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Abstract

To study the changes in hydration products over time during the solidification/stabilization

process of magnesium potassium phosphate cementing material (MKPC) and to reveal the solidification

mechanism of heavy metal elements in MKPC, methods, such as scanning electron microscope-energy

spectrum (SEM-EDS), X ray diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR)

etc., were used to analyze the composition and microstructure of MKPC solidified body products with

different production time, which are further adulterated with heavy metals, such as Zn, Cu, Ni, Cd and

Cr, as well as changes in phases of hydration products. The results showed that the preliminary,

intermediate and the final hydration products were MgHPO4�7H2O, Mg2KH(PO4)2�15H2O and

MgKPO4�6H2O(MKP), respectively on day 7, day 15, day 30, day 45 and day 60 after the curing of the

solidified body, which was adulterated with heavy metals. Based on the analysis of the result of Cu2+

solidification test through FTIR, Mg2+ was replaced by Cu2+ in MKPC hydration products to generate

CuKPO4, and the structure of the original hydration products did not have a crystal lattice change. The

scanning electron microscope image (SEM) showed that cracks and harmful voids in the MKPC

solidified body decreased gradually during the curing period between day 7 and day 60, and the effect

of heavy metal solidification was strengthened. Based on energy spectrum analysis, heavy metal ions

existing in the hydration products and MKPC could be used to solidify heavy metals. It was thus

concluded that MKPC could solidify heavy metals, primarily due to the fact that heavy metals are

capable of replacing Mg2+. Also, they participate in a variety of chemical reactions to generate heavy

metal phosphate, which could react with heavy metal ions and precipitate them. Such sediments

cement and the cemented body can seal partial heavy metal ions, and the combined actions could

further solidify and stabilize heavy metals.
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1. Introduction

In recent years, the economy in China has been

growing rapidly. Also, changing industry structure has

led to the transformation of economic growth pattern

from an extensive one to an intensive pattern. However,

the contradiction between industrial development and

environmental protection has become increasingly fierce,
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and many enterprises lack environmental protection know-

ledge, and the potential damages to the environment are

increased. Industrial pollution incidents also occur fre-

quently across the country. According to relevant statis-

tics, approximately 12,000,000 tons of grain in China are

contaminated by heavy metals each year, which could

lead to a direct economic loss of more than twenty billion

Chinese yuan [1]. Furthermore, heavy metal contamina-

tion incidents in 2009 caused elevated blood lead levels

over four thousand and twenty-five people, which went

beyond the allowable standard of 100 �g/L. Also, ele-

vated blood cadmium levels over one hundred and eighty-

two people exceeded human body’s average tolerable

level of 10 �g/L, and thus triggered 32 mass disorders.

Actually, data regarding a high-level forum on food

safety in China showed that 1/6 of the cultivated land in

China was polluted by heavy metals, with the total area

of such polluted soil as more than 20,000,000 hectares in

2009. With China’s rapid economic growth and subse-

quent improvements in the standard of living, food

safety and ecological sustainability have become very

important issues.

The control of heavy metal pollution incidents via

engineering, biological, chemical and agricultural ap-

proaches is of theoretical and practical significance. As

a mature method for solid waste treatment solidifica-

tion/ stabilization (s/s) has been widely applied. For ex-

ample, s/s has been successfully applied in hazard-free

treatment, radioactive waste recycling practice, the

cleanup of bottom mud in polluted rivers, and the treat-

ment of industrially contaminated soil, as well as haz-

ardous solid waste with heavy metal content [2�5].

Compared with other techniques, the s/s technique is an

efficient approach with wide applicability and satisfac-

tory effect. However, organics could affect solidifica-

tion strength and chemical stability, and further could

cause damage to the solidified body when the wastes

containing organic pollutants are treated with cement

and pozzolanic materials. For this reason, researchers

have strived to develop a new coagulant [6] for the

treatment of organic waste, and to develop new tech-

nologies for effective solidification/stabilization of haz-

ardous heavy metal wastes.

The chemical binding force between waste and co-

agulating agent, or, in other words, the force between

physical absorption of hydration products by coagulat-

ing agent and physical encapsulation of waste by coag-

ulating agent [7�9] has often been demonstrated as the

main curing mechanism of solidification/stabilization

process. The main hydration product of MKPC is

MgKPO4�6H2O (MKP) with potassium phosphate re-

placed to generate magnesium potassium phosphate ce-

ment [10]. Also, after added to the curing agent, chlo-

ride ions could help solidify and generate Friedel’s salt

[11], and the increase of solidification intensity is due

to the fact that chloride ions could react with C3A

within the cement clinker to generate Friedel’s salt [12].

The cementation of hydration products is the main ef-

fect of the cement solidification intensity, with the latter

further affected by the output of the hydration products

in the voids of the solidified body [13]. The curing

mechanism for the combined use of the curing agent

containing chloride ions and cement-like curing agent

is that chloride ions could react with a certain compo-

nent of the cement to generate Friede’s crystal salt

(C3ACaCl2�10H2O) for solidification purpose. By using

electron microscope scanning (SEM), X-ray diffraction

(XRD) and relevant theoretical analysis, Bao et al.

studied the performance and micro-structure of the fly-

ash-flushed-by-seawater binding material adulterated

with chlorine salt [14]. They found that the chlorine salt

would solidify, and the increase of the binding intensity

was mainly due to the fact that the fly-ash-flushed-by-

seawater binding material adulterated with chlorine salt

would solidify and generate Friedel’s salt. However, the

long-term behaviour and definite encapsulation mecha-

nism of solidified bodies under different chemical envi-

ronments have not been fully recognized yet. For exam-

ple, when an encapsulated body is damaged, released

heavy metals might contaminate the environment again

and thus result in unforeseeable negative effects [15].

Overall, the curing mechanisms and solidification pro-

ducts of new-type magnesium phosphate group ce-

menting materials are still in the preliminary research

stage, and the main objective of the current research is

to identify and disclose the causes of the solidifica-

tion/stabilization process of heavy metals by MKPC

based on a combination of analytical investigations and

practical approaches such as SEM-EDS, XRD and

FTIR.
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2. Material and Methods

2.1 Material

1. Dead Burnt Magnesium Oxide

The magnesite used for preparing MKPC in the cur-

rent research was produced by Liaoning Hengren Dong-

fanghong hydropower station magnesite plant. It was ob-

tained by the grinding and high-temperature processing

of magnesite (i.e.,over 1500 �C). The used magnesite

was Class DM-3, and the content of magnesium oxide

was greater than eighty-four percent. The remaining

constituents included Al2O3 (2.3%), SiO2 (9.4%), CaO

(2.6%), MnO (0.1%) and Fe2O3 (1.6%) with an average

grain size of 19.9 �m.

2. Analytical reagents were used for monopotassium

phosphate, borax, zinc nitrate, nickel nitrate, chro-

mic nitrate, cupric nitrate, cadmium nitrate and so on.

2.2 Methods

1. Preparation of magnesium potassium phosphate ce-

ment (KPMC) containing heavy metals

The base mix proportions of MKPC slurry were

nMgO:nMPP = 5:1, mNB:mMgO = 10%, W/C = 0.1, m

MgO:mW = 5:1.

Note: Monopotassium phosphate (MPP), sodium

borate (NB), W-water, C-cement (solid), n:n is molar

ratio, m:m is mass ratio.

The heavy metal was added to the above mixture as

per 1 g/kg, which was then mixed well immediately after

the addition of water, placed in a cement curing box at a

temperature of 20 � 1 �C, and cured for day 7, day 15,

day 30, day 45 and day 60 at humidity conditions (i.e.,

greater than ninety-five percent humidity).

2. SEM-EDS Analysis

The cement specimen at a specific age was adhered

to the copper specimen holder with conductive tape,

which was then placed in the scanning electron micro-

scope after vacuum metallizing process, and the micro-

scopic morphology of the cement hydration products

was observed. An energy spectrometer was used in con-

junction with the scanning electron microscope in order

to analyze the type and content of micro area composi-

tion elements in the magnesium potassium phosphate ce-

ment.

3. XRD Analysis

The X-ray diffractometer was used to analyze the

phase composition of the MKPC sample (tube voltage 40

kV, tube current 100 mA, slit DS = SS = 1�, RS = 0.3 mm,

step length 0.05/step, scanning speed 10/min). Cement

hydrated specimens at various ages were placed into an

agate mortar, levigated, and screened by a square hole

screen with a mesh size of 0.08 mm. They then were

analysed based on X-ray diffraction. The mortar was al-

ways cleaned with dilute acid before and after every

complete grinding process of the specimen.

4. FTIR Analysis

1�2 mg sample and 200 mg dry potassium bromide

crystal (powder) were collected andground into well-

mixed fine powder (particle size of approximately 2 �m)

in an agate mortar, which were then loaded into the

mould and pressed into flakes in an oil press for further

test.

3. Results

3.1 Cu Solidification in MKPC Hydration Product

Phase

To study changes in solidification products of heavy

metals in MKPC, only a heavy metal, copper, was added

to the solidified body. The morphology of the hydration

products was analyzed and observed using SEM-EDS,

and a component analysis was conducted around the

micro areas. In the meantime, 5 graphs representing dif-

ferent hydration ages, namely, day 7, day 15, day 30, day

45 and day 60, were selected for analysis. See Figure 1

for SEM-EDS diagram. See Table 1 for analytical data

on the energy spectrum of hydration product phases.

Copper element was present in the hydration pro-

ducts around the micro areas (graph 1, graph 3 and graph

4) in Figure 1. This indicated that copper element did

exist in hydration products. The MKPC could help solid-

ify heavy metals in the crystal lattice of hydration pro-

ducts, and thus the solidification behavior could be dis-

played. In Table 1, the SEM-EDS enabled the quantita-

tive analysis regarding specific point and region of the

sample. In terms of such analyzed specific point, the cre-

dibility of component analysis was very high, but such

point could not represent other analyzed materials ex-
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cept for the detection of micro zone. The curing time of

samples 1�5 was 7 d, 15 d, 30 d, 45 d and 60 d, respec-

tively. The specific points that were analyzed by SEM-

EDS corresponded to different points that went beyond

curing time, which did not represent the measure result

of identical materials with different curing time, leading

to copper factor in sample 2 and sample 5 in Table 1.

There were 3 points where copper could be detected cop-

per, and these 3 points represent different curing time

points that could be used to help explain some existing

problems. As a result, there is no much improvement in

the experiment.

In Figure 1 graph 1, the acicular crystal is long and

thin. Both Table 1 and graph 1represents the relative pro-

portion of various factors. P could bind with Mg, Cu, K,

Na and other elements to form compound XRD spectro-

gram and quantitative analysis of elements using SEM-

EDS could help ascertain the molecular formula of com-

pound MgHPO4�7H2O, a preliminary hydration product.

In graph 2, there is little crystal¡Awhich might be MgO.

Because the main components of this material consist of

MgO and KH2 PO4, the final product after chemical reac-

tions is MgKPO4�6H2O. According to the relationship

between reactants and products, nMgO:nMPP should be

1:1. In this paper, nMgO:nMPP = 5:1 indicating MgO is

much more excessive. If there is no much crystal ge-

nerated by SEM, it should primarily be MgO instead of

completely hydrated or other raw materials. In graph 3,

on the other hand, the crystal is thicker and bigger than

that of graph1, exhibiting a prismatic shape, with

Mg2KH(PO4)2�15H2O as an intermediate hydration pro-

duct. Graph 4 displays lamellar and MgKPO4�6H2O with
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Figure 1. Different curing periods of MKPC hydration pro-
ducts using SEM-EDS.

Table 1. MKPC hydration products EDS data

graph percentage B K O K Na K Mg K P K K K Cu K Ca K

Wt% 44.98 34.17 0.29 2.23 06.95 11.27 0.111

At% 60.17 30.89 0.18 1.33 03.25 04.17 0.03

Wt% 53.62 23.84 0.09 3.07 07.16 12.222

At% 69.62 20.92 0.06 1.77 03.25 04.39

Wt% 30.20 41.75 0.41 2.65 11.22 13.68 0.093

At% 44.75 41.79 0.29 1.74 05.80 05.60 0.02

Wt% 37.32 32.79 0.53 5.90 08.66 14.03 0.17 0.614

At% 53.74 31.91 0.36 3.78 04.35 05.58 0.04 0.24

Wt% 50.04 30.13 0.32 2.32 06.42 10.765

At% 65.16 26.51 0.20 1.35 02.92 03.87



a higher content of copper element in comparison with

previous hydration products. Based on the content of

Cu2+ during the hydration product phase in Figure 1 and

Table 1, Cu2+ must have been well solidified during the

preliminary and intermediate hydration product phases.

3.2 Analysis of Solid Phase Composition During

the MKPC Hydration Process

Cu, Zn, Ni, Cd and Cr were added. Figure 2 repre-

sents the XRD graph of the solidified body during dif-

ferent hydration stages.

In Figure 2, characteristic peaks of MgHPO4�7H2O

and Mg2KH(PO4)2�15H2O were present in XRD, and the

peak value of MgHPO4�7H2O was higher than the peak

value of Mg2KH(PO4)2�15H2O when MKPC hydration

stage reached day 7, which indicated that MgHPO4�

7H2O was the primary product [16,17]. When the hy-

dration stagereached day 15, the peak of MgHPO4�7H2O

disappeared completely, whereas only the peak of

Mg2KH(PO4)2�15H2O existed. In the meantime, a small

peak of MKP appeared, although the peak value of

Mg2KH(PO4)2�15H2O started to decrease gradually until

it completely disappeared after day 30. On day 30, sig-

nificant MKP characteristic peak appeared, which indi-

cated that the main MKPC hydration product was MKP,

and both MgHPO4�7H2O and Mg2KH(PO4)2�15H2O had

been hydrated and transformed into MKP. When the hy-

dration stage reached day 45, the number of MKP hy-

dration products increased somehow, and MKPC was

continuously hydrated. On day 60, the peak value of

MKP was very high, indicating that the dominant final

hydration product was MKP.

3.3 Changes in Microcosmic Morphology During

MKPC Hydration Process

The SEM image of the solidified MKPC body, which

was adulterated with the addition of Cu, Zn, Ni, Cd and

Crafter the curing process (Figure 3).

It can be seen from Figure 3 that a number of acicular

crystals exist in the sample on day 7 after curing the in-

tersect and overlap. Also, a number of prismatic crystals

could disperse around the whole areas in the sample on

day 15 after the curing process, with the hydration crys-

tals grown up and connected. In the meantime, a certain

quantity of acicular crystals could still be observed, and a

number of cracks and defects could be found among
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crystals. The crystal substance became lamellar and a

number of crystals aggregated on day 30 after the curing

process. After day 45, however, the crystals cemented to-

gether, and the number of voids decreased, leading to

compact structure over time. The hydration products of

the specimen were connected together and distributed

uniformly. By contrast, the crystals grew larger and be-

came more complete on day 60 after the curing process.

3.4 Structural Analysis of MKPC Hydration Products

The infrared spectrograms for MKPC solidified body

adulterated with the addition of Cu, Zn, Ni, Cd and Cr

after curing for day 45 and day 60 (Figures 4 and 5).

Based on the contrast between the one with a 45-day

curing period and the blank sample, the peak shapes

were basically the same. Also, the intensity of the ab-

sorption band changed somewhat, although it was still

equal to the blank sample, and there was no any new

band generated. It could be seen from the results that the

absorption peaks were more likely to be displaced after

the reactions between MKPC and heavy metals, indicat-

ing that a coordination reaction had occurred (i.e., be-

tween Mg-O and MKPC). Also, heavy metal ions, as

well as a stable complex, have been generated.

Taking the infrared spectrogram of the solidified

body cured for day 60, an analysis was conducted with

the structural radicals corresponding to various bands as

shown in Figure 5. The corresponding peak of 3400 cm-1

was very sharp (located at 3645�3300 cm-1) and thus

represented the stretching absorption band of hydroxide

radicals found in the crystal water. The corresponding

peak of 1320�1105 cm-1 was the stretching vibration

band of P-O. The corresponding peak of 559 cm-1 was

the absorption band of Mg-O bond. We ascertained the

molecule formula of the final product MgKPO4�6H2O

using infrared spectrum analysis, combining the known

material proportioning, and checked a multi-spectrum

retrieval technique [18,19].

4. Discussion

4.1 Effects of Curing Time on the Solidification of

Heavy Metals

It can be seen from the SEM image shown in Figure

1 that the morphology of MKPC hydration products

evolves from initial acicular to prismatic and finally into

lamellar. In the meantime, the structure becomes more

compact and the number of cracks keeps decreasing with

prolonged hydration period, indicating that the solidifi-

cation effect imposed by MKPC on heavy metals be-

comes more significant, and a stable substance is gener-

ated accompanying such prolonged period. The diffrac-

tion peak of MgO in the XRD spectrogram of MKPC

(Figure 2) is very strong, indicating that the cement hy-

dration is initially incomplete. However, with prolonged

hydration period, MKP is generated with such high

amount of crystalline phase. Also, the intensity of the

diffraction peak increases with the prolonged curing

time to some extent, indicating that the crystals of the

hydration phase would keep increasing with prolonged

curing time. It can be seen from the spectrogram that

with curing time between day 7 and day 60 (Figure 2),

the MKPC hydration product is acicular MgHPO4�7H2O

at the early stage, prismatic Mg2KH(PO4)2�15H2O at the
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Figure 4. Curing 45 day and blank infrared spectrogram. Figure 5. Curing 60 day MKPC infrared spectrogram.



intermediate stage and the final stable lamellar hydration

product is MgKPO4�6H2O. The evolution process of the

products is also a process where the solidified body tends

to become stable with increasing intensity. The intensity

of the main diffraction peak of MgO decreases signifi-

cantly, indicating that the hydration of MgO takes place

gradually, and more MKP crystals would be generated

with prolonged curing time. As a result, the solidifica-

tion effect on heavy metals becomes stronger with a pro-

longed curing time. For example, based on SEM-EDS

analysis on the separately solidified Cu body in Table 1,

Cu2+ exists in the hydration product, which indicates that

the crystal substance of copper is generated, and the so-

lidification effect on Cu2+ is imposed by MKPC. As a re-

sult, Cu2+ tends to become concentrated during the pre-

liminary and intermediate phases of the hydration pro-

duct. In addition, based on the XRD analysis, CuKPO4�

6H2O is generated, and other heavy metals could also

generate crystals containing 6H2O, and such heavy me-

tals could also be solidified just as Cu2+. Evidently, the

prolongation of the curing time is significant in increas-

ing the strength of the solidified body and enhancing the

solidification effect on heavy metals.

4.2 The Analysis of Curing Mechanism

Present studies generally consider that the main me-

chanisms of waste solidification/stabilization by MKPC

stabilization technology include the chemical binding

forces between waste and coagulating agents, physical

absorption of hydration products by coagulating agents,

and physical encapsulation of waste by coagulating

agents [7,15,16]. Heavy metal ions may be solidified in

the hydration products by means of adsorption, co-exis-

tence and the chemical replacement of interlayer posi-

tions among others. Rao et al. have shown that pollution

elements are often converted into relevant phosphates

with low solubility through chemical reactions in order

to solidify and stabilize such pollution elements [12].

Singh et al. have found that heavy metals might be fur-

ther encapsulated into the substrate of magnesium potas-

sium phosphate cement after heavy metal phosphate

with low solubility is generated [17]. Even for the same

heavy metal element, the solubility of its phosphate pro-

duct is generally lower than that of its hydroxide [18].

Compared with hydroxide, phosphate can adapt to a

wider range of pH, and thus becomes more stable after

the solidification process. The formed magnesium phos-

phate substrate eventually becomes stable in the ambient

environment. Magnesium potassium phosphate might

further prevent the leaching of the contaminants in the

solidified body after the heavy metal is encapsulated,

with its solubility as solely 2.4 � 10-11.

The confidence level of the acquired results is low,

partly due to the limitation of the test method. Although

some studies have studied the mechanism of solidification

effect on heavy metals imposed by phosphate base ce-

menting materials, definite encapsulation mechanism and

clear understanding of the long-term behavior of the so-

lidified body in different chemical environments remains

insufficient, let alone the encapsulation mechanism. Haz-

ardous components will re-enter the environment and

cause unforeseeable effects when the encapsulation body

ruptures. Therefore, it is necessary to further discuss ef-

fective detection or test methods, and explore the curing

mechanism of heavy metal ions in the solidified body.

Based on an analysis of Figures 1 and 2, the pre-

liminary MKPC hydration product is acicular MgHPO4�

7H2O, the intermediate MKPC hydration product is pris-

matic Mg2KH(PO4)2�15H2O, and the final MKPC hydra-

tion product is lamellar MgKPO4�6H2O. It can be seen

from the morphological changes that the structure of the

solidified body becomes more compact, and the cracks di-

minish with prolonged curing time. In addition, after dis-

solution of monopotassium phosphate, MgHPO4�7H2O is

first precipitated and then changed into Mg2KH(PO4)2�

15H2O until eventually it becomes MgKPO4�6H2O at the

final stage of the reaction process. Based on the analysis

on Table 1, a coordination reaction occurs between

MKPC Mg-O and Cu2+, and a stable complex CuKPO4�

6H2O is generated. It is thus evident that other heavy

metals could generate stable phosphate crystals contain-

ing six water molecules, and thusenable solidification and

stabilization of heavy metals the same way as Cu does.

Based on the above analysis, the mechanism of so-

lidification on heavy metals imposed by MKPC can be

stated as follows: as the pH of MKPC slurry exhibits

alkalescence, heavy metals are capable of substituting

for Mg2+ and participating in following reactions in order

to generate heavy metal phosphate. As a result, heavy

metal ions are converted to non-dissolvable sediments.
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Since such sediments cement and the cemented body can

further seal partial heavy metal ions,the combined ac-

tions could solidify and stabilize heavy metals.

5. Conclusions

In the present study, MKPC cement solidified body

is adulterated with Cu, Zn, Ni, Cd and Cr. Separately, it is

specifically adulterated with Cu and cured for day 7, day

15, day 30, day 45 and day 60. XRD is used to analyze

the phase of the hydration products of solidified MKPC

body. SEM-EDS is then used to analyze the morpho-

logical, compositional and structural characteristics of

hydration products. Finally, FTIR is used to analyze the

material structure of hydration products. A comprehen-

sive analysis is further conducted in order to reveal the

type, morphology, composition and structure formation

process of MKPC hydration system products, and to as-

certain the mechanism of solidification effect on heavy

metals imposed by MKPC. Based on such series an-

alyses, the following conclusions could be drawn:

(1) The preliminary MKPC hydration product is acicular

MgHPO4�7H2O, the intermediate one is prismatic

Mg2KH(PO4)2�15H2O, and the final one is lamellar

MgKPO4�6H2O. It can be seen from the SEM spec-

trogram that the structure of the solidified body is

compact. Also, with prolonged hydration period, the

cracks begin to diminish, and the products would

change continuously. The energy spectrum and XRD

analysis demonstrates that Cu2+ exists in the hy-

dration products, with CuKPO4 as a generated pro-

duct, which would further enable the solidification/

stabilization process of heavy metals.

(2) The mechanism analysis shows that heavy metals are

capable of substituting for Mg2+ and participating in

the following reactions in order to generate heavy

metal phosphate. As a result, heavy metal ions could

form non-dissolvable sediments. Such sediments ce-

ment and the cemented body can seal partial heavy

metal ions, and the combined actions could further

solidify and stabilize heavy metals.
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