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a b s t r a c t
It is difficult for the urban sewage effluent after secondary treatment to satisfy the standard of urban 
sewage reuse and recycle, which has a low concentration of nitrogen and phosphorus greatly lead-
ing to serious water eutrophication and environmental pollution. This study novelty proposed a 
kind of synthetic zeolites for effectively removing nitrogen and phosphorus in-depth from urban 
sewage, the characterization and adsorption mechanism were studied. Results showed an appropri-
ate synthetic zeolites addition (3.0–6.0 g·L–1) could result in a high removal efficiency (TN: 60.32%, 
NH4

+–N: 77.5%, PO4
3––P: 99.9%). Simultaneously, the X-ray diffraction, scanning electron microscopy, 

and Brunauer–Emmett–Teller analysis showed that the synthetic zeolites were mesoporous materi-
als with large specific surface area and uneven pore-size distribution. Further, the adsorption iso-
therms followed the Freundlich model (R2 = 0.99), thereby confirming a heterogeneous adsorption of 
nitrogen and phosphorus by the synthetic zeolites. The PO4

3––P adsorption was complexation effect 
between PO4

3– and aluminum complexes in the synthetic zeolites, and NH4
+–N adsorption by the syn-

thetic zeolites was ion exchange between NH4
+ and Na+. Finally, the equilibrium adsorption capacity 

of recycled synthetic zeolites proved a good reusability by showing an equivalence to that of ini-
tial synthetic zeolites. This study provided a potential strategy for cost-effective use of zeolites on  
urban sewage treatment.
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1. Introduction

The reuse and recycle of urban sewage are the key solu-
tion to insufficient water supplies, which also reduces efflu-
ent discharge and offers a reliable alternative water supply 
for freeing up limiting drinking water resources [1]. At pres-
ent, the reuse and recycle treatment of urban sewage are 
primarily applied to sewage irrigation, municipal greening, 
and groundwater recharge [2,3]. However, due to a high and 

stable nitrogen solubility which originated from agricultural 
fertilizers in recycled sewage, it is easy to transport with 
recycled sewage and become the most common environ-
mental risk of recycled sewage pollution all over the world 
[3,4]. Simultaneously, there are still phosphorus that cannot 
be removed in sewage after secondary treatment, of which 
excessive discharge with nitrogen together into aquatic 
environments can cause one of the most severe water per-
turbations – eutrophication phenomenon [5,6]. Therefore, 
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the nitrogen and phosphorus pollution in urban sewage 
needs in-depth treatment to satisfy the standard of urban 
sewage reuse and recycle.

Diverse processes have been widely used to simultane-
ously remove nitrogen and phosphorus from urban sew-
age. Biological treatments such as anaerobic/anoxic/aerobic 
processes are widely applied as their low-cost requirements 
[7–9]. However, these processes have common disadvan-
tages concerning the simultaneous nitrogen and phosphorus 
removal, and it is sensitive for bacteria to adapt changeable 
pH and temperature or extreme environmental conditions. 
Notably, these processes have a better removal performance 
only applying to high concentration nitrogen and phospho-
rus, which is also known to be time-consuming. Besides, 
chemical treatments for nitrogen and phosphorus removal 
such as chemical sedimentation are highly depend on pH 
and temperature and have a high energy and agent cost [11]. 
Physico-chemical treatments, for example, adsorption tech-
nology, which is considered by Environmental Protection 
Agency of United States (EPA) to be the most effective 
method for urban sewage treatment, especially the nitro-
gen removal [12–14]. Therefore, it is a feasible strategy of 
adsorption method for nitrogen and phosphorus removal. 
Currently, the main challenge of adsorption method is 
to find novel adsorption materials with low cost, stable 
removal performance and a high recovery rate.

Zeolites, a class of hydrated aluminosilicate compounds, 
is formed by AlO4 and SiO4 connected by sharing an oxygen 
atom with a three-dimensional framework structure [15]. 
It is a kind of commonly used adsorption materials, which 
has electro-negativity, rich pore structure and huge specific 
surface area to provide rich adsorption sites for material 
adsorption [16,17]. And it is easy for zeolites to regenerate 
and recycle without losing their adsorption characteristics 
significantly [14]. In addition, for treating low molecular 
weight pollutants, the mesoporous structure of zeolites pro-
vides more selectivity and they are stable at wide intervals 
of pH and temperature [15,18]. These superior properties 
of zeolite nanoparticles make it advantageous for working 
out the stability problem, incomplete conversion, and gen-
eration of less toxic by-products in system [19]. Therefore, 
they are widely used in wastewater treatment and even 
more extensive fields as an excellent property of adsorp-
tion, catalysis, and ion exchange [16]. Natural zeolites 
have an effective adsorption effect on ammonia nitrogen 
(NH4

+–N). Wang et al. [20] used zeolite powder as absorbent 

to quickly reach absorption equilibrium of NH4
+–N after 

10 min. Lin et al. [21] studied the adsorption performance 
improvement and adsorption mechanism of NH4

+–N by 
NaCl-modified zeolites, which can change surface mor-
phology by increasing the sodium contents for improving 
the mass transfer rate on the membrane. And Guo et al. 
[22] also utilized zeolites of the biochar-zeolites to selec-
tively remove the NH4

+–N in the biogas slurry including 
NH4

+–N, PO4
3––P, and arsenic (As3+). However, there are still 

some deficiencies for nitrogen and phosphorus removal. 
Although natural zeolites can effectively adsorb cationic 
pollutants such as NH4

+–N in urban sewage as the struc-
tural electro-negativity, they have a poor removal effect on 
anionic pollutants such as nitrate and phosphate [23]. For 
example, Lee et al. [24] proposed to use mussel and oyster 
shell wastes to remove phosphorus from eutrophic lakes, 
but the nitrogen would not be adsorbed simultaneously 
with the process of phosphorus removal. Therefore, it is 
necessary to artificially synthesize zeolites with effective 
removal performance on both nitrogen and phosphorus.

In this study, the adsorption technology by the synthetic 
zeolites was proposed to remove nitrogen and phospho-
rus simultaneously. Thus, the main objectives of this study 
were (1) to synthesize a kind of novel zeolite with a stable 
structure and a high adsorption capacity, (2) to remove 
NH4

+–N and PO4
3––P with the synthetic zeolites for improv-

ing nitrogen and phosphorus removal performance, (3) to 
further explore the mechanism on nitrogen and phosphorus 
removal with the synthetic zeolites by adsorption kinetics 
fitting and adsorption isothermal fitting. The main aims of 
this study were to propose a kind of novel synthetic zeolites 
as the adsorption material to remove nitrogen and phos-
phorus simultaneously for the reusing and recycling the 
urban sewage.

2. Materials and methods

2.1. Preparation and characterization of the synthetic zeolites

As shown in Fig. 1, the zeolites were synthesized by using 
kaolin as raw materials, which the kaolin (Al2O3·2SiO2·2H2O) 
was activated in muffle furnace at 650°C (2 h) for obtain-
ing metakaolin, and the heating rate was 30°C/min. The 
NaOH (100 mL) and metakaolin was added to conical flask 
(250 mL), which was put on a heating magnetic stirrer at a 
rotational speed of 400 rpm. The molar ratio between Na2O 

Muffle furnace
650 ℃, 2 h

Kaoline Metakaolin+NaOH

Sieving 
(200 mesh)

Stiring 400 rpm

Aging 50 ℃, 2 h 
Crystallization 90 ℃, 3 h

Centrifugation
Dry 100℃

The synthetic zeolites

Fig. 1. Preparation of the synthetic zeolites.
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and SiO2 was marked as n(Na2O)/n(SiO2), and the molar ratio 
between H2O and Na2O was marked as n(H2O)/n(Na2O), 
which were 2:1 and 40:1, respectively. The aging and crys-
tallization reaction stage has adjusted at 50°C (2 h) and 
90°C (3 h), respectively. After the reaction, they were cen-
trifuged for separation completely (the pH of supernatants 
approached to neutral). The products were dried at 100°C 
and pounded after cleaning. The synthetic zeolites were 
obtained by passing through 200 mesh sieve, and then they 
were put in a desiccator for standing by.

Simultaneously, the Brunauer–Emmett–Teller (BET, 
Quadrasorb SI-MP, Quantachrome, USA) method was 
used to measure the specific surface area of zeolites [25]. 
The surface morphology of zeolites was observed by scan-
ning electron microscopy (SEM, ZEISS Sigma 500, UK) with 
an extraction voltage of 3.86 kV [26]. The components and 
structure of zeolites were obtained by X-ray diffractome-
ter (XRD, D8 Advance, Bruker, UK) with a scan range from 
3° to 70° 2θ at a scan speed of 1°/min [25]. And the voltage 
and current were set at a 40 mV and 40 mA.

2.2. Composition of synthetic wastewater

For investigating the adsorption performance of nitro-
gen and phosphorus by synthetic zeolites, the synthetic 
wastewater was composed of total nitrogen (TN) (20 mg·L–1) 
and PO4

3––P (2 mg·L–1), which included NH4
+–N (10 mg·L–1).

2.3. Removal performance and mechanism of nitrogen and 
phosphorus adsorption by the synthetic zeolites

2.3.1. Removal performance of nitrogen and phosphorus 
adsorption by the synthetic zeolites

The synthetic zeolites (0.2, 0.6, 1.0, 1.4, 2.0, 3.0, 4.0, 6.0, 
10.0, 14.0, and 20.0 g·L–1) was respectively put into conical 
flasks with synthetic wastewater (50 mL, pH 5), and oscil-
lated at 150 rpm, 20°C ± 0.5°C, and the samples were mea-
sured through 0.45 µm filtration membrane periodically. All 
experiments were performed in triplicate to reduce experi-
mental errors. The concentration of NH4

+–N, TN, PO4
3––P 

was measured using standard methods [27] by ultraviolet 
spectrophotometer (Purkinje General T6, Beijing, China).

2.3.2. Fitting of the Langmuir and Freundlich adsorption 
model

A series of different initial concentration PO4
3––P solution 

(2, 5, 10, 20, and 50 mg·L–1; 50 mL) and initial concentration 
NH4

+–N solution (5, 10, 20, 50, and 100 mg·L–1; 50 mL) was 
adjusted to pH 5, and then mixed with the synthetic zeolites 
(6.0 g·L–1) in a water bath thermostatic oscillator (HZQ-, HDL, 
Beijing, China) at 150 rpm, 20°C ± 0.5°C for 2 h. Eventually, 
the samples were measured through 0.45 µm filtration 
membrane.

The Langmuir isothermal adsorption model was gen-
erally utilized to describe the monolayer adsorption on the 
surface of adsorbents. The Langmuir isothermal adsorp-
tion model was as follows [28]:
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The Freundlich isothermal adsorption model was used 
to describe the process of heterogeneous adsorption on 
the surface of adsorbents. The equation was as follows [29]:

ln ln lnQ k
n

Ce f e� �
1  (2)

where kL – Langmuir constant (L·mg–1); kf – Freundlich 
constant (mg1–1/n·(L1/n·g)); Qe – adsorption capacity at equi-
librium (mg·g–1); Qmax – maximum adsorption capacity 
(mg·g–1); Ce – solution concentration at equilibrium (mg·L–1); 
1/n – heterogeneous factor.

2.3.3. Fitting of the pseudo-first-order and pseudo-second- 
order adsorption kinetics

A series of different initial concentration PO4
3––P solu-

tion (2, 5 mg·L–1; 50 mL) and initial concentration NH4
+–N 

solution (5, 10 mg·L–1; 50 mL) were adjusted to pH 5, and 
then oscillated mixing with the synthetic zeolites (6.0 g·L–

1) at 150 rpm, 20°C ± 0.5°C (2 h). Finally, the samples 
were measured through 0.45 µm filtration membrane.

The pseudo-first-order kinetics equation was as follows:

ln lnQ Q Q k te t e�� � � � 1  (3)

And the pseudo-second-order kinetics equation was as 
follows [30]:

t
Q k Q
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� �
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where k1 – pseudo-first-order adsorption rate constant 
(1 min–1); k2 – rate constant of pseudo-second-order kinet-
ics (g(mg·min–1)); t – time (min); Qe – adsorption capacity 
at equilibrium (mg·g–1); Qt – the capacity of the adsorbents 
at specific time (mg·g–1).

2.4. Recycle experiment of the synthetic zeolites for nitrogen and 
phosphorus adsorption

The synthetic zeolites after reaction were centrifuged 
until the supernatants near neutral, and were centrifuged 
with percutaneous ethanol for twice. And finally percu-
taneous ethanol was removed by DI water. After clean-
ing, the zeolites were put into a drying oven (PH-030A, Yi 
Heng, Shanghai, China) at 110°C for 2 h. The dried zeolites 
(1.0 g) were added into NaOH solution (0.2 mol·L–1), cen-
trifuged until neutral for 10 h, and dried eventually. The 
synthetic zeolites (6.0 g·L–1) were added into the solution of 
PO4

3––P (2 mg·L–1) and NH4
+–N (5 mg·L–1) after cleaning. The 

samples were measured through 0.45 µm filtration mem-
brane at specific times (1, 3, 5, 10, 15, 30, 45, 60, 90, 120, and 
180 min, respectively).

3. Results and discussions

3.1. Effect of synthetic zeolites dosage on nitrogen and phosphorus 
adsorption performance

The thermogravimetric analysis of the synthetic zeo-
lites was carried out with a heating rate of 5°C/min below 
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900°C, which is shown in Fig. 2. The structure of products 
tended to be stable up to 650°C due to a complete release 
of water, and the suitable activated temperature at about 
600°C–800°C, considered of energy consumption, the acti-
vated temperature was lastly set at 650°C.

The nitrogen and phosphorus adsorption performance 
by the synthetic zeolites is shown in Fig. 3a. The removal 

efficiency of TN was increased with zeolites dosage of 0.2–
4.0 g·L–1 and remained above 60% along with zeolites dosage 
of 6.0–20.0 g·L–1. Simultaneously, along with zeolites dosage 
of 0.2–6.0 g·L–1, the removal efficiency of NH4

+–N obviously 
increased and remained above 80% with zeolites dosage of 
10.0–20.0 g·L–1. Within the scope of zeolites dosage, there 
was no desorption process. An appropriate zeolites dosage 
was 3.0–20.0 g·L–1, which can ensure the NH4

+–N removal 
above 68%. In addition, the removal efficiency of PO4

3––P 
was rapidly increased with zeolites dosage of 0.2–1.4 g·L–1, 
and up to zeolites dosage of 2.0–4.0 g·L–1, the adsorption effi-
ciency remained above 99%. However, the PO4

3––P removal 
was slowed down along with zeolites dosage increase of 
6.0–20.0 g·L–1. With the increasing of the dosage of zeolites, 
the provided adsorption sites also increased correspond-
ingly, the PO4

3––P removal efficiency was reduced because 
the adsorption capacity of the single adsorption site was 
limited by applied force between multiple adsorption sites 
and the PO4

3––P. Therefore, a suitable dosage of zeolites 
was 3.0–6.0 g·L–1, which can keep the PO4

3––P removal effi-
ciency above 93%. In Fig. 3b and c, the removal efficiencies 
of phosphorus show a rapid increase with the increase of 
the dosage of synthetic zeolites (2.0–6.0 g·L–1). The highest 
removal efficiencies reached 99.123% at 6.0 g·L–1 synthetic 
zeolites addition, the max phosphorus adsorption capacity 
reached 2.035 mg·g–1 with 0.6 g·L–1 synthetic zeolites. And 
the removal efficiencies of NH4

+–N showed a rapid increase 
with the increase of the dosage of synthetic zeolites (0.2–
1.4 g·L–1). The highest removal efficiencies reached 69.382% 
at 1.6 g·L–1 synthetic zeolites addition, the max NH4

+–N 
adsorption capacity reached 20.595 mg·g–1 with 0.2 g·L–1 
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Fig. 3. Nitrogen and phosphorus adsorption performance by zeolites, the zeolites dosage: 0.2, 0.6, 1.0, 1.4, 2.0, 3.0, 4.0, 6.0, 10.0, 
14.0, and 20.0 g·L–1 (a), individual phosphorus adsorption performance by various dosages of synthetic zeolites (the zeolites dos-
age: 0.2, 0.6, 1.0, 1.4, 2.0, 3.0, 4.0, 6.0, 10.0, 14.0, and 20.0 g·L–1) (b), individual NH4

+–N adsorption performance by various dosage 
of synthetic zeolites (NH4

+–N, 10 mg, the zeolites dosage: 0.2, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 3.0, and 4.0 g·L–1) (every point with 
an error bar was symbolized the mean ± standard deviation, respectively).
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Fig. 2. Thermogravimetric analysis of the synthetic zeolites.
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synthetic zeolites. Compared with individual NH4
+–N 

adsorption, the removal efficiencies were increased by 
about 8%, which indicated that the co-occurrence of nitro-
gen and phosphorus was more conducive to the NH4

+–N 
adsorption. And it had little effect for phosphorus adsorp-
tion between the condition of co-occurrence of nitrogen and 
phosphorus and individual phosphorus.

The previous studies focus on the zeolites applied as 
ion exchangers and adsorbents in numerous areas of agri-
culture and environmental protection, which ascribes to 
their particular characteristics. The main focus of attention 
in agriculture is currently on natural zeolites which can be 
a useful soil conditioner and an additive to fertilizer [31]. 
And the natural zeolites were utilized to adsorb PO4

3––P 
with a low adsorption capacity [32], compared to this, the 
synthetic zeolites were mainly used for environmental reme-
diation [33–35], which has a huge advantage on achieving 
a high phosphorus removal efficiency. Besides, the previ-
ous studies mainly focus on zeolites modification, which 
the approach was complex and time-consuming. For exam-
ple, Wan et al. [31] produced a kind of zeolites, which the 
NH4

+–N and PO4
3––P decreased from the initial 756.9 mg·L–1 

and 106.5 mg·L–1 to 201.1 mg·L–1 and 11.9 mg·L–1, respec-
tively, with the recovery rates of 70.5% and 84.3% after 5 h. 
Zhang et al. [36] prepared a kind of La-modified zeolites for 
NH4

+–N, PO4
3––P adsorption (50 and 60 mg·L–1). These studies 

had high removal efficiencies only for high concentration of 
NH4

+–N, PO4
3––P adsorption. Although the removal efficien-

cies were approximate with our study, the NH4
+–N still kept 

high in effluent, the NH4
+–N in effluent in this study was 

2.25 mg·L–1, and the addition dosage of zeolites was high (20 
and 10 g·L–1) compared with this study (3.0–6.0 g·L–1). Thus, 

the synthetic zeolites in this study were more effective and  
economical.

It was suggested that the synthetic zeolites exerted a 
positive effect on nitrogen and phosphorus adsorption 
performance. And considering the effect of different zeo-
lites dosage on the adsorption performance of TN, NH4

+–N, 
PO4

3––P, the appropriate zeolites dosage was about 3.0–
6.0 g·L–1, in which the TN removal efficiency was 50.05%–
60.32%, the NH4

+–N removal efficiency was 68.25%–77.5%, 
and the PO4

3––P removal efficiency was 93.8%–99.9%.

3.2. Characteristics of the synthetic zeolites on structure and 
surface topography

A kind of novel synthetic zeolites was produced in this 
study, which was obtained with kaolin as raw materials. 
And the synthetic zeolites were roasted on high tempera-
ture for activating kaolin and reducing organic impurities. 
The specific structure and surface topography of a material 
extremely affects the adsorption and ion exchange proper-
ties. Therefore, it was used to further discuss the adsorption 
performance and the adsorption mechanism of the synthetic 
zeolites. The XRD, SEM, and BET was measured for further 
characterizing the structure and surface topography of syn-
thetic zeolites (Fig. 4). As shown in Fig. 4a and b, it was the 
standard XRD spectrogram of zeolite – A(Na) and the XRD 
spectrogram of the synthetic zeolites. The difference between 
peaks shape and diffraction peaks indicated the crystallinity 
and the phase diversity [26]. Further, the diffraction peaks 
of the synthetic zeolites almost correspond to the diffrac-
tion peaks of zeolite – A(Na) literally, which indicated that 
the synthetic zeolites were a kind of zeolite – A(Na) with 
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an ideal purity. The SEM was utilized to reflect the surface 
characteristics, particle morphology, and various physical 
and chemical properties of the synthetic zeolites more clearly 
[36]. In Fig. 4c, the synthetic zeolites were regular hexahe-
dron configuration with sharp edges and angles, which 
indicated that the crystallization effect was stable during 
the synthesis process. After the synthetic zeolites were con-
tacted the water samples needed treatment, the edges and 
angles became relatively smooth, and there were more impu-
rities on the surface of synthetic zeolites, which may be due 
to the presence of impurities in the water and the collision 
between the synthetic zeolites and reactor during the oscil-
lating process, resulting in the damage of edges and angles 
of the synthetic zeolites. However, the synthetic zeolites 
still kept in the normal hexahedron configuration after the 
reaction, indicating that the structure was relatively stable  
(Fig. 4d).

The BET was utilized to further explain the surface 
area properties of the synthetic zeolites, and the pore-size 
distribution of zeolites was also an important factor to 
affect the adsorption performance [37]. The adsorption and 
desorption curves and pore-size distribution are shown 
in Fig. 5a and b. A small average pore size of the synthetic 
zeolites was 12.28 nm, the total pore size was 0.35 cm3·g–1, 
and the specific surface area of multi-point adsorption 
was 113.4 m2·g–1. It was previously reported that the larger 
surface area and smaller pore-size distribution of zeolites 
could provide more exposed adsorption sites for NH4

+–N 
and PO4

3––P to be exchanged, and it was easier for NH4
+–N 

and PO4
3––P to diffuse in the channels of the synthetic zeo-

lites [38]. By various characterizing methods, the synthetic 
zeolites have the property of large specific surface area, 
uneven pore-size distribution, an ideal crystallization and 
purity. Therefore, it can be concluded that the synthetic zeo-
lites were mesoporous materials with large specific surface 
area and uneven pore-size distribution, which indicated 
that it had abundant porous structure for better adsorption  
performance [39].

3.3. Adsorption mechanism of nitrogen and phosphorus by the 
synthetic zeolites

The Langmuir and Freundlich isothermal adsorp-
tion models were usually used to describe the adsorption 

mechanism of the synthetic zeolites on PO4
3––P and NH4

+–N 
removal (Fig. 6 and Tables 1 and 2).

The phosphorus adsorption by zeolites can mainly use 
Al in synthetic zeolites to combine H+ in water to form Al3+ 
(1–1), and then the Al3+ would be combined with PO4

3– (1–2). 
On the other hand, the hydrolysis reaction of Al3+ could 
formed Al(OH)2+ (1–3, 1–5), which would combine with 
PO4

3– to form stable complex (1–4, 1–6). During this process, 
Al3+ did not separate from zeolites and still existed in the 
form of zeolites. The mechanism was that PO4

3– and the alu-
minum complex in zeolites can combine together by ionic 
bond [32,40], and PO4

3––P could be adsorbed and removed by 
zeolites through complexation effect.
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Z Al PO Z Al PO� � � � �� �3
4
3

4  (II)

Z Al H O Z Al OH H2� � � � �� �� ��3
2
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2 4
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As shown in Fig. 6a and b, for the phosphorus adsorp-
tion, the Freundlich isothermal adsorption model (R2 = 0.99) 
fitted more closely than the Langmuir isothermal adsorp-
tion model (R2 = 0.96), which was consistent with the pre-
vious research [41]. And the heterogeneous factor 1/N = 0.62 
indicated that a high adsorption capacity during the pro-
cess of the phosphorus adsorption by the synthetic zeolites. 
Further, the phosphorus was mainly removed by chemi-
cal adsorption by the synthetic zeolites, which confirmed 
that PO4

3––P and the aluminum complex in zeolites were 
bonded by ionic bonds, and phosphorus was adsorbed by 
zeolites through complexation effect.

Simultaneously, the nitrogen removal by zeolites mainly 
uses the exchange between NH4

+ and cation in zeolites, and 
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the NH4
+ could replace the cations in the zeolites [32]. It 

was reported that the selecting order of common cations 
by zeolites was K+ > NH4

+ > Na+ > Ca2+ > Fe3+ > Al3+ > Mg2+ 
[42]. Therefore, the NH4

+ could effectively replace a large 
amount of Na+ in the zeolites, which was consistent with the 
previous research (1–7) [43].

Z Na NH Z NH Na� � � � �� � �
4 4  (VII)

As shown in Fig. 6c and d, the Freundlich isothermal 
adsorption model (R2 = 0.99) was more suitable for the 
NH4

+–N adsorption by the synthetic zeolites than that of 
the Langmuir model (R2 = 0.95), which was mainly chemi-
cally adsorbed by exchange between NH4

+ and Na+ in the 

synthetic zeolites [44]. The heterogeneous factor 1/N = 0.72, 
which indicated that the heterogeneous adsorption process 
of the NH4

+–N by the synthetic zeolites has a high adsorp-
tion capacity [29]. A similar phenomenon and mechanism 
was also reported and supported on NH4

+–N adsorption 
with natural zeolites, which the Ca2+ in the zeolites could 
be exchanged into the liquid for nitrogen removal [32].

Pseudo-first-order kinetics and pseudo-second-order 
kinetics model was utilized to fit the nitrogen and phos-
phorus adsorption by the synthetic zeolites. As shown in 
Fig. 7a, c and Table 3, the pseudo-second-order kinetics fit-
ting (R2 > 0.99) were greater than that of the pseudo-first- 
order kinetics. And the value of Qe and k2 were increased 
along with the increase of phosphorus concentration, 
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Fig. 6. Langmuir and Freundlich model fitting. The Langmuir model fitting of PO4
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+–N adsorption (b,d).

Table 1
Parameters of isothermal adsorption models for phosphorus adsorption by the synthetic zeolites

Langmuir Freundlich

Qmax (mg·g–1) kL (L·mg–1) R2 kf (mg1–1/n·(L1/n·g)) 1/n R2

7.5092 0.2401 0.95464 1.2465 0.6176 0.99312

Table 2
Parameters of isothermal adsorption models for nitrogen adsorption by the synthetic zeolites

Langmuir Freundlich

Qmax (mg·g–1) kL (L·mg–1) R2 kf (mg1–1/n·(L1/n·g)) 1/n R2

13.2943 0.0288 0.94518 0.4854 0.7228 0.99785
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indicating that the driving force of adsorption between 
the synthetic zeolites and phosphorus became stronger [38].

As shown in Fig. 7b, d, and Table 4, the pseudo- 
second-order kinetics (R2 > 0.99) fitted greater than that of 
the pseudo-first-order kinetics (R2 ≥ 0.96) for the NH4

+–N 
adsorption. Similarly, with NH4

+–N concentration increas-
ing, the value of Qe and k2 were also increased, which 

indicated that the driving force of adsorption between the 
synthetic zeolites and NH4

+–N became stronger.
As discussed above, the Freundlich isothermal adsorp-

tion model fitted more for the nitrogen and phosphorus 
adsorption by the synthetic zeolites, suggesting that the 
nitrogen and phosphorus could be removed effectively by 
chemical adsorption. And the pseudo-second-order kinetics 
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Fig. 7. Pseudo-first-order kinetics fitting for the PO4
3––P (a) and NH4

+–N (b) adsorption by the synthetic zeolites, and pseudo- 
second-order kinetics fitting for the PO4

3––P (c) and NH4
+–N (d) adsorption.

Table 3
Parameters of pseudo-first-order kinetics and pseudo-second-order kinetics for phosphorus adsorption by the synthetic zeolites

Initial PO4
3––P 

concentration (mg·L–1)
Pseudo-first-order kinetics Pseudo-second-order kinetics

k1 (min–1) Qe (mg·g–1) R2 k2 (g(mg·min)–1) Qe (mg·g–1) R2

2 0.08467 0.318 0.96222 0.08930 0.347 0.99102
5 0.07366 0.775 0.99315 0.15035 0.815 0.99808

Table 4
Parameters of pseudo-first-order kinetics and pseudo-second-order kinetics for NH4

+–N adsorption by the synthetic zeolites

Initial NH4
+–N 

concentration (mg·L–1)
Pseudo-first-order kinetics Pseudo-second-order kinetics

k1 (min–1) Qe (mg·g–1) R2 k2 (g(mg·min)–1) Qe (mg·g–1) R2

5 0.09567 0.5975 0.95865 0.4912 0.60607 0.99985
10 0.07994 1.1558 0.9691 0.5583 1.17106 0.99974
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fitting was more suitable for describing these processes. As 
shown in Fig. 8, the mechanism of phosphorus was the ionic 
bond between PO4

3––P and the aluminum complex in the syn-
thetic zeolites by complexation effect. Simultaneously, the 
mechanism of NH4

+–N adsorption by the synthetic zeolites 
was the ion exchange between NH4

+ and Na+. The adsorp-
tion capacity developed with the increase of the NH4

+–N 
and PO4

3––P concentration, and the maximum adsorption 
capacity depended on the properties of zeolites [32]. On 
the condition of the same amount addition of zeolites, a 
higher initial concentration of NH4

+–N and PO4
3––P could 

provide more adsorption driving force [45], which could 
develop NH4

+–N and PO4
3––P adsorption on the surface of the 

synthetic zeolites [46].

3.4. Recycle experiment of the synthetic zeolites

Insufficient zeolite recycle rate was the key obstacle 
for sustainable utilization [47]. In order to achieve cost 
saving and practical engineering application, the exper-
iment was conducted to examine the reusability of the 
synthetic zeolites (Fig. 9). According to Eq. (4), the value 
of the adsorption capacity of PO4

3––P and NH4
+–N by the 

recycled synthetic zeolites at equilibrium was 0.31 mg·g–1 
and 0.55 mg·L–1, respectively. Compared to the adsorption 
capacity of initial synthetic zeolites, the corresponding 

value of that was 0.35 mg·g–1 and 0.61 mg·L–1, the equilib-
rium adsorption capacity of the recycled synthetic zeo-
lites was equivalent to that of the initial synthetic zeolites. 
Therefore, it was suggested that the higher gradient of 
the solute could force adsorbates to diffuse deeply inside 
the zeolite channels with sufficient adsorbates, and the 
diffusion of PO4

3––P and NH4
+–N could not be a restricted 

impact factor at the appropriate reaction time [32]. This 
process is mainly used for the chemical synthetic zeo-
lites, the adsorption residence time was about 2 h, and 
1.25 kg of synthetic zeolites were added into per ton of 
wastewater. The raw materials of synthetic zeolites were 
mainly used by kaolin (0.23 USD/kg, 1.2 kg), and NaOH 
(0.075 USD/kg, 0.16 kg), and the cost of adsorption process 
for per ton wastewater was only 0.28 USD. And according 
to the statistics, synthetic zeolites market will reach 2.7 bn 
of USD by 2028 with a compound annual growth rate of 
3.5% [48]. Therefore, the synthetic zeolites have a great 
potential application in the future.

The good reusability and positive adsorption perfor-
mance of the synthetic zeolites on PO4

3––P and NH4
+–N 

removal in this study provided a potential strategy for the 
use of the synthetic zeolites in the management of nitro-
gen and phosphorus pollution. The advantage of this strat-
egy existed that the synthetic zeolites was cost-effective 
because of the wide distribution of its raw materials in 
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nature. Meanwhile, challenges that should be considered 
carefully include how to apply the positive adsorption and 
the reusability property of the synthetic zeolites to practical  
engineering.

4. Conclusions

This study successfully proved the synthetic zeolites that 
produced by kaolin could simultaneously and effectively 
remove nitrogen and phosphorus from urban sewage. And 
the synthetic zeolites were used as a kind of mesoporous 
materials with large specific surface area and uneven pore-
size distribution. Furthermore, ammonium nitrogen removal 
depends on cation exchange by zeolites, and the phospho-
rus removal depended on the ionic bond between PO4

3– and 
the aluminum complex in the synthetic zeolites by complex-
ation effect. Finally, the synthetic zeolites had a good reus-
ability and positive adsorption performance. These results 
offer a new alternative for the sustainable use of zeolites 
and the removal of nitrogen and phosphorus from urban 
sewage by adsorption simultaneously. In future, the devel-
opment of the eco-friendly synthetic zeolites is necessary to 
improve for practical engineering application.
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