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Abstract: In order to achieve the dual goals of complete deamination of magnesium ammonium phosphate (MAP) and ensure the 

pyrolysate’s good removal properties towards ammonia-nitrogen, a temperature-programmed method for the pyrolysis of MAP was 

studied, as well as the thermodynamic and kinetic processes involved in the removal reaction system between MAP pyrolysate and 

aqueous ammonium. It was found that the pyrolysis method and pyrolysis final temperature had significant effects on the MAP 

pyrolysate’s removal properties towards aqueous ammonium, and the following conditions were deemed to be more appropriate: 

pyrolysis final temperature and heating rate at 180 °C and 5 °C/min, respectively, and a pH level of 9.5 for the removal reaction 

system. The resultant ammonium removal capacity by the MAP pyrolysate was 95.62 mg/g. After 120 min, the removal rate with an 

initial concentration of 1000 mg/L was 82%. The kinetic and thermodynamic results indicated that the removal of aqueous 

ammonium by MAP pyrolysate was the exchange process between H+ and NH4
+ via MAP precipitation. The kinetics complied with 

the Lagergren quasi second-order model with an equilibrium time of 120 min, while the isothermal curves complied with the 

Freundlich model. 

Key words: magnesium ammonium phosphate; temperature-programmed heating; pyrolysate; ammonia−nitrogen 

                                                                                                             

 

 

1 Introduction 
 

The issue of eutrophication caused by ammonia− 

nitrogen pollution has become increasingly prominent, 

burdening environmental workers with the task of 

finding economical but effective ways to treat ammonia− 

nitrogen wastewater. The main treatment methods used 

currently include chemical precipitation [1−3], physical 

stripping [4,5], and biological method [6]. Among these, 

the first method is the most popular due to its various 

advantages, such as the simplicity of its process, being 

economical and effective, and high treatment efficiency. 

It has already been applied to actual engineering projects, 

with many examples available. 

The biggest constraint affecting the practical 

application of the chemical precipitation method is the 

price of the precipitation agents (soluble phosphate and 

magnesium salts), which increases the processing costs. 

Various researchers sought ways to reduce processing 

costs during the actual application of this method. 

AHMAD and IDRIS [7] studied the regeneration of 

MgNH4PO4·6H2O (MAP) under acidic conditions: 

MgNH4PO4·6H2O(s)+H+ MgHPO4·3H2O+NH4
++ 

3H2O. HE et al [8] studied the regeneration of MAP 

under alkaline conditions: MgNH4PO4·6H2O(s)+  

NaOH→MgNaPO4(s)+NH3+7H2O and MgNaPO4(s)+ 

NH4
+ + 6H2O → MgNH4PO4·6H2O (s) + Na+, thereby 

recycling MAP and solving the cost issue of using 

precipitating agents. Since acidic regeneration involves 

the use of ammonium salts to recover ammonia−nitrogen 

in the wastewater, the recovered liquor inevitably 

contains small amounts of Mg2+ and 2
4HPO  , making 

the discharging of the liquor problematic. On the other 

hand, although regeneration methods using alkaline 

conditions can recover ammonia−nitrogen in the form of 

aqueous ammonia, an equivalent amount of NaOH must 

be consumed, which is not cost effectively. 

The study by BHUIYAN et al [9] showed that after 

pyrolysis, MAP became a mixture comprising MgHPO4,  
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Mg3(PO4)2, and Mg2P2O7. SUGIYAMA and 

YOKOYAMA [10] found that MgHPO4, followed by 

Mg3(PO4)2, had good removal properties towards NH4
+, 

but  Mg2P2O7 showed no removal effect. RINAUDO  

et al [11] and ZHAO et al [12] indicated that at a suitable 

pH value, the exchange reaction between MgHPO4 and 

NH4
+ would create MAP. Theoretical calculations further 

indicated that upon complete pyrolysis of MAP, aqueous 

ammonia at 13.6% could be obtained. Hence, the 

controlled pyrolysis of MAP under specific conditions 

could lead to the recovery of highly-concentrated 

aqueous ammonia. Furthermore, the pyrolysate could be 

used as an agent for the treatment of ammonia−nitrogen 

wastewater. The potential for recycling would also help 

to address the cost issue of using agents to treat 

ammonia−nitrogen wastewater. 

During the preliminary work of this research [13], 

the pyrolytic behavior of MAP and the removal 

properties of its pyrolysate towards ammonia−nitrogen 

were studied. It was found that ammonia was released 

when MAP was pyrolyzed under specific conditions, and 

the pyrolysate could be recycled as an agent for the 

treatment of ammonia−nitrogen wastewater. However, 

the results also showed that when the pyrolysis 

temperature was low, the deamination of MAP was 

incomplete. Although complete deamination was 

achieved at high temperatures, the pyrolytic process of 

MAP produced Mg2P2O4, which had no removal effect 

towards ammonia−nitrogen. This resulted in the 

deterioration of removal properties of the pyrolysate. As 

such, we studied a temperature-programmed method for 

the pyrolysis of MAP, as well as the thermodynamic and 

kinetic processes involved in the removal reaction 

system between pyrolysate and aqueous ammonium, 

thereby achieving the dual goals of implementing the 

complete deamination of MAP and ensuring that the 

pyrolysate has good removal properties towards 

ammonia−nitrogen. 

 

2 Experimental 
 

2.1 Preparation of MAP 

NH4Cl(AR) was used to prepare 1000 mg/L 

simulated aqueous ammonium wastewater. 

Na2HPO4·12H2O(AR) and MgCl2·6H2O(AR), the 

precipitating agents, were then added before the MAP 

was prepared in a magnetic stirring device under 

constant temperature. The reaction conditions were as 

follows: the molar ratio of N:P:Mg based on the 

precipitation agents added was 1:1:1, pH value was 9.5, 

reaction temperature was room temperature (25 °C), and 

reaction time was 40 min. After the reaction was 

completed, the MAP precipitate was filtered, rinsed, and 

dried in a drying oven at a constant temperature of 40 °C 

for 48 h. The dried MAP precipitation was placed in a 

dryer for subsequent use. 

 

2.2 Pyrolysis of MAP 

An appropriate amount of MAP was placed inside a 

tubular resistance furnace and subjected to controlled 

pyrolysis through a temperature-programmed method. 

The heating rate was 2, 3, 5, 7, 10, or 20 °C/min from 

room temperature (25 °C) to the pyrolysis final 

temperature at 180−240 °C. Unless otherwise specified, 

the heating rate was 5 °C/min, final pyrolysis 

temperature was 180 °C, and the holding time at the final 

pyrolysis temperature was 3 h. The pyrolysate was sealed 

and stored for subsequent use. 

 

2.3 Acid dissolution experiment 

0.1 g of solidified powders (MAP or its pyrolysate) 

were placed in 200 mL of deionized water. The pH value 

was adjusted with the addition of 2 mol/L hydrochloric 

acid solution until the solidified powder was completely 

dissolved. The concentrations of ammonia−nitrogen, 

total phosphorus, and magnesium were then analyzed, 

and the deamination rate of the pyrolysate was 

calculated. 

 

2.4 Removal experiment 

200 mL (1000 mg/L) of aqueous ammonium was 

prepared inside a conical flask before NaOH and HCl 

solutions were added to adjust it to a particular pH. 

Unless otherwise stated, the pH value was controlled at 

9.5. Next, 2 g of MAP pyrolysate was added before 

stirring was done in a constant-temperature magnetic 

chamber, with the temperature controlled at room 

temperature (25 °C). During the removal process, tests 

were done at regular intervals to maintain the reaction 

system at a constant pH level. Samples were extracted 

for analysis of ammonia−nitrogen concentration, as well 

as calculation of the removal capacity of the pyrolysate 

and the removal rate. Unless otherwise specified, the 

reaction duration was 120 min. 

 

2.5 Analysis and characterization 

Analysis of aqueous ammonium and total 

phosphorus concentrations was made using the 

spectrophotometry method. Analysis of Mg2+ 

concentration was done using flame atomic absorption 

spectrometry. The STA−449−F3 thermal analyzer was 

used for thermogravimetric and differential thermal 

analyses, changes in the heating rate were controlled at 2, 

3, 5, 7, 10, or 20 °C/min, with the final temperature 

being 350 °C and air being the reaction atmosphere   

(20 mL/min). The S−4800 scanning electron microscope 

(SEM) was used to analyze the microscopic crystal 
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structures. For X-ray diffraction (XRD) analysis, 

continuous scans were done at room temperature with a 

Cu K source and at 40 kV and 40 mA. 

 

3 Results and discussion 
 

3.1 Characterization of materials 

The SEM images of MAP before and after pyrolysis 

are shown in Fig. 1. MAP before pyrolysis was strip-type 

with originally rhomboid crystals of uniform size, its 

length was 30−50 µm. After pyrolysis, there were 

significant changes to its form: particle size became 

smaller, with a length of 10−20 µm, its degree of 

crystallinity was greatly reduced. 

The XRD patterns of MAP, MAP’s pyrolysate and 

the pyrolysate after reaction with ammonia−nitrogen are 

shown in Fig. 2. MAP is a crystalline material of high  

 

 

Fig. 1 SEM images of MAP before (a) and after (b) pyrolysis 

 

 

Fig. 2 XRD patterns of MAP and its pyrolysis product 

purity, with its XRD pattern mainly exhibiting the 

characteristic diffraction peak of MgNH4PO4·6H2O. In 

contrast, the crystallinity of the MAP pyrolysate was 

poor, with amorphous structure and no characteristic 

diffraction peak of MgNH4PO4·6H2O. However, the 

characteristic diffraction peak of MgNH4PO4·6H2O 

reappeared in its XRD pattern after reaction with 

ammonia−nitrogen. 

 

3.2 Effect of pyrolysis process 

The pyrolysis of MAP follows by this equation: 

MgNH4PO4∙6H2O → MgHPO4 + 6H2O↑ + NH3↑. There 

was a mass loss of 51.03% after complete pyrolysis, 

indicating that mass loss of MAP after complete 

deamination was approximately 50%. The results of the 

TG–DSC curves (Fig. 3) indicate that when the heating 

rates were controlled at 2, 3, 5, 7, 10, and 20 °C/min, the 

corresponding pyrolysis temperatures at end point with 

mass loss of approximately 50% were 155, 180, 200, 215, 

235, and 255 °C, respectively. This indicates that the 

temperature-programmed method has an impact on the 

pyrolysis of MAP. Specifically, a rapidly-rising heating 

rate would limit the deamination and dehydration of 

MAP. When the rate reached 10 °C/min or above, with a 

mass loss of 50%, the pyrolysis temperature exceeded 

200 °C. 

 

 

Fig. 3 TG–DSC curves with different heating rates: (a) TG 

curve; (b) DSC curve 
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The experimental results in Fig. 4 further show that 

the heating rate affected not only the pyrolysis process of 

MAP, but also the removal properties of its pyrolysate. 

When the rate was increased from 2 to 5 °C/min and the 

mass loss was 50%, the final pyrolysis temperature 

increased from 155 to 200 °C. However, the aqueous 

ammonium removal capacity of the pyrolysate increased, 

reaching an amount greater than 95 mg/g. When the 

heating rate was increased to above 5 °C/min, not only 

the pyrolysis final temperature increased, but the 

removal capacity of the pyrolysate deteriorated. 

Combining the experimental results in Figs. 3 and 4, 

controlling the temperature-programmed heating rate of 

MAP at 5 °C/min was more appropriate. 
 

 

Fig. 4 Effect of pyrolysis heating rates on adsorption capacity 

and mass loss 

 

The experimental results in Fig. 5 show that when 

the heating rate for temperature-programmed pyrolysis 

was controlled at 5 °C/min, the deamination rate 

increased with increase in the final pyrolysis temperature. 

When the latter temperature was 180 °C, the ammonia− 

nitrogen removal capacity of the pyrolysate reached 95 

mg/g. Further increasing the final pyrolysis temperature  

 

 

Fig. 5 Effect of final pyrolysis temperatures on adsorption 

capacity and ammonia−nitrogen removal rate 

would cause the capacity to decline. The reason was that 

although there would be complete deamination during 

MAP pyrolysis at high temperatures, the pyrolysate 

would begin to generate by-products, such as Mg2P2O7 

and Mg3(PO4)2, with poor ammonia−nitrogen removal 

effects. 
 

3.3 Removal mechanism 

To better understand the mechanism by which the 

MAP pyrolysate removes aqueous ammonium, the initial 

pH value of the reaction system was controlled at 9.5. 

During the experiment, a fixed amount of MAP 

pyrolysate (2 g) was added. Changes in pH value of the 

reaction system and ammonia−nitrogen concentration 

were then measured at various reaction time. Separately, 

the amount of pyrolysate added was also varied, pH 

value and ammonia−nitrogen concentration were 

measured after reaction. The results are shown in Fig. 6. 
 

 

Fig. 6 Mechanism of ammonia−nitrogen adsorption by MAP 

pyrolysis product: (a) Reaction duration; (b) Amount of 

pyrolysate added 

 

It can be seen that the removal rate of 

ammonia−nitrogen increased with increase in reaction 

time, although pH value of the reaction system decreased 

continuously. This trend became even more apparent 

with increase in the amount of pyrolysate added. This 

illustrates that the removal mechanism of aqueous 
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ammonium by MAP pyrolysate was through an exchange 

reaction between NH4
+ and H+ via MAP precipitation: 

MgHPO4 + NH4
+ + 6H2O → MgNH4PO4·6H2O + H+. 

Figure 6 shows that pH value was one of the main 

factors affecting the removal of ammonia−nitrogen by 

MAP pyrolysate. Hence, the impact of pH value on 

ammonia−nitrogen removal rate was further studied, as 

shown in Fig. 7. When pH value was initially low and 

then gradually increased to 9.5, the removal capacity of 

MAP pyrolysate increased, as did the ammonia−nitrogen 

removal rate of the reaction system. However, further 

increase of pH value resulted in sharp decline in both 

removal capacity and removal rate. 

 

 

Fig. 7 Effect of pH value on removal capacity of pyrolysis 

product 

 

Since the removal mechanism of aqueous 

ammonium by MAP pyrolysate was the exchange 

reaction between 4NH  and H+, this exchange reaction 

was an equimolar reaction. When 4NH  combined with 

the pyrolysate to generate MgNH4PO4∙6H2O, an 

equimolar of H+ would enter into the solution. When the 

pH value was low, the generated MgNH4PO4∙6H2O 

would dissolve and in turn enter the solution as ions, 

causing a removal decline. When pH value was high, the 

pyrolysate could be converted to Mg(OH)2 or Mg3(PO4)2, 

leading to a deterioration in removal effect. From the 

experimental results shown in Fig. 7, controlling pH 

value of the reaction system at 9.5 was more appropriate. 

 

3.4 Kinetics and thermodynamics of removal 

Figure 8 shows the removal capacity of MAP 

pyrolysate at 15, 25, and 35 °C. When the removal 

duration was 0−50 min, the removal capacity of 

ammonia−nitrogen increased rapidly with increase in 

removal duration. When the removal duration reached 

120 min and more, removal capacity tended towards 

equilibrium. At this stage, the reaction point tended 

towards saturation. The removal equilibrium time was 

120 min. 

 

 

Fig. 8 Effect of duration on ammonia−nitrogen removal by 

MAP pyrolysate 

 

The kinetic model of ammonia−nitrogen removal by 

MAP pyrolysate is shown in Table 1, and the results 

indicate that the model complies with the Lagergren 

quasi second-order model as shown in the following 

equation: 
 

2
e2 e

1

t

t t

q qk q
                                (1) 

 
where qt represents the capacity at duration t; qe 

represents the equilibrium capacity; and k2 is the quasi 

second-order reaction rate constant. 

 

Table 1 Parameters for quasi second-order kinetic model 

Temperature/ 

°C 
k2 qe r2 r 

15 3.4805×10−3 69.252 0.998 0.999 

25 2.1158×10−3 91.743 0.998 0.999 

35 6.9970×10−4 168.067 0.996 0.998 

 

The reaction isotherms of MAP pyrolysate at 15,  

25, and 35 °C and an removal duration of 120 min are 

shown in Fig. 9. When the equilibrium concentration was 

less than 300 mg/L, the equilibrium removal capacity 

increased sharply with increase in equilibrium 

concentration. However, further increase in equilibrium 

concentration did not result in any obvious trend for 

increase in equilibrium removal capacity. The reason 

was that the removal capacity of MAP pyrolysate did not 

reach saturation when the equilibrium concentration was 

low, and when the equilibrium concentration became 

higher, the reaction point would tend towards saturation, 

and so further increase of the equilibrium concentration 

would have no impact on the removal capacity. 

Based on the experimental results in Fig. 9, the 

Langmuir model m e
e

e1

q bC
q

bC



and Freundlich model 
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Fig. 9 Effect of equilibrium concentrations on ammonia− 

nitrogen removal by MAP pyrolysate 

 

qe=kfC
1/n were used to analyze the isothermal reaction 

between MAP pyrolysate and aqueous ammonium, 

where qm is the removal amount at saturation, qe is the 

equilibrium removal amount; Ce is the equilibrium 

concentration of ammonia−nitrogen; b, kf, and n are 

parameters of the equation. 

The analysis results are shown in Table 2, which 

indicate that the reaction isotherms between MAP 

pyrolysate and ammonia−nitrogen were closer to the 

Freundlich model. The reason was that the material for 

aqueous ammonium removal in this study was prepared 

using heating method, resulting in it having an 

amorphous micro-structure and poor uniformity. 

Consequently, it was closer to the Freundlich model, 

which was derived from multilayer adsorption, with the 

assumption that the adsorbent has an uneven     

surface [14]. 

 

Table 2 Fitting parameters for Langmuir and Freundlich 

equations 

Temperature/ 

°C 

Langmuir equation  Freundlich equation 

r
2
 r qm b  r

2
 r n kf 

15 0.912 0.955 108.26 0.014  

 

0.935 0.967 2.598 7.900 

25 0.920 0.959 121.04 0.028  

 

0.926 0.962 2.933 11.628 

35 0.902 0.950 156.72 0.063  

 

0.960 0.980 3.326 16.498 

 

4 Conclusions 
 

1) A temperature-programmed heating method was 

used for direct pyrolysis of MAP to prepare an 

amorphous material for the removal of aqueous 

ammonium. During actual operation of this method, 

controlling the final pyrolysis temperature, heating rate, 

and holding time at the final pyrolysis temperature at 

180 °C, 5 °C/min and 3 h, respectively, was appropriate. 

2) The specific surface area of the MAP pyrolysate 

was 201.2 m2/g, while the total pore volume was  

0.2798 cm3/g. Its equilibrium removal capacity reached 

95.62 mg/g. The basic removal mechanism was an 

exchange reaction between NH4
+ and H+ via MAP 

precipitation: MgHPO4 + NH4
+ + 6H2O → MgNH4PO4∙ 

6H2O+H+. 

3) The MAP pyrolysate has poor uniformity, with 

an equilibrium time of 120 min, which complied with the 

Lagergren quasi second-order model. Isothermal removal 

reaction complied with the Freundlich model. 
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程序升温热解磷酸氨镁及热解产物的氨氮脱除性能 
 

唐建军 1，陈益清 1，钟振辉 2，李文龙 1，尹 娟 1 

 

1. 深圳职业技术学院 深圳市工业节水与城市污水资源化技术重点实验室，深圳 518055； 

2. 广州大学 土木工程学院，广州 510006 

 

摘  要：为使磷酸氨镁(MAP)脱氨完全及改善热解产物的氨氮去除性能，研究了一种程序升温的热解方式，并探

讨了热解产物去除氨氮的热力学及动力学过程。结果表明，热解方式及热解终点温度明显影响 MAP 热解产物的

氨氮去除性能，控制热解终点温度为 180 °C、5 °C/min 的程序升温方式，以及氨氮反应体系的 pH 值为 9.5 较为

合适，在此条件下，MAP 热解产物对氨氮的去除量达 95.62 mg/g，经 120 min 对起始浓度为 1000 mg/L 氨氮的去

除率达 82%；动力学及热力学结果表明，MAP 热解产物去除氨氮是 H+与 4NH
的离子交换过程，其动力学符合

Lagergren 准二级模型，平衡时间为 120 min，等温曲线符合 Freundlich 模型。 

关键词：磷酸氨镁；程序升温；热解产物；氨氮 
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