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Simultaneous Removal of NH4
1 and PO 32

4 in
Aqueous Solution and Its Mechanism by Using

Zeolite Synthesized from Coal Fly Ash

Norihiro Murayama, Shinsuke Yoshida, Yuko Takami,
Hideki Yamamoto, and Junji Shibata*

Department of Chemical Engineering, Kansai University, Osaka, Japan

ABSTRACT

The objective of this study is to investigate the cation exchange property

of the product (zeolite P) synthesized from coal fly ash by alkali

hydrothermal reaction, and to evaluate the water purification ability for

simultaneous removal of NH þ
4 and PO 32

4 in aqueous solution.

Zeolite P crystal begins to be collapsed or to be dissolved with a

decrease in aqueous pH. The cation exchange capacity of the product

drastically decreases below pH 4. The simultaneous removal of NH þ
4

and PO 32
4 can be achieved when NH þ

4 is exchanged by CaP zeolite and

an insoluble salt is formed by the reaction between Ca2þ released from

zeolite and PO 32
4 in aqueous solution.

From the above results, the effect of pH on cation exchange property of

the product and the mechanism of simultaneous removal of NH þ
4 and
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PO 32
4 in aqueous solutions are considered, respectively. The CaP zeolite

used in this study, which can simultaneously remove NH þ
4 and PO 32

4 ;
has advantages compared with the other removal methods.

INTRODUCTION

Recently, a coal-fired power plant was reconsidered as an energy source

owing to the difficulty in establishing the nuclear power plant and the

deficiency of petroleum resources. An increase in coal ash discharged from

power plants results in another problem. The amount of overall discharged

coal ash in Japan is extremely increased, which is estimated to be over 10

million tons per year. New methods for recycling of coal ash have to be

developed under these circumstances.[1]

Many researchers[2 – 7] have found that various kinds of zeolite could be

produced from coal ash by an alkali hydrothermal reaction, and suggested that

the zeolite from coal ash could be used for various purposes such as water

purification, soil improvement, various adsorbents, and so on. Many reports on

the mechanism of zeolitization reaction from coal fly ash and the cation

exchange property of the obtained zeolite were published.[8 – 13] However,

there are a lot of engineering problems and phenomena to be investigated in

case of designing the manufacturing equipment for zeolite synthesis or

commercializing the technology. It is very important to develop the new usage

of the zeolite with a new advantage. As a part of the development of zeolite

usage, the removal ability of the zeolite from coal fly ash for NH þ
4 and PO 32

4

in aqueous solution has been considered in some papers,[13,14] but these kinds

of reports are few. The mechanism of PO 32
4 removal by the zeolite has not

been adequately clarified yet.

The zeolite would be an excellent water purification agent that can

simultaneously remove both cation and anion in aqueous solution. For this

purpose, the effect of pH on cation exchange properties of zeolite, the

simultaneous removal of NH þ
4 and PO 32

4 in various solutions and the

mechanism of simultaneous removal are investigated in this study.

EXPERIMENTAL

Zeolite Synthesis from Coal Fly Ash

Coal fly ash used in this study was supplied by Denpatsu Coal Tech. Co.,

Ltd. The quality of this coal ash satisfies Japanese Industrial Standard.

Murayama et al.114
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A portion of dry powder of coal fly ash and 2.0 mol/dm3 NaOH solution were

put into in 800 cm3 autoclave made of stainless steel at 100 g/400 cm3 of

solid–liquid ratio. Zeolite synthesis from coal fly ash was carried out by an

alkali hydrothermal treatment under heating and agitating conditions.

Agitation speed, reaction temperature, and reaction time were adopted to be

of 500 rpm, 393K, and 3 h, respectively.

The zeolite obtained by the above hydrothermal reaction (NaP zeolite)

was used as a starting material for various cation exchange and ion removal

experiments shown in the blow section. The surface structure of coal fly ash

and NaP zeolite is shown in Fig. 1(a) and (b). The physical properties and

chemical composition of these are shown in Tables 1 and 2. The cation

exchange capacity of the product measured by the modified Harada–Aomine

method[12] was about 300 meq/100 g. This method consisted of a saturation

substitution operation by Ca2þ and a saturation re-substitution by NH þ
4 : The

obtained product was confirmed to be such complex material as coal fly ash

particles covered with zeolite crystal. We reported details on the physical

properties and chemical composition of the obtained zeolite in the previous

papers.[10,11]

Acid Resistance Test of NaP Zeolite

In order to confirm the acid resistance property of the zeolite synthesized

from coal fly ash, 1.0 g of dried NaP zeolite was contacted with 40 cm3 of

various HCl solutions for 15 min by a vertical type shaker. The concentration

of HCl solutions was chosen such that the pH of the slurries after shaking was

in a range of pH 2 and pH 10 at 298K. After the above operation, the solid cake

was separated by a centrifugal separator, washed by distilled water, dried in a

stationary drier at 378K for 24 h.

Crystalline materials were identified by means of an x-ray diffraction

(JDX-3530S, Nihon Denshi Co., Ltd.), and the chemical composition was

analyzed by an x-ray fluorescence analysis (EMAX-3770, Horiba Co., Ltd.).

Amounts of Al3þ, Naþ, and Ca2þ were analyzed by an inductively coupled

plasma atomic emissions spectrometry (ICPS-1000III, Shimadzu Co., Ltd.).

NH 1
4 Exchange Test with NaP and CaP Zeolites

One gram of NaP zeolite and 40 cm3 of CaCl2 solutions were mixed and

shaken in the pH values around 7. After the zeolite and CaCl2 solution being

separated, the new ion exchange cycle with fresh CaCl2 solution were

Removal of NH4
1 and PO 32
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repeated. A series of ion exchange operations were carried out six times, and

the effect of the contact conditions on Ca substitution ratio of zeolite was

investigated. The Naþ and Ca2þ in the zeolite were re-exchanged by

saturation substitution with NH þ
4 : This saturation substitution was carried out

repeatedly with 1.0 mol/dm3 NH4Cl solution until Naþ or Ca2þ were not

released from the zeolite.

By using the NaP zeolite and the CaP zeolite obtained by the Ca

substitution operation mentioned above, the NH þ
4 adsorption test was

conducted at various pH values. The NH þ
4 solutions having various

concentrations and pH values were prepared by changing the mixing ratio of

NH4Cl and NH4OH. One gram of zeolite and 40 cm3 of NH þ
4 solution were

contacted under the same conditions mentioned above. The ion exchange

amount of NH þ
4 was calculated from a decrease in NH þ

4 in solution. The

concentration of NH þ
4 in solution was measured by an ion chromatograph

(DX-500, Nihon Dionex Co., Ltd.). The CaP zeolite separated from solution

was washed with distilled water and dried.

Figure 1. SEM photographs of coal fly ash and NaP zeolite.

Table 1. Physical properties of product synthesized from coal fly ash.

Crystal type of zeolite NaP zeolite

Cation exchange capacity 300 meq/100 g

Si/Al ratio 2.1

Specific surface area 59 m2/g

Median diameter 25mm

Particle size distribution 1–100mm

Murayama et al.116
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PO 32
4 Removal Test with CaP Zeolite

One gram of CaP zeolite was put into 40 cm3 of PO 32
4 solutions in order

to investigate the PO 32
4 removal with CaP zeolite. The PO 32

4 solutions were

prepared by using H3PO4, Na3PO4, K3PO4, or (NH4)3PO4 as a phosphorus

source. In case of (NH4)3PO4 solution, simultaneous removal of NH þ
4 and

PO 32
4 in solution with the CaP zeolite was intended. The contact condition,

separation method, and various instrumental analyses were the same as shown

in the former section.

The amounts of NH þ
4 and PO 32

4 exchanged or removed were calculated

from a decrease in NH þ
4 and PO 32

4 concentration in the solution. The

amount of PO 32
4 in the solution after solid–liquid separation was measured

by an inductively coupled plasma atomic emissions spectrometry.

RESULTS AND DISCUSSION

Acid Resistance of NaP Zeolite

When a cation exchange reaction with zeolite is carried out in aqueous

solution, the cation exchange capacity of zeolite is not essentially dependent

on pH. However, the crystal body of zeolite is broken by the action of proton

in a low pH region. In other words, it is very important in practical use to

investigate the effect of the acid resistance of the product on the cation

exchange capacity.

Acid resistance of the NaP zeolite synthesized from coal fly ash is

investigated. The natural pH of NaP zeolite slurry is over 10 when pH

adjustment is not carried out. The amount of Al3þ eluted from zeolite and x-

ray diffraction intensities of crystalline materials in the product are shown in

Fig. 2 as a function of pH. The amount of Al3þ eluted in aqueous solution

means a collapsed degree of zeolite crystal by proton. The amount of Al3þ

eluted suddenly increases below the pH value of 4. The x-ray diffraction

Table 2. Chemical composition of coal fly ash and obtained product (NaP zeolite)

[unit: wt%].

Si Al Na K Ca Fe Ti Mg

Coal fly ash 50.4 20.3 5.4 2.7 7.5 8.2 1.8 2.9

NaP zeolite 41.4 19.8 17.6 1.6 11.2 5.1 1.6 1.7

Removal of NH4
1 and PO 32
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intensity of zeolite P decreases with a decrease in pH value from 10 to 5,

which indicates rapid decomposition of zeolite P in the pH region below 4. On

the other hand, the x-ray diffraction intensities of quartz and mullite originally

contained in coal fly ash increase slightly with a decrease in pH. An increase in

diffraction intensities is explained by the relative increase of these materials

due to the decomposition of zeolite species.

Surface structure of NaP zeolite after acid-washing treatment by various

HCl solutions is shown in Fig. 3. The particle surface is covered with zeolite

crystal above pH 9.6, while a part of zeolite crystal is exfoliated after the acid

washing with pH 4.2. Almost all of zeolite crystal phase is dissolved by HCl

solution below pH 3.8, and the fly ash core appears. These results of SEM

observation are concordant well to the corresponding results shown in Fig. 2.

The crystalline degree of zeolite P gradually deteriorates with a decrease

in pH in the pH range over 4, which does not lead to the dissolution of Al site

in zeolite crystal. On the other hand, zeolite crystal itself begins to dissolve

Figure 2. Amount of Al3þ eluted from zeolite and x-ray diffraction intensities of

crystalline materials as a function of pH.
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with a decrease in pH in the pH range below 4. Therefore, the NaP zeolite must

be used up to pH4.

Production of CaP Zeolite as Water Purification Agent

Zeolite does not have generally anion exchange ability. In our previous

report,[13] NH þ
4 in solution is removed by a cation exchange reaction with

zeolite, whereas Ca component in zeolite contributes to the removal of PO 32
4

in aqueous solution. For an example, the PO 32
4 removal with zeolite is

achieved by the following chemical reaction,

3Ca2þ
in zeolite phase þ 2PO 32

4 in aqueous phase ! Ca3ðPO4Þ2 # ð1Þ

In the simultaneous removal of NH þ
4 and PO 32

4 in aqueous solution, the CaP

zeolite provides Ca2þ into the solution to remove PO 32
4 : However,

Figure 3. Surface structure of NaP zeolite after acid-washing treatment by various

HCl solutions.

Removal of NH4
1 and PO 32
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the products synthesized from coal fly ash are such NaP zeolites as containing

Naþ ion as an exchangeable cation, because the reaction of zeolitization is

carried out by using NaOH as an alkali source. The Ca2þ exchange is required

for the production of CaP zeolite.

The Ca substitution behavior between Ca2þ in solution and Naþ in zeolite

is shown in Fig. 4. In the case of 75 meq/dm3 of initial Ca2þ concentration, the

amount of Ca2þ in solution is equal to that of exchangeable Naþ in zeolite.

The Ca exchange ratio of zeolite increases with an increase in the number of

substitution operation below 4 times. The five and six times substitution

operations give constant results of about 73%. On the other hand, in the case of

1,000 meq/dm3 of initial Ca2þ concentration, the Ca substitution ratio

increases to about 94% with the number of substitution operations until five

times. The substitution operations more than five times do not increase the Ca

substitution ratio in spite of repeated substitution operations. Therefore, the Ca

Figure 4. Ca substitution of product by cation exchange reaction between Ca2þ in

solution and Naþ in zeolite.
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substitution operation by high Ca2þ concentration should be adopted to obtain

the zeolite with high Ca substitution ratio.

SEM photographs of the products exchanged by Ca2þ are shown in Fig.

5(a). Compared with the surface structure of NaP zeolite shown in Fig. 1(b),

some cracks appear on the particle surface of the product treated by a Ca

substitution operation, but generally speaking, the large difference is not

recognized between both zeolites. This is because the zeolite is frequently

brought into contact with proton in Ca2þ solution by repeated Ca substitution

operations, and then the structure of zeolite crystal is slightly warped by the

difference in ion radius or electric charge between Naþ and Ca2þ.

Removal of NH 1
4 and PO 32

4 in Solution with Various Zeolites

The NaP zeolite or the 94% Ca substituted zeolite are respectively

contacted with 1.0 mol/dm3 NH4Cl solution. These cation exchange reactions

between Naþ or Ca2þ in zeolite and NH þ
4 in solution are carried out at around

pH 7. The results are shown in Fig. 6. NaP zeolite is superior to CaP zeolite in

respect to both NH þ
4 exchange rate and exchange amount. NH þ

4 substitution

ratio of about 95% and about 70% are respectively obtained from NaP and

CaP zeolites in a cation exchange operation. The difference in NH þ
4

exchanged amount is due to the Coulomb force between the negative charge

site of zeolite and cation. The Coulomb attractive force between the negative

charge of zeolite and the divalent cation, Ca2þ, is greater than that between

zeolite and the monovalent cation, Naþ, and then the Naþ in the zeolite P is

easy to be exchanged with NH þ
4 compared with Ca2þ. When the contact

operation with NH þ
4 solution is repeatedly carried out, NH þ

4 substitution

Figure 5. SEM photographs of products exchanged by Ca2þ and NH þ
4 :

Removal of NH4
1 and PO 32
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ratio reaches to near 100%. Almost all of Naþ and Ca2þ in zeolite can be

essentially exchanged by NH þ
4 in solution.

SEM photograph of the zeolite exchanged by NH þ
4 is shown in Fig. 5(b).

Compared with NaP and CaP zeolites shown in Figs. 1(b) and 5(a), the surface

structure of NH4P zeolite changes from fine protruding material into such

coarse flock as many fine particles coagulate each other. On the other hand,

some x-ray diffraction peks of NH4P zeolite shift to the lower angle side due to

the NH þ
4 intake compared with those of NaP zeolite.

The amounts of Al3þ eluted from zeolite and NH þ
4 exchanged in zeolite

are shown in Fig. 7 as a function of pH. The amount of NH þ
4 exchanged in

zeolite is large in the pH region from 4 to 10, but remarkably decreases below

pH 4 and over pH 10. The exchange behavior is explained by the fact that

zeolite crystal is broken by the action of proton in the lower pH region,

whereas the amount of NH þ
4 in solution is very small in the higher pH region.

In high pH, NH þ
4 in solution changes to NH3, because the dissociation

constant (pKa) of NH þ
4 is 9.24. The suitable pH condition to remove NH þ

4 in

aqueous solution with the zeolite is the pH from 4 to 10.

Figure 6. Removal of NH þ
4 in various solutions by NaP and CaP zeolites.
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The CaP zeolite is contacted with various PO 32
4 solutions of various

concentration prepared by using phosphoric acid (H3PO4) and some

orthophosphates (Na3PO4, K3PO4, (NH4)3PO4). The removal of PO 32
4 in

various solutions with CaP zeolite is shown in Fig. 8. In case of H3PO4

solution, the removal of PO 32
4 increases with an increase in initial PO 32

4

concentration. The removal amount is especially large over 3,000 mg/dm3 of

initial concentration. The pH after removal operation for PO 32
4 in initial

concentrations of 3,000 and 14,000 mg/dm3 becomes about 4 and 5, which

results in zeolite crystal collapse. That is, in the right side of the broken line

shown in Fig. 8, the removal of PO 32
4 merely seems to be achieved by Ca2þ

supplied by the dissolution of zeolite crystal and inner coal fly ash.

In the case of Na3PO4, K3PO4, and (NH4)3PO4 solutions of around pH 7,

the removal of PO 32
4 increases with an increase in initial PO 32

4

concentration until initial PO 32
4 concentration of 5,000 mg/dm3. The removal

amount of PO 32
4 already leads to the saturation state at 5,000 mg/dm3 of

initial concentration. The removal of PO 32
4 is the largest in (NH4)3PO4

solution in the same PO 32
4 concentration. Zeolite crystal is not disintegrated

by the contact operation with Na3PO4, K3PO4, and (NH4)3PO4 solutions.

Figure 7. Amount of Al3þ eluted from zeolite and NH þ
4 adsorbed in zeolite as a

function of pH.

Removal of NH4
1 and PO 32
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In these cases, Ca2þ is provided by the cation exchange reaction between

exchangeable Ca2þ in zeolite and some cations like Naþ, Kþ, and NH þ
4 in

various orthophosphate solutions without collapsing the zeolite crystal.

Surface structure of CaP zeolite after PO 32
4 removal is shown in Fig. 9. The

zeolite crystal phase is dissolved in H3PO4 solution at pH 4, and then inner fly ash

phase appears on the particle surface. Though the surface structure of the products

after PO 32
4 removal slightly differs among (NH4)3PO4, Na3PO4, and K3PO4

solutions at pH 7, the zeolite crystal phase is not dissolved by the PO 32
4 removal

operation. On the other hand, though it is not shown in the figure, NaP zeolite does

not essentially remove PO 32
4 in solution at pH around 7.

From the above results, Ca2þ is supplied in solution (1) by cation

exchange of CaP zeolite, (2) by the disintegration of CaP zeolite, and (3) by

the dissolution of inner coal fly ash.

In order to clarify the removal process of PO 32
4 ; a change in the

concentrations of various cations is investigated before and after the removal

operation. Cation exchange behavior between NHþ
4 ; Naþ, Kþ in solution and

Ca2þ in zeolite in various PO 32
4 solutions is shown in Fig. 10. All cations and

Ca2þ in zeolite are exchanged and the amount of cation exchange is 100–

Figure 8. Removal of PO4
32 in various solutions by CaP zeolite.
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190meq/100 g. The amount of cation exchange is the largest in the

NH þ
4 –Ca2þ system. The concentration of Ca2þ released from zeolite is

8:3 £ 1023 –1:7 £ 1022 mol=dm3 for these removal operations. The PO 32
4 in

solution can be removed by the released Ca2þ without disintegrating zeolite

crystal, and the removal amount of PO 32
4 is 3,000–6,000 mg/100 g. For

example, about 90% of NH þ
4 and about 46% of PO 32

4 in solution can be

removed simultaneously by the CaP zeolite from the mixed solution

containing 5 mg/dm3 NH þ
4 and PO 32

4 :

Mechanism and Advantages of Simultaneous Removal

of NH 1
4 and PO 32

4

The mechanism of simultaneous removal of NH þ
4 and PO 32

4 in solution

with CaP zeolite is considered from the results obtained in the above section.

The schematic diagram for simultaneous removal of NH þ
4 and PO 32

4 is

shown in Fig. 11. In this consideration, the effect of competition by the other

ions is not taken into account.

Figure 9. Surface structure of CaP zeolite after PO32
4 removal.

Removal of NH4
1 and PO 32
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At first, in case of pH over 5 (Case 1 in Fig. 11), the removal of NH þ
4 in

solution with zeolite can be essentially achieved by a cation exchange

reaction. In the pH over 10, zeolite has cation exchange ability, but almost all

of NH þ
4 itself changes into NH3. On the other hand, zeolite crystal itself

begins to collapse by the action of proton in pH below 5, and the removal of

NH þ
4 cannot be achieved (Case 2).

The removal of PO 32
4 is accomplished by the formation of insoluble salt by

CaP zeolite. In the region of pH below 5 (Case 3), Ca2þ is provided in solution and

PO 32
4 is certainly removed, but CaP zeolite crystals itself are disintegrated by

the action of proton. In this case, CaP zeolite does not essentially play a role as

water purification agent. In the pH range from 5 to 10 (Case 4), Ca2þ is released

from CaP zeolite by cation exchange, and the removal of PO 32
4 can be achieved

without collapsing zeolite crystal structure. In the pH over 10 (Case 5), PO 32
4 is

not removed because Ca2þ is not supplied from CaP zeolite.

From these results, the simultaneous removal of NH þ
4 and PO 32

4 can be

accomplished when the cation exchange between Ca2þ and NH þ
4 ; and the

Figure 10. Cation exchange behavior of NHþ
4 ; Naþ, Kþ–Ca2þ systems in various

PO32
4 solutions.
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precipitation of insoluble salts, Ca3(PO4)2 takes place at the same time (chemical

reaction in Fig. 11). Consequently, the most important factor to remove NH þ
4

and PO 32
4 simultaneously is to provide Ca2þ into solution without disintegrating

the zeolite crystal by keeping a suitable pH condition (pH 5–10).

Generally, two kinds of reagents must be applied for the removal of NH þ
4

and PO 32
4 in solution. For example, the combination of a cation exchanger and

an anion exchanger, a cation exchanger and a high polymer cohesion agent, or a

cation exchanger and a inorganic cohesion precipitant are considered. In any

case, the cost is high for the use of these reagents, or the counter anion such as Cl2

and SO 22
4 remains in the solution as an impurity in the use of Fe3þ or Al3þ as a

precipitant. On the other hand, the zeolite after removal of NH þ
4 and PO 32

4

should not be regenerated as a water purification agent, but be used as a soil

improvement agent because this zeolite has both water-keeping ability and slow-

releasing ability for P and N components. This may also make a contribution to

Figure 11. Schematic diagram of simultaneous removal of NH þ
4 and PO4

32:
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the promotion of the reuse of coal ash, and the coal combustion residue can be

returned safely to the soil by this method. The CaP zeolite synthesized from coal

fly ash, which can simultaneously remove NH þ
4 and PO 32

4 without releasing a

counter anion, has advantages over the other ordinary methods from the

viewpoints of water purification and the effective use of coal fly ash.

CONCLUSION

To investigate the simultaneous removal ability of the zeolite for NH þ
4 and

PO 32
4 in solution, various cation exchange tests of NaP and CaP zeolites were

carried out for the solution containing NH þ
4 and PO 32

4 at various of pH values.

The effect of pH on cation exchange property of zeolite and the mechanism of

simultaneous removal for NH þ
4 and PO 32

4 were investigated, respectively.

The NH þ
4 removal with zeolite is achieved by cation exchange reaction.

Though the cation exchange property of zeolite is essentially independent of

aqueous pH, zeolite crystal itself collapses or dissolves in the pH below 5, so

that the amount of cation exchange in zeolite drastically is reduced as the

result. On the other hand, the PO 32
4 removal is accomplished by Ca2þ

supplied from zeolite into solution. Ca2þ source to remove PO 32
4 is supplied

by the cation exchange of CaP zeolite, the disintegration and dissolution of

zeolite and the dissolution of inner coal fly ash. The simultaneous removal for

NH þ
4 and PO 32

4 can be achieved when NH þ
4 in solution is exchanged by

exchangeable Ca2þ in CaP zeolite followed to form an insoluble salt between

the released Ca2þ and the PO 32
4 in solution.

The CaP zeolite can simultaneously remove NH þ
4 and PO 32

4 without

releasing a counter anion and has advantages compared with the other

methods. However, the existence of the other competition ions should be

considered in practical usage. We will investigate the effect of competition

ions on cation exchange of the zeolite in detail.
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