studies demonstrated that magnesium phosphate cement (MPC) (Finch and 
Sharp, 1989; Singh et al., 1997) is one of the most promising candidates for partially 
replacing ordinary cement, especially in the field of rapid repair (El-Jazairi, 1982;  
Sarkar, 1990; Qiao et al., 2010). Moreover, MPC has been used in the disposal of  
heavy-metal-contaminated soil for many years. In the presence of water, an acid-base 
reaction between magnesium oxide and potassium dihydrogen phosphate develops during 
the S/S process in MPC. The main reaction product is hexahydrated magnesium 
potassium phosphate or k-struvite, which constitutes a crystalline matrix that can host 
different wastes (Torras et al., 2011). The reaction is: 

2 4 2 4 2MgO(s) KH PO 5H O MgKPO 6H O(s)i  (1) 

Different amounts of water in the paste will generate different types of minerals. The  
k-struvite will be converted into cattiite [(Mg3(PO4)2 • 22H2O] (Ding et al., 2006) in the 
presence of water, which is more stable and will finally be converted into [Mg3(PO4)2  
• 8H2O] (Kanazawa et al., 1974). Bobierrite has also been observed in magnesium 
potassium phosphate cements (Buj et al., 2009). 

Present studies were focused on the mechanical properties and micro structure 
development of MPCs (Chau et al., 2011; Buj et al., 2009, 2010; Ma et al., 2014; Li and 
Chen, 2013) there is a lack of research on the leaching behaviours of MPC used to treat 
contaminated soil. The leachability is the most important parameter in evaluating the 
effectiveness of S/S. Batch leaching test were conducted to study the leachability of Pb 
and Zn in MPC mix’s (Iyengar and Al-Tabbaa, 2008) and Kogbara et al. (2011) 
conducted series of test pertaining to the performance and batch leaching tests to assess 
the effectiveness of MPC treatment in contaminated land remediation. Besides, most 
research in past years has examined the effectiveness of MPC in treating heavymetal 
contaminated soil using the toxicity characteristic leaching procedure (TCLP) (Wagh  
et al., 1997; Singh, 1998; Wagh et al., 1999). However, the widely used leaching test 
TCLP can only be used to evaluate the leaching rate of S/S waste at a specific time; the 
limitations of the TCLP have been reported by many researchers (Kosson et al., 2002; 
Ghosh et al., 2004). Moreover, little useful information could be obtained from the TCLP 
and batch leaching test to evaluate the long-term effectiveness of MPC-treated waste. The 
semi-dynamic leaching test (ANS 16.1, 1986) has historically been frequently used to 
evaluate the effectiveness and leaching mechanisms of S/S treatments, but some 
important parameters, metal concentration and water to solid ratio of S/S treatment about 
the effectiveness of metal contaminated soil remediation were rarely studied. 

To investigate the leaching behaviour and leaching mechanism of MPC-treated waste, 
Pb-contaminated soil was chosen as the research target. Both the TCLP test and the  
semi-dynamic leaching test were used to evaluate the effectiveness of MPC-treated 
contaminated soil with different original Pb concentrations and different water-to-solid 
(W/S) ratios. The controlling leaching mechanisms of Pb under different conditions were 
also discussed based on the model developed by De Groot and Van der Sloot (1992). 
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2 Materials and methods 

2.1 Materials and specimen preparation 

2.1.1 Preparation of MPC 

The MPC used in this test was obtained by mixing hard burned magnesium oxide with 
potassium dihydrogen phosphate powder at 50% weight (Buj et al., 2009) and the particle 
sizes of the mentioned materials were less than 75 µm. The analytical grade potassium 
dihydrogen phosphate was provided by Chinese Medicine Group Chemical Reagent Co., 
Ltd. The hard burned magnesium oxide used in this paper was supplied by Haicheng 
Dongxu Refractory Material Co., Ltd. The calcination temperature of the magnesium 
oxide was 1,400°C and its physical and chemical properties are shown in Table 1. 
Table 1 Physical and chemical properties of hard burned MgO 

Grade 
number 

MgO/% 
≥ 

SiO2/% 
≤ 

CaO/% 
≤ 

Fe2O3/% 
≤ 

Al2O3/% 
≤ 

Grain size (m) 
≤ 

MS-95 95 2.0 1.6 1.0 1.0 0.075 

2.1.2 Preparation of artificially contaminated soil 

Owing to its high accessibility and relatively low cost, Chinese clay was chosen for use in 
the simulated contaminated soil. The clay utilised in this paper is silty clay and was 
obtained from a subway excavation site in Wuhan City. The basic physical-mechanical 
properties are presented in Table 2, which was obtained according to the ‘standard for 
soil test method’ of China. The light proctor compaction method was used for the 
compaction test. 
Table 2 The basic physical-mechanical properties of tested soil 

Water 
content 

Natural 
density

Specific 
gravity 

Void 
ratio 

Liquid 
limit 

Plastic 
limit 

Optimum 
moisture 
content 

Grain size distribution Maximum 
dry 

density Sand Silt Clay 

20.78% 1.89 
(g/cm3)

2.72 0.74 41.6% 21.8% 19.5% 3.45% 62.27% 34.28% 1.72 
(g/cm3) 

The clay was dried, ground and sieved through a 2-mm screen. Specific amounts of 
Pb(NO3)2 and water were calculated and added to a certain quantity of prepared soil to 
ensure that the Pb concentration in this artificially contaminated soil reached 500, 1,000, 
5,000 and 10,000 mg/kg. Pb(NO3)2 was chosen because nitrate is inert for cement 
hydration. Pb(NO3)2 was mixed with the prepared soil to a concentration of 5,000 mg/kg 
(Cuisinier et al., 2011). Then, deionised water was added to the contaminated soil until 
the water content reached 19.5% which was the optimum water content of the soil. The 
Pb-contaminated soil was mixed evenly and braised for ten days to ensure that the 
reaction between Pb(NO3)2 and clay reached equilibrium. 

2.1.3 Specimen preparation 

To study the factors affecting the effectiveness of MPC-stabilised/solidified contaminated 
soil, contaminated soils with different original Pb concentrations were used to investigate 
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the leaching behaviours of MPC S/S waste as a function of the original Pb concentration. 
To prepare the samples, the calculated MPC, deionised water and prepared artificially 
contaminated soil were mixed and stirred for ten min to achieve homogenous mixture. 
The weight of the MPC was 50% of the dry soil and the W/S ratio was held at 0.50 to 
ensure the good mobility of the slurry. Then, the slurry was transferred into a Φ50 × 50 
mm cylindrical mould and the mould was placed onto a vibrostand whose frequency and 
amplitude were 48 Hz and 0.5 mm, respectively, to obtain satisfactory compaction. The 
prepared specimens were stored in sealed sample bags and cured under standard curing 
conditions (20 ± 2°C, 95% humidity) for seven days. 

When preparing specimens with different W/S ratios, the original Pb concentration in 
soil was 5,000 mg/kg and the MPC remained as 50% the weight of dry soil. The entire 
process was similar to the above-mentioned process, except that different amounts of 
water were added to the mixture to obtain specimens with W/S ratios of 0.40, 0.45, 0.50, 
0.55 and 0.60. These samples were also cured in the same environment for seven days 
prior to the tests. 

2.2 Test methods 

2.2.1 TCLP test 

The TCLP test was conducted in this paper to provide short-term validation of MPC 
treatments according to the USEPA (1992) protocol. Acetic acid solution (0.l M) with a 
pH of 2.88 was used to extract a control sample and MPC-treated samples. The samples 
were extracted at a liquid-to-solid (L/S) ratio of 20 ± 0.2 in capped polypropylene bottles 
in a rotary tumbler operating at 30 ± 0.5 rpm for 18 hours. After the extraction, the final 
pH of the leachate was measured by a DZS-706 multi-parameter analyser immediately 
after the leachate was collected, and then, the leachate was separated from the solids by 
filtration through a 0.45-µm pore size membrane filter. Each test was conducted in 
triplicate and the RSDs were below 5%. The concentration of Pb in the collected leachate 
was measured by an Agilent 7700 ICP-MS. 

2.2.2 Semi-dynamic leaching test 

Acetic acid and sodium hydroxide were used to prepare a leachant with a pH value of 
3.65, which was used to simulate aggressive conditions in the environment and to replace 
distilled water, as noted in ANS 16.1. The prepared samples were placed in a series of 
polyethylene crispers and specific volumes of leachant were added to the crispers. The 
ratio of the leachate volume (V) to the specimen’s surface area (S) was maintained as  
10 ± 0.2 cm. The renewal times were 2 h, 7 h, 1 d, 2 d, 3 d, 4 d, 5 d, 19 d, 47 d and 90 d. 
According to ANS 16.1 (1986), the loose particles at the specimen’s surface were rinsed 
out via immersion in distilled water for 30 s prior to the test. The leachate pH was 
measured by a DZS-706 multi-parameter analyser immediately after the leachate was 
collected. The leachate was filtered by a 0.45-µm pore-size membrane filter before the 
concentration of Pb in the leachate was analysed using an inductively coupled plasma 
mass spectrometer (ICP-MS 7700) made by Agilent Technologies, Inc. A number of 
blanks replicate and spiked samples were prepared with each batch of samples to control 
the accuracy and error. 
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2.3 Parameter calculations 

The ANS 16.1 semi-dynamic leaching test has standardised a Fick’s-law-based 
mathematical diffusion model (ANS 16.1, 1986) for the evaluation of the leaching rate as 
a function of time. In addition, the effective diffusion coefficients De can be calculated as 
(Godbee and Joy, 1974): 

2 2
0

e
/

D
(Δ )
n

n

a A Vπ T
t S

 (2) 

where an is the contaminant loss (mg) during a particular leaching period denoted by the 
subscript n, Ao is the initial amount of contaminant in the specimen (mg), V is the 
specimen volume (cm3), S is the surface area of the specimen (cm2), (Δt)n is the duration 
of the leaching period in seconds and T is the time that elapsed to the middle of the 
leaching period n (sec), where T can be determined as equation (3): 

21/2 1/2
1T 1/ 2 t tn n  (3) 

in which tn is the total leaching time of the leaching period n. 
The leachability index (LX) is defined as equation (4) (Dermatas et al., 2004): 

1

(1/ ) log
n

eLX n D  (4) 

where  =1 cm2/s. 

3 Experimental results and analyses 

3.1 TCLP and pH 

The results of the TCLP tests conducted with different samples are presented in Figure 1 
which shows the Pb concentration and pH of the leachate as a function of the original Pb 
concentration and W/S ratio. In a first step, samples with a W/S ratio of 0.50 with 
different original Pb concentrations were analysed. Figure 1(a) vividly demonstrates that 
the leachate Pb concentration increased with increasing original Pb concentration in the 
contaminated soil, whereas the leachate pH decreased. This phenomenon could be 
attributed to the increasing amount of mobile Pb in the MPC-stabilised soil with 
increasing original Pb concentration. Moreover, the substantially increased amount of Pb 
in the matrix and pore solution made Pb leach out more easily, leading to the increasing 
Pb concentration in the leachate. The decreased leachate pH was a result of the hydrolysis 
reaction of Pb in the leachate; H+ is released during the hydrolysis reaction process. The 
higher the Pb concentration existed in the leachate, the greater the amount of H+ would 
release, leading to a decreased leachate pH. 

Second, samples with an original Pb concentration in contaminated soil of  
5,000 mg/kg under different W/S ratios were analysed. Figure 1(b) presents the variations 
in leachate Pb concentration and pH with different W/S ratios. Clearly, the leachate pH  
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values decreased with increasing W/S ratio, whereas the Pb concentration in the leachate 
increased. Similar to a previous study (Buj et al., 2010), a higher W/S ratio of the paste 
resulted in a lower pH and higher Pb concentration. This phenomenon could be attributed 
to the increasing amount of bobierrite Mg3(PO4)2 • 8H2O generated in the water-abundant 
environment (Buj et al., 2010). Therefore, less k-struvite would result in a higher W/S 
ratio of the paste, leading to the increasing leaching concentration of Pb. 

Figure 1 Pb concentration and pH of TCLP leachate under different conditions, (a) different 
original Pb concentrations (b) different W/S ratios (see online version for colours) 
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3.2 Cumulative release of Pb (Bt) 

The results concerning the cumulative releases of Pb (Bt) for samples with different 
original Pb concentrations are shown in Figure 2(a). The Bt values were 35.60, 37.10, 
65.46 and 83.40 mg/m2 for the samples with original Pb concentrations of 500, 1,000, 
5,000 and 10,000 mg/kg, respectively. As expected, the cumulative release increases with 
increasing original Pb concentration in the contaminated soil. The increasing 
concentration in the matrix increased the concentration gradient between the sample and 
the leachate, which increased the leaching rate of Pb and ultimately increased the 
cumulative leached amount of Pb. In particular, noted that the cumulative release of Pb 
did not increase proportionally with the original Pb concentration of the soil. For 
example, when the original Pb concentration of the samples was increased 20 fold, 
namely, to 10,000 mg/kg from 500 mg/kg, the cumulative release of Pb only increased 
two fold. 

The ultimate cumulative releases of Pb from samples with different W/S ratios are 
summarised and presented in Figure 2(b). For convenient illustration, note that the Bt 
values were 163.1, 151.90, 65.46, 70.60 and 79.4 mg/m2 for samples with W/S ratios of 
0.40 0.45 0.50 0.55 and 0.65, respectively. In contrast to the variations in the TCLP 
results, the cumulative release of the semi-dynamic leaching test did not increase with 
increasing W/S ratio. In particular, the cumulative release of Pb was the lowest when the 
W/S ratio was 0.50 and the largest released was obtained for a W/S ratio of 0.40. 
Specifically, the long-term (90 days) leaching results showed that the final cumulative 
release of Pb will be obtained at a W/S ratio of 0.5 and both the lower and higher W/S 
ratios produce larger cumulative releases of Pb. In this case, a W/S ratio of 0.5 would be 
the best parameter for MPC treatment of Pb-contaminated soil. Due to the different 
curing times, different leaching behaviours were found in the TCLP and semi-dynamic 
leaching tests; the samples for the TCLP were only cured for seven days, whereas those 
under ANS 16.1 were tested for 90 days. Different curing periods will generate different 
hydration products, changing the leaching behaviour of the MPC-S/S Pb-contaminated 
soil. In accordance with a previous study, Zhen et al. (2014) concluded that the structure 
of MPC-treated soils becomes more compact and the numbers of cracks continue to 
decrease with increased hydration period, indicating that the solidification effect imposed 
by MPC on heavy metals becomes more significant. 

3.3 The effectiveness of MPC 

The effective diffusion coefficient and LX were specified in ANS 16.1 (1986) and the LX 
can be taken as the performance criteria for the utilisation and disposal of S/S-treated 
waste (Environment Canada, 1991). According to Environment Canada (1991), S/S 
products are appropriate for “controlled utilisation if the LX value of the specific waste is 
larger than 9.” When the LX value is between 8 and 9, S/S-treated waste can be disposed 
of in sanitary landfills. In addition, if the S/S wastes have an LX value of lower than 8, 
they are not permitted for disposal. 

The calculated effective diffusion coefficient and LX are presented in Figure 3 and 
the long-term (90 days) effectiveness of MPC-treated contaminated soil was assessed 
under different conditions. First, samples with original Pb concentrations of 5,000 mg/kg 
under different W/S ratios were analysed. Figure 3(a) clearly shows that the LX value 
was the largest, namely, 16.40, for the sample with a W/S ratio of 0.50, meaning that the 



   

 

   

   
 

   

   

 

   

   98 P. Wang et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

mobility of Pb was minimised and MPC treatment most effective when the W/S ratio was 
0.50. Moreover, both increased and decreased W/S ratios can increase the LX value. 
When the W/S ratio was lower than the optimum W/S ratio (0.5), the insufficient reaction 
of the MPC would lead to the enlarging of pores in the samples. Moreover, previous 
studies identified that metals leaching from S/S waste were mainly leaching via diffusion. 
Therefore, the leaching of metal from the samples was determined by not only their 
chemical properties but also their physical properties, such as the inner pore diameter. 
Larger pores would increase the leaching rate of heavy metals, leading to an increase in 
the cumulative amount of leached Pb. In addition, water in the samples was found to be 
sufficient when the W/S ratio increased and Mg3(PO4)2 • 8H2O was generated in the paste 
because the samples contained large amounts of water (Buj et al., 2009). The increasing 
amount of bobierrite caused a decrease in the buffering capacity of the MPC matrix, 
which is why the cumulative leached amount of Pb increased with increased W/S ratio. 

The effects of the metal concentration on the effectiveness of the MPC treatment 
were vividly demonstrated in Figure 3(b), which shows that the LX values increased with 
increasing original metal concentration in the soil; the De values followed the opposite 
trend. Specifically, the mobility of Pb and effectiveness of the MPC treatment decreased 
with increasing metal concentration of the contaminated soil. Compared to the 
cumulative amount of Pb leached during the test, which increased with increasing metal 
concentration, the LX values followed opposite trends. The causes of such phenomenon 
are as follows. The equations show that both LX and the effective diffusion coefficient 
are relative values. For illustration purposes, the parameter an/A0 used to calculate De in 
equation (2) was used to explain this phenomenon. It could be deduced from Figure 2 that 
the contaminant loss during a particular leaching period (an) varied slightly, whereas the 
initial amount of contaminant in the specimen (Ao) varied strongly when the original 
metal concentration increased from 500 mg/kg to 10,000 mg/kg. As a result, the ratio 
an/A0 decreased with increasing Pb concentration in the soil, decreasing De and increasing 
the values of LX. The reason why larger amounts of metal being released  
from high-Pb-concentration sample exhibited a smaller De was possibly because  
high-metal-concentration samples reached leaching equilibrium much faster than did 
samples with low metal concentrations. The authors believe that this may be a defect of 
semi-dynamic leaching tests because the equilibrium time of each sample would be 
different; therefore, the universal leaching intervals in the tests may be deceiving to 
researchers. Thus, further studies on this problem could be conducted. 

3.4 The leaching control mechanisms 

The type of leaching mechanism that controls the release of heavy metals can be 
determined based on the values of the slope of the logarithm of the cumulative fraction 
release, namely, log (Bt), vs. the logarithm of time, namely, log(t), line (De Groot and 
Van der Sloot, 1992). If the slope of the curve is 0.5, the leaching mechanism of metal 
will be diffusion. When the slope is close to 1, the process is defined as dissolution, 
which means that the dissolution of material from the surface proceeds faster than 
diffusion through the pore space of the soil matrix (De Groot and Van der Sloot, 1992). 
Finally, the leaching mechanism is considered as surface wash-off when the slope is close 
to 0. 
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Figure 2 The cumulative fraction leached of Pb (%) from different leachants under different 
conditions, (a) different original Pb concentrations (b) different W/S ratios (see online 
version for colours) 
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Figure 3 Mean De and LX values of different tests, (a) different W/S ratios (b) different original 
Pb concentrations (see online version for colours) 
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Both the NEN 7345 (1995) and ANS 16.1 (1986) were named semi-dynamic leaching 
test or tank leaching test, which were designed based on Fick’s diffusion equation and 
methods to calculate the leaching mechanism pertaining to experiments results were the 
same. ANS 16.1 (1986) did not obtain information about these cases whose slopes were 
not exactly 0, 0.5 and 1.0. Therefore, slope values differ from the specific values 
mentioned above were classified by NEN 7345 (1995). According to NEN 7345 (1995), 
the leaching mechanism of metal was found to be diffusion if the slope values were 



   

 

   

   
 

   

   

 

   

    Factors affecting the leaching behaviours of magnesium phosphate 101    
 

 

    
 
 

   

   
 

   

   

 

   

       
 

between 0.35 and 0.65. All slope and R2 values obtained from regression analyses are 
presented in Table 3, which shows that all the fitting slopes were between 0.30 and 0.39 
and the R2 indicated a highly linear correlation between log(Bt) and log(t) because all the 
values were larger than 0.90. When the original Pb concentration in the contaminated soil 
was constant at 5,000 mg/kg, the variation in the W/S ratio did not change the leaching 
mechanism and the leaching mechanism characterising samples with different W/S ratios 
was found to be diffusion. 
Table 3 Slope values of different leaching mechanisms 

Sample Slope value R2 Leaching mechanism 
MPC-W/S-0.40 0.39 0.9455 Diffusion 
MPC-W/S-0.45 0.36 0.9120 Diffusion 
MPC-W/S-0.50 0.39 0.9404 Diffusion 
MPC-W/S-0.55 0.35 0.9612 Diffusion 
MPC-W/S-0.60 0.36 0.9610 Diffusion 
MPC-Pb-500 0.31 0.9303 Surface wash-off 
MPC-Pb-1,000 0.31 0.9471 Surface wash-off 
MPC-Pb-5,000 0.39 0.9404 Diffusion 
MPC-Pb-10,000 0.34 0.9710 Surface wash-off 

Samples with original Pb concentrations of 5,000 mg/kg in contaminated soil under 
different W/S ratios were analysed. All the controlling leaching mechanisms of Pb from 
the samples with different original Pb concentrations were found to be surface wash-off, 
except in one instance. Only the leaching of Pb from the sample with an original Pb 
concentration of 5,000 mg/kg was found to be controlled by diffusion. Generally, the 
change in the original Pb concentration in the soil would eventually affect the leaching 
mechanism of Pb in MPC-treated monoliths. 

4 Conclusions 

This study investigated the effects of the Pb concentration and W/S ratio on the leaching 
behaviours of MPC-treated Pb-contaminated soils, and the effectiveness of MPC 
treatment under different conditions was evaluated using the TCLP and semi-dynamic 
leaching tests. The main conclusions are as follows: 

1 The leachate Pb concentration measured using the TCLP increased with increasing 
original Pb concentration in the contaminated soil and W/S ratio, whereas the 
leachate pH changed oppositely. 

2 The cumulative amount of Pb leached increased with increasing original Pb 
concentration in the soil. The lowest cumulative leaching amount of Pb was obtained 
when W/S ratio of sample was 0.50. 

3 The LX values increased with higher original metal concentrations. The sample with 
a W/S ratio of 0.50 obtained the largest LX value and 0.50 would be the optimum 
W/S ratio of MPC stabilised Pb contaminated soils. 
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4 The leaching mechanism for all samples under different W/S ratios was found to be 
diffusion; however, different Pb concentrations in the MPC monolith could change 
the leaching mechanism. The controlling leaching mechanism of Pb from the 
samples under different original Pb concentrations was found to be surface wash-off, 
except when the concentration was 5,000 mg/kg, in which case the leaching 
mechanism was found to be diffusion. 
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