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Abstract: To investigate the adsorption performance of different substrates for ammonia nitrogen in
wastewater, adsorption experiments are conducted on four substrates, namely, zeolite, quartz sand,
volcanic rock, and biological ceramsite, and the experimental data are analyzed using adsorption
isotherms and three kinetic models. The results show that with the increasing dosage of the substrates,
the adsorption capacity gradually decreases, and the removal rate gradually increases. The removal
rates all show a rapid increase in the early stage (the first 14 h) and gradually reach a stable state
in the later stage (after more than 48 h). The higher the concentration of ammonia nitrogen in the
NH4Cl solution, the greater the unit adsorption capacity of ammonia nitrogen by the substrate, the
longer the adsorption time required to reach adsorption equilibrium, the lower the total removal
rate of ammonia nitrogen, and the longer it takes for the concentration of ammonia nitrogen in the
substrate and solution to reach equilibrium. The adsorption capacity of zeolite to ammonia nitrogen
is much higher than that of quartz sand, biological ceramsite, and volcanic rock, so zeolite is suitable
as the wetland substrate. The adsorption of ammonia nitrogen by the four substrates is principally
multi-molecular layer adsorption, and the adsorption phase is heterogeneous.

Keywords: substrate; adsorption performance; ammonia nitrogen; adsorption isotherm; kinetic analysis

1. Introduction

Water is one of the important resources for human survival. China is a country with a
serious shortage of water resources. In 2020, China’s total water resources were 3.1 trillion
cubic meters, with a per capita water resource share of 2214 cubic meters, which is only a
quarter of the world average [1]. With the development of social industrialization and the
excessive exploitation and utilization of resources by human beings, the water environment
pollution is becoming increasingly serious, which not only restricts the development of
the social economy but also threatens human survival [2]. Due to the impact of human
activities, eutrophication of lakes, rivers and other water bodies is becoming increasingly
severe worldwide, with frequent outbreaks of algal blooms and adverse effects on the
environment [3]. Eutrophication of water bodies has become a serious global environmental
problem. Consequently, we must urgently address the eutrophication of water bodies
worldwide, especially in China.

Ammonia nitrogen is the most common nitrogen-containing compound in wastewater,
with multiple sources of pollution and large emissions. The excessive discharge of wastew-
ater containing ammonia nitrogen into the water body without treatment or incomplete
treatment is the main factor causing eutrophication in water bodies. Exceeding the natural
value of ammonia nitrogen in water bodies can lead to the death of a large number of
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aquatic organisms, posing a threat to human health [4,5]. The phenomenon of ammonia
nitrogen exceeding the standard in soil and groundwater is significant, and it has become
the main pollutant that needs to be controlled in China. With the increasing improvement
of the solution discharge standards, the requirements and demands for removing residual
ammonia nitrogen in the solution are becoming increasingly high.

The rapid and efficient removal method of ammonia nitrogen in wastewater has al-
ways received a lot of attention. At present, the removal methods of ammonia nitrogen
in water mainly include chemical oxidation, physicochemical, and biological methods.
Among them, the sodium hypochlorite oxidation method, as the main chemical oxida-
tion method for removing ammonia nitrogen from wastewater, has been widely used
and reported. Although this method can effectively remove ammonia nitrogen and other
pollutants in wastewater, it is costly and prone to secondary pollution. The constructed
wetlands sewage treatment technique [6] is based on the physical, chemical, and biological
reactions of internal substrates, microorganisms, and plants to achieve the efficient removal
of ammonia nitrogen, with the remarkable advantages of low construction and operation
costs, low energy consumption, good treatment effect, and low secondary pollution. Since
the 1970s, this technique has been widely applied to sewage treatment in urban areas,
industry, and agriculture, as well as water restoration in rivers and lakes [7,8]. Plants,
substrates, and microorganisms are important components of artificial wetland wastewater
treatment systems and are also the main pathways for nitrogen removal in wetlands [6].
Wetland substrate is the main carrier of microorganisms and aquatic plants, as well as
the main site for physical, chemical, and biological reactions. Analyzing and selecting
the appropriate substrate can significantly improve the removal efficiency of ammonia
nitrogen in wastewater by the wetland system [9,10], and it is of crucial practical signif-
icance to conduct research on constructed wetlands as an ecological restoration scheme
for treating wastewater.

Previous studies have investigated the ammonia nitrogen adsorption of a large number
of different substrates through experiments, largely focusing on using the Langmuir model
to calculate the theoretical saturated adsorption capacity of substrates [11–14], providing a
basis for the selection of wetland substrates. However, far less attention has been paid to
the microscopic factors affecting the adsorption performance of substrates for ammonia
nitrogen, the main factors affecting the adsorption capacity of ammonia nitrogen, and the
main adsorption modes of ammonia nitrogen, which cannot provide technical support for
further improving the adsorption performance of wetland substrates. To that end, four
natural materials with similar densities and appearances, namely, zeolite, quartz sand,
bioceramics, and volcanic rock, were selected as wetland substrates for experimental study
in this paper. The effects of physicochemical properties, substrate dosage, adsorption
time, and initial concentration of ammonia nitrogen on the adsorption performance were
analyzed, and the adsorption isothermal curve and kinetic adsorption curve were fitted,
and then, the main determinants affecting the adsorption capacity of ammonia nitrogen
and the main adsorption modes of ammonia nitrogen were determined, which can provide
data support and a theoretical basis for selecting a high adsorption wetland substrate and
improving the adsorption performance of substrates.

2. Materials and Methods
2.1. Substrates

To investigate the adsorption characteristics of ammonia nitrogen by different adsorp-
tion materials, four kinds of fresh substrates purchased from Beijing Kaibiyuan Trade Co.,
Ltd., Beijing, China, i.e., zeolite, quartz sand, volcanic rock, and biological ceramsite, with
particle sizes of 2–4 mm, 5–8 mm, 2–4 mm, and 3–5 mm, respectively, were used in the
parallel experiments. Note that the particle sizes of the four natural irregular substrates
used in this study are all too small, and their porosity and hydraulic conductivity are very
low. Thus, it is considered that the influence of the slight changes in particle size of these
substrates within 10 mm on the adsorption of ammonia nitrogen is negligible [15,16].
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2.2. Determination of Physical and Chemical Properties of Substrates

The tests of physical and chemical properties of the substrates included the following:
(1) the surface microstructure of zeolite, quartz sand, biological ceramsite, and volcanic rock
were observed with the Gemini SEM300 electron microscope (Carl Zeiss Optics (China) Co.,
Ltd., Guangzhou, China) magnified by 1000 times; (2) the cation exchange capacity of the
substrates was determined by BaCl2-MgSO4 (forced exchange) method using the specific
surface tester (Beishide instrument-S&T (Beijing) Co., Ltd., Beijing, China); (3) the specific
surface area and pore volume of the substrates were measured by the Brunauer-Emmett-
Teller (BET) multi-point approach using 3H-2000PS (Beishide instrument-S&T (Beijing) Co.,
Ltd., Beijing, China); (4) the concentration of ammonia nitrogen was determined using
salicylic acid-hypochlorite spectrophotometry [17]; (5) the pH value was determined using
the electrode potential (the water-soil ratio was 2.5/1); (6) the concentration of ammonia
nitrogen in the solution was determined using Nessler’s reagent spectrophotometry [16];
(7) the unit adsorption capacity Qe of the substrate for ammonia nitrogen can be calculated
using Equation (1); and (8) the calculation method of ammonia nitrogen removal rate is
given in Equation (2).

Qe =
C0 − Ce

m
, (1)

where C0 is the initial concentration of NH4
+-N in the solution, Ce is the concentration of

NH4
+-N in the solution at equilibrium, and m is the mass of the substrate.

Removal rate (%) = (C0 − Ce)/C0 × 100% (2)

2.3. Adsorption Isothermal Test of Substrates

The adsorption isothermal test of the substrate includes the substrate dosage test,
substrate adsorption time test, and the initial concentration test of ammonia nitrogen. To
minimize variability in the experiments and fundamentally investigate the influence of
substrates on intensified ammonium removal, the ammonium chloride (NH4Cl) solutions
with different concentrations were prepared with a certain amount of superior dry pure
NH4Cl dissolved in deionized water.

The zeolite, quartz sand, volcanic rock, and biological ceramics of different qualities
were placed in a 135 mL white polyethylene bottle according to the test requirements,
and 100 mL NH4Cl solutions with different concentrations were, respectively, added.
Subsequently, the experiment oscillated at the frequency of 120 rpm using a temperature
water bath vibrator (Figure 1) under the indoor constant temperature condition (25 ◦C),
and samples were collected. Finally, the concentration of ammonia nitrogen in filtrate
was measured using GB7478-87 salicylic acid-hypochlorite spectrophotometry. To reduce
the experimental error and ensure the comparability of the experiments, each group of
experiments was repeated three times in parallel. The data were subjected to one-way
ANOVA to test the statistically significant differences of determined parameters.

2.3.1. Substrate Dosage Test

In total, 1 g, 2.5 g, 5 g, 10 g, 15 g, 20 g, and 30 g of each substrate were, respectively,
weighed and added into NH4Cl solution of 100 mg/L. The sample was measured after
vibrating for 96 h.

2.3.2. Substrate Adsorption Time Test

According to the test results of the substrate dosage, 5 g zeolite, 15 g quartz sand, 10 g
biological ceramics, and 15 g volcanic rock were weighed and added into NH4Cl solutions
with concentrations of 10 mg/L, 100 mg/L, and 250 mg/L, respectively. Afterward, samples
were successively taken at 2, 4, 6, 8, 10, 14, 20, 28, 36, 48, 60, and 72 h.
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Figure 1. Schematic diagram of ammonia nitrogen adsorbability test of zeolite, quartz sand, biological
ceramsite, and volcanic rock.

2.3.3. Influence Test of Initial Concentration of Ammonia Nitrogen

In total, 5 g zeolite, 15 g quartz sand, 10 g biological ceramics, and 15 g volcanic rock
were weighed and added into 100 mL of NH4Cl solutions with concentrations of 10 mg/L,
50 mg/L, 100 mg/L, 150 mg/L, 200 mg/L, and 250 mg/L, respectively. The sample was
measured after vibrating for 48 h.

The experimental data were recorded and preliminarily analyzed by Excel 2021 soft-
ware, the data diagram was drawn by Origin 2021 software, and the device diagram was
drawn by SmartDraw 2020 software.

3. Results
3.1. Physical and Chemical Properties of Substrates

The microstructure parameters of the zeolite, quartz sand, biological ceramsite, and
volcanic rock are listed in Table 1, and the scanning images of the surface microstructure
characteristics of the substrates under an electron microscope are plotted in Figure 2. The
ammonia volatilization process is influenced by various factors, such as NH4

+ concentra-
tion, pH value, temperature, wind speed, solar radiation, species of aquatic plants, and
daily variation of the system, but mainly related to the NH4

+ ion concentration and pH
value [18–20]. In water, the equilibrium transformation between the two existing forms
of ammonia nitrogen (NH3 and NH4

+) is mainly influenced by the temperature and pH
value [21]. For example, at the temperature of 25 ◦C and pH = 7.0, the mass fraction of
NH3 only accounts for about 0.6%, so NH4

+ is the main form of ammonia nitrogen in
constructed wetland [21]. Ammonia volatilization is a physical and chemical process, and
the equilibrium equation of the ammonia nitrogen dissociation in water is

NH3(aq) + H2O → NH+
4 + OH− (3)
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Table 1. Microstructure parameters of different substrates.

Material Density (m3/g)
Cation Exchange
Capacity (coml/kg)

Specific Surface
Area (m2/g)

Total Pore
Volume (mL/g)

Average Pore
Diameter (nm) pH

Zeolite 2.05–2.21 4.17–4.41 16.59 0.0612 14.76 7.09
Quartz sand 2.51–2.75 0.17–0.53 0.12 0.0010 3.47 7.30
Biological
ceramsite 1.64–1.70 0.57–0.69 0.71 0.0161 6.88 7.37

Volcanic rock 1.94–2.00 0.17–0.75 0.35 0.0006 90.86 7.31

Figure 2. Scanning of the surface microstructure of zeolite, quartz sand, biological ceramsite, and
volcanic rock examined at a scale of 50 µm.

Previous studies [18,22] have indicated that the volatilization rate of ammonia is
directly proportional to the concentration of NH4

+ ion concentration. That is, when the pH
value is below 7.5, there is almost no ammonia volatilization [20,22]; when the pH value
is between 7.5 and 8.0, ammonia volatilization is not significant; and when the pH value
is higher than 8.0, the ammonia volatilization increases exponentially with increasing pH
value. The four substrates used are all weakly alkaline (Table 1), with pH values ranging
from approximately 7.09 to 7.37, all lower than 7.5. Thus, it can be considered that the
pH value of these substrates has almost no significant effect on ammonia volatilization.
Moreover, to prevent the interference of concentration, temperature, wind speed, solar
radiation, and other conditions on the test results, 135 mL fine-mouthed polyethylene
bottles with inner and outer double covers were selected in this experiment. During
the experiment, the stoppers were tightly covered, and the experiment was conducted
in a constant temperature water bath shaker at 25 ◦C. In particular, the experiment was
to compare the adsorption effects of different substrates on the same ammonia nitrogen
concentration, with three parallel experiments in each group. Based on the above conditions,
the ammonia nitrogen volatilization amount could be basically ignored.

Additionally, the adsorption capacity of the substrate for ammonia nitrogen is related
to the pH value of the substrate. If the substrate is alkaline, NH4

+ is prone to form a
hydroxyl complex with OH− in the substrate solution, and the stronger the alkaline of the
substrate, the stronger the adsorption capacity for ammonium nitrogen [23]. If the substrate
is acidic, the H+ in the substrate solution will compete with NH4

+ for adsorption, which may
lead to a poor adsorption effect on ammonium nitrogen [24]. The weak alkalinity of these
four substrates and the small difference in their pH values indicate that the influence of the
pH value on the adsorption performance of these four substrates is basically negligible.

Different from the similarity of pH values of these substrates, the specific surface
area and the cation exchange capacity of the zeolite are 16.59 m2/g and 4.29 coml/kg,
respectively, which are much higher than those of biological ceramsite (0.71 m2/g and
0.63 coml/kg), volcanic rock (0.35 m2/g and 0.46 coml/kg), and quartz sand (0.12 m2/g
and 0.35 coml/kg). This strongly indicates that zeolite exhibits good physical and chemical
properties and high potential adsorption capacity. The microstructure of the substrate
surface was observed using an electron microscope at the scale of 50 µm, and it can be
clearly seen from Figure 2 that the surface of zeolite has many lamellar structures, the
surface of quartz sand is smooth, and the surface of biological ceramsite possesses a large
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number of lamellar and granular structures. Many macroporous structures visible to the
naked eye exist on the surface of the volcanic rock, but only a few granular structures
can be seen on the surface under 50 µm electron microscopy. It can be deduced that the
cation exchange capacity and specific surface area of the substrate are determined by the
microstructure of the substrate surface and are not closely related to the pH value of the
substrate and the pore diameter and pore volume of the substrate surface. Furthermore,
the cation exchange capacity and specific surface area of the lamellar structure substrate
are excellent, and the granular structure has a certain improvement but less impact on
the physical and chemical properties of the substrate compared to the smooth surface of
quartz sand. The appearance of the volcanic rock differs from the other three substrates,
and there are many visible pores with an average pore diameter of 90.86 nm, which is much
higher than that of the other three substrates (3.47–14.76 nm). However, the physical and
chemical properties of the volcanic rock, such as specific surface area and cation exchange
capacity, are far lower than those of zeolite, indicating that the micro-physical and chemical
properties of the substrates are determined by the microstructure of the substrates and are
not related to the characterization of the substrates.

Moreover, a large number of crystals are distributed on the surface of zeolite and
biological ceramsite, while there are no crystals on the surface of quartz sand and vol-
canic rock. According to Bhattacharyya and Gupta [25], the adsorption capacity of the
substrate for ammonia nitrogen depends on the crystal species on the substrate surface,
which determines the species richness and structure of microbial flora on the substrate
surface. In addition, the microscopic lamellar and granular structures on the surface of
the substrate can provide more attachment points for wetland microorganisms in the later
stage of wetland operation, thus improving the removal effect of ammonia nitrogen and
other pollutants in the wetland. These results imply that the specific surface area and
other physical and chemical properties of the substrate can be significantly improved by
increasing the lamellar structure on the substrate surface or selecting materials with more
lamellar structures as wetland substrates. Therefore, biological ceramsite with a granular
structure tends to have a better adsorption capacity than quartz sand with a smooth surface,
and zeolite with a flaky structure appears to have a better adsorption capacity than the
other three substrates.

3.2. Substrate Dosage

The influence of the dosage of four substrates on the unit adsorption capacity and
removal rate for ammonia nitrogen in the NH4Cl solution is listed in Table 2, and these
data are visualized in Figure 3. From the dosage of substrates ranging from 1 g to 30 g,
zeolite has the highest unit adsorption capacity for ammonia nitrogen in the entire process
of vibrating adsorption, reaching 0.33–5.61 mg/g, and its total removal rate for ammonia
nitrogen is also the largest, ranging from 56.32% to 98.99%, which are much greater than
those of quartz sand, biological ceramsite, and volcanic rock under the same dosage. The
adsorption capacity of the substrate for ammonia nitrogen largely depends on the specific
surface area and total pore volume of the substrate, showing a positive correlation, which
is fairly identical to the research results provided by Wang et al. [26]. Overall, as the
dosage of the four substrates increases, their adsorption capacity for ammonia nitrogen
gradually decreases (Figure 3a) and their removal rate gradually increases (Figure 3b). This
is because, with the increase in the dosage of the substrate, the adsorption points provided
increase correspondingly, so the unit adsorption capacity for ammonia nitrogen gradually
decreases, and an increase in the substrate dosage can significantly improve the removal
rate of ammonia nitrogen. For zeolite, when the dosage of zeolite is 5 g, the unit adsorption
capacity of zeolite is 1.80 mg/g, and the removal rate reaches 93.76%. When the dosage of
zeolite increases again, the removal rate for ammonia nitrogen remains basically unchanged.
This is principally because when the ammonia nitrogen concentration in the solution drops
to a certain level (the residual ammonia nitrogen concentration in the solution is about
10 mg/L after the test), adsorption will not occur again, that is, adsorption equilibrium
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will appear. At this time, the driving force of the mass transfer provided by the solution is
infinitely closer to the resistance when ammonia nitrogen enters the adsorption point of
the substrate from the solution. Hence, increasing the dosage of zeolite has little effect on
improving the adsorption capacity of zeolite for ammonia nitrogen in the solution, and the
unit adsorption capacity and removal rate for ammonia nitrogen by the substrate tend to
be stable, demonstrating that the removal of ammonia nitrogen by zeolite is determined
by both the dosage of the substrate and the concentration of ammonia nitrogen in the
solution. However, for quartz sand, biological ceramsite, and volcanic rock with poor
adsorption performance, their dosage has little effect on the removal of ammonia nitrogen
in the solution.

Table 2. Unit adsorption capacity and removal rate for ammonia nitrogen of different substrates.

Substrate
Dosage (g)

Zeolite Quartz Sand Biological Ceramsite Volcanic Rock

Unit Adsorption
Capacity (mg/g)

Removal
Rate (%)

Unit Adsorption
Capacity (mg/g)

Removal
Rate (%)

Unit Adsorption
Capacity (mg/g)

Removal
Rate (%)

Unit Adsorption
Capacity (mg/g)

Removal
Rate (%)

1.0 5.61 56.32 0.26 2.62 0.87 8.65 0.45 4.51
2.5 3.29 81.83 0.21 3.99 0.34 8.47 0.26 6.47
5.0 1.89 93.76 0.08 3.34 0.20 9.09 0.20 9.96
10 0.98 97.05 0.05 4.78 0.16 15.99 0.18 17.66
15 0.66 98.10 0.03 6.07 0.10 14.90 0.17 25.29
20 0.50 98.66 0.03 5.85 0.07 15.67 0.12 23.18
30 0.33 98.99 0.03 6.65 0.06 18.94 0.08 25.26

Figure 3. Influence of the substrate dosage on the unit adsorption capacity (a) and removal rate
(b) for ammonia nitrogen.

In summary, the experimental results show that zeolite exhibits excellent performance
in removing ammonia nitrogen from the solution. When selecting zeolite as a wetland
substrate for ammonia nitrogen treatment, the solution treatment volume can be determined
based on the required dosage of zeolite per liter of the solution, so that ammonia nitrogen
in the solution can be effectively removed without wasting wetland resources.

3.3. Substrate Adsorption Time

In NH4Cl solutions with mass concentrations of 10 mg/L, 100 mg/L, and 250 mg/L,
the curves of ammonia nitrogen removal rate with adsorption time in the four substrates are
illustrated in Figure 4, and the saturated adsorption time and removal rate of the substrates
are shown in Table 3. It can be observed that the adsorption trends for ammonia nitrogen
by zeolite, quartz sand, biological ceramsite, and volcanic rock are similar in the three
concentrations of NH4Cl solution, that is, the removal rates all show a rapid increase in the
early stage (the first 14 h) and gradually reach a stable state in the later stage (after more than
48 h). This changing trend indicates that the kinetic curves of ammonia nitrogen adsorption
by these four substrates conform to the characteristics of “rapid adsorption and then slow
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balance”. Accordingly, quartz sand, biological ceramsite, volcanic rock, and zeolite all
belong to polar adsorption [27], but the adsorption capacities of quartz sand, biological
ceramsite, and volcanic rock are limited because of their small specific surface and cation
exchange capacities, which are significantly lower than that of zeolite. Moreover, with
an increasing solution concentration, the time required for ammonia nitrogen adsorption
saturation becomes longer and the removal rate of ammonia nitrogen decreases (Table 3).
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Table 3. Adsorption saturation time and removal rate for ammonia nitrogen of different substrates.

Substrate Index
Ammonia Nitrogen Concentration (mg/L)

10 100 250

Zeolite

Adsorption saturation time (h)

10 14 14
Quartz sand 10 10 10
Biological ceramsite 14 16 16
Volcanic rock 10 14 14

Zeolite

Removal rate (%)

91.16 81.48 76.60
Quartz sand 26.22 11.624 13.24
Biological ceramsite 32.32 19.53 19.65
Volcanic rock 35.88 15.82 11.33

As shown in Figure 4, although quartz sand can quickly reach adsorption equilibrium
in the solution with different concentrations, its pollutant removal rate is low, which is
not in line with the characteristics of high-efficiency adsorbents. Compared to the other
three substrates, zeolite has the characteristics of high load impact resistance, and it still
has the characteristics of rapid adsorption and efficient removal of ammonia nitrogen
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in a high-concentration solution. Taking zeolite as an example, when the concentration
is 10 mg/L, after 10 h, the unit adsorption capacity of zeolite for ammonia nitrogen is
0.193 mg/g, and the removal rate is 91.16%. When the concentration is 100 mg/L, after
14 h, the unit adsorption capacity is 1.667 mg/g, and the removal rate is 81.48%. As the
concentration is 250 mg/L, after 14 h, the unit adsorption capacity is 3.935 mg/g, and
the removal rate is 76.60%. This suggests that when the dosage of the substrate remains
constant, the higher the concentration of ammonia nitrogen in the solution, the greater the
unit adsorption capacity of ammonia nitrogen by the substrate, the longer the adsorption
time required to reach adsorption equilibrium, and the lower the total removal rate of
ammonia nitrogen. This can be attributed to the fact that a certain amount of substrate
provides a fixed number of adsorption sites, and increasing the concentration of NH4

+-N in
the solution results in an increase in the number of adsorption sites required for NH4

+-N,
leading to a longer equilibrium adsorption time. However, when the amount of NH4

+-N in
the solution drops to a certain value, the attraction of the substrate to NH4

+-N is less than
the repulsion generated by the already adsorbed NH4

+-N on other NH4
+-N, resulting in

equilibrium adsorption. This also validates the result that the maximum unit adsorption
capacity of the substrate is much higher than the saturated adsorption capacity within the
substrate adsorption time.

Based on the experimental results, it is believed that the adsorption of ammonia nitro-
gen by the substrate includes physical adsorption and ion exchange. Physical adsorption is
predominantly caused by the electrostatic force and capillary force on the surface of the
substrate, and pore filling also plays a role in the adsorption process [28]. Moreover, ion
exchange is a chemical process in which cations (such as Si4+, Al3+, Mg2+, and Zn2+) on the
surface of the substrate exchange with NH4

+-N [29]. At the beginning of adsorption, the
four substrates are primarily electrostatically adsorbed, which mostly occurs at the surface
active sites, with a faster adsorption rate. As the adsorption time increases, after the surface
active sites gradually saturate, the adsorption may be diffusion, thereby slowing down the
adsorption rate [30–32].

Because the daily solution treatment capacity of the same wetland is determined by
the solution concentration and the solution retention time, choosing the optimal solution
retention time in the wetland according to the adsorption saturation time required by
the substrate in the solution with different concentrations can significantly improve the
solution treatment efficiency of the wetland.

3.4. Initial Concentration of Ammonia Nitrogen

The variation trend of the unit adsorption capacity and removal rate for ammonia
nitrogen in the four substrates with respect to the initial concentration of ammonia nitrogen
is presented in Figure 5. After oscillating for 48 h to reach adsorption equilibrium, as the
initial concentration of ammonia nitrogen solution increases from 10 mg/L to 250 mg/L,
the unit adsorption capacity of zeolite, quartz sand, biological ceramsite, and volcanic rock
for ammonia nitrogen increases from 0.19 mg/g, 0.01 mg/g, 0.02 mg/g, and 0.02 mg/g
to 4.05 mg/g, 0.22 mg/g, 0.52 mg/g, and 0.33 mg/g, respectively, while the removal rate
for ammonia nitrogen in the solution decreases from 96.3%, 13.0%, 32.0%, and 14.8% to
70.7%, 3.2%, 11.3%, and 8.5%, respectively. The results indicate that with the increase
in the initial concentration of ammonia nitrogen, the equilibrium adsorption capacity of
the four substrates for ammonia nitrogen rises, while the removal rate descends. This is
because when the initial concentration of ammonia nitrogen increases, the mass transfer
driving force provided by the solution increases, which is greater than the resistance when
ammonia nitrogen enters the adsorption point of the substrate from the solution. The
higher the initial concentration of ammonia nitrogen in the solution, the greater the mass
transfer driving force generated and the larger the unit adsorption capacity of the substrate.
However, when the amount of substrate is fixed, the adsorption sites provided by the
substrate are limited. The higher the initial concentration of ammonia nitrogen, the more
adsorption sites are required, and the easier it is for the substrate to reach adsorption
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saturation. Thus, the removal rate of ammonia nitrogen in the solution decreases with the
increase in the initial concentration of ammonia nitrogen.

Figure 5. Effect of the initial concentration of ammonia nitrogen on the unit adsorption capacity
(a) and removal rate (b) for ammonia nitrogen.

4. Discussion
4.1. Adsorption Equilibrium

Adsorption isotherms are used to describe the relationship between the solute mass
adsorbed by unit mass of adsorbent and the equilibrium concentration of the adsorbate in
the solution when adsorption reaches equilibrium [33], which are useful to optimize the use
of media as adsorbents and can reflect the adsorption law of the substrate. Consequently,
empirical equations (Langmuir and Freundlich isothermal models) are important for the
interpretation and prediction of adsorption data. Langmuir postulates that (1) the number
of active adsorption sites on the solid surface is fixed, and each adsorption site can only
adsorb one molecule at most; (2) each active site is distributed on the surface of the molecule;
and (3) the adsorbed molecules are independent of each other. Under the ideal condition
that all of the above assumptions are valid, the adsorption isothermal analysis formula (i.e.,
Langmuir model) is given by

Qe =
KCeQmax

KCe + 1
, (4)

where Ce is the concentration of NH4
+-N in the solution at equilibrium; Qe and Qmax are the

unit adsorption capacity and maximum adsorption capacity of the substrate at equilibrium,
respectively; and K is the Langmuir constant.

The constants of the Langmuir isotherm can be determined by plotting 1/Qe versus
1/Ce, and thus, Equation (4) can be expressed in the follwoing linear form:

Ce

Qe
=

Ce

Qmax
+

1
KQmax

(5)

However, some researchers believe that the surface of a solid is uneven, so the dis-
tribution and types of adsorption active sites on the solid surface are distinct, and their
affinity for molecules is also diverse. There may be cases where multiple active sites adsorb
a molecule, and the adsorption capacity increases infinitely with increasing concentration.
As such, the Freundlich isothermal model is introduced and is given as the following
equation [33]:

Qe = FCe
1/n, (6)

where F roughly represents the adsorption capacity; and 1/n stands for the adsorption
intensity. The linear form of the Freundlich model yields the constants F and 1/n, that is,

log Qe = log F +
1
n

log Ce (7)
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In this study, both Langmuir and Freundlich models are adopted to evaluate the
experimental results using the adsorption data with different initial concentrations of
ammonia nitrogen. The fitting results are shown in Figure 6, and the derived parameters
are shown in Table 4. The correlation coefficients fitted by the Langmuir equation of zeolite,
biological ceramsite, and volcanic rock are 0.924, 0.978, and 0.870, respectively, which are
all greater than 0.85, indicating good fitting results, while the correlation coefficient of
the quartz sand is 0.758. This indicates that the single-molecule layer adsorption exists in
the zeolite, biological ceramsite, and volcanic rock. Due to the low Langmuir correlation
coefficient of quartz sand, it is believed that the adsorption isothermal of ammonia nitrogen
by quartz sand does not conform to the independent adsorption of an ideal single molecule.
As a result, it is speculated that single-molecule layer adsorption can be better achieved by
the presence of lamellar structures in the microstructure of the substrate surface, while the
smoother the surface structure of the substrate, the less likely it is to achieve single-molecule
layer adsorption.

Figure 6. Adsorption isothermal curves fitted by the Langmuir (a) and Freundlich (b) models. Note
that in (a), the vertical axis on the left corresponds to the data of quartz sand, volcanic rock, and
biological ceramsite, and the vertical axis on the right corresponds to the data of zeolite.

Table 4. Fitting parameters in the Langmuir and Freundlich adsorption isotherm models.

Isotheram Zeolite Quartz Sand Biological Ceramsite Volcanic Rock

Langmuir
R2 0.924 0.758 0.978 0.870
Qm (mg/g) 3.85 0.12 0.31 0.21
K 6.18 × 10−2 6.11 × 10−3 5.25 × 10−3 1.31 × 10−2

Equilibrium isotherms Qe =
0.239Ce

6.18 × 10−2Ce+1 Qe =
7.33 × 10−4Ce

6.11 × 10−3Ce+1 Qe =
1.63 × 10−3Ce

5.25 × 10−3Ce+1 Qe =
2.76 × 10−3Ce

1.31 × 10−2Ce+1
Freundlich
R2 0.997 0.992 0.997 0.967
1/n 0.558 0.682 0.792 0.592
F 0.343 1.864 × 10−3 2.693 × 10−3 7.439 × 10−3

Equilibrium isotherms Qe = 0.343Ce
0.558 Qe = 1.864 × 10−3Ce

0.682 Qe = 2.693 × 10−3Ce
0.792 Qe = 7.439 × 10−3Ce

0.592

The single-molecule layer adsorption capacities of the four substrates are derived from
the fitting equations, which are zeolite 3.85 mg/g, biological ceramsite 0.31 mg/g, volcanic
rock 0.21 mg/g, and quartz sand 0.12 mg/g in descending order, all of which are smaller
than the actual maximum unit adsorption capacities of 5.61 mg/g, 0.87 mg/g, 0.45 mg/g,
and 0.26 mg/g in the matrix dosage experiment. The theoretical monolayer adsorption
capacity of the four substrates is consistent with the NH4

+-N removal capacity of the four
substrates in the substrate dosage test. This indicates that although the adsorption of the
zeolite, biological ceramsite, and volcanic rock can be well fitted using the Langmuir model,
the adsorption of ammonia nitrogen by the substrate is not a single monolayer adsorption
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because of the complex microstructure of the substrate surface. In addition, K represents
the adsorption strength of the substrate for NH4

+-N. The larger the K value, the greater the
difference between the adsorption rate and desorption rate of the substrate for NH4

+-N,
and the closer the adsorption between the substrate and NH4

+-N [29,34]. Zeolite has the
highest adsorption strength for NH4

+-N, followed by volcanic rocks, while the adsorption
strength of biological ceramsite and quartz sand for NH4

+-N is much lower than that of
zeolite and volcanic rocks. NH4

+-N is more easily desorbed from the surface of biological
ceramsite and quartz sand.

On the other hand, the correlation coefficients fitted by the Freundlich model of
these four substrates are all greater than 0.96 (Table 4) and higher than those fitted by the
Langmuir model, so it can be considered that the Freundlich model is more suitable to
describe the adsorption of NH4

+-N by these four substrates [35,36]. The results indicate that
the adsorption processes of NH4

+-N by the four substrates occur on heterogeneous surfaces,
following the adsorption of multiple molecular layers, and the adsorption is the result
of the interaction between chemical and physical adsorption [37,38]. In the Freundlich
equation, the larger the adsorption coefficient F value, the greater the adsorption capacity
of the substrate. The F value of the zeolite is much higher than that of quartz sand,
biological ceramsite, and volcanic rock, implying that zeolite has a much better adsorption
performance for ammonia nitrogen than the other three substrates, and zeolite has a higher
affinity for NH4

+-N.
Additionally, the correlation coefficients of the adsorption data of the four substrates

fitted by the Freundlich model are all greater than 0.95, indicating a good fitting effect.
According to Freundlich’s theory, the magnitude of the exponent 1/n indicates the favor-
ability of adsorption. That is, 1/n > 2 indicates that the adsorption is difficult, and the
substrate is easy to adsorb when 0.1 < 1/n < 1; the smaller 1/n, the easier the substrate is to
adsorb [2,38,39]. The 1/n values of the four substrates are zeolite 0.56, volcanic rock 0.59,
quartz sand 0.68, and biological ceramsite 0.79, all of which are greater than 0.1 and less
than 1. Theoretically, these four substrates should be easy to adsorb ammonia nitrogen,
but in fact, the adsorption of ammonia nitrogen by quartz sand is not easy, which means
that the statement that substrates are easy to adsorb when 0.1 < 1/n < 1 does not comply
with the adsorption isothermal of ammonia nitrogen by some substrates. Nevertheless,
the fitting results are in accord with the adsorption saturation time in Table 4, indicating
when the 1/n value is smaller, the adsorption equilibrium can be reached in a shorter time,
and the adsorption capacity of the substrate is determined by the microstructure of the
substrate surface.

Through the above analysis, the surface microstructure of the substrate is generally
complex, and the fitting results indicate that the adsorption of ammonia nitrogen by
zeolite, quartz sand, biological ceramsite, and volcanic rock is mainly multi-molecule
layer adsorption, and the adsorption phase is heterogeneous. In addition, the monolayer
adsorption capacity of zeolite for ammonia nitrogen is consistently higher than that of
the other three substrates, implying that the specific surface area and cation exchange
capacity of the substrates as well as the crystal structure of the substrate surface are the
most important factors that determine the adsorption capacity of the substrate and the
growth state of microorganisms.

4.2. Kinetic Analysis

Generally, the adsorption process is carried out using a multi-step mechanism, such
as diffusion on the liquid film around solid particles (process controlled by external mass
transfer coefficient), diffusion inside particles by assuming the pore diffusion mechanism
(intra-particle diffusion) and physical or chemical adsorption at one site [33,40]. Intra-
particle diffusion, pseudo-first-order, and pseudo-second-order kinetic equations are widely
used in the analysis of kinetic data.
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The linear equation of intra-particle diffusion is

Qt = Ut1/2 + C, (8)

where Qt is the adsorption capacity at time t; U is the intra-particle diffusion rate constant;
and C is the intercept. When the constant C is infinitely closer to zero, diffusion control
is the only step to control the adsorption rate, otherwise, it means that there are other
reactions that form the adsorption control step together with it. Moreover, the graph may
exhibit multiple linearity, indicating that three steps occur. Firstly, the more obvious part is
attributed to the diffusion of the adsorbate through the solution to the outer surface of the
adsorbent or the boundary layer diffusion of solute molecules. The second part describes
the gradual adsorption stage, in which the intra-particle diffusion is rate-limited [41].

The pseudo-first-order kinetic model describes the process of substrate surface reaction
control and gas film diffusion control. When the reaction rate is linearly related to the
concentration of a reactant, the fitting effect is better. The linear equation is

log(Qe − Qt) = log Qe −
K1

2.303
t, (9)

where K1 is the rate constant of the pseudo-first-order model. The graph of log(Qe − Qt)
versus t yields the values of K1 and Qe.

The pseudo-second-order kinetic model assumes that the adsorption process is a
pseudo-chemical reaction process, and the chemical adsorption mechanism determines the
adsorption rate. Its linear form used to analyze the liquid kinetic adsorption is defined as

t
Qt

=
1

K2Qe2 +
1

Qe
t (10)

where K2 is the rate constant of the pseudo-second-order model. The values of K2 and Qe
can be given by the plot of t/Qt versus t.

To further determine the adsorption mode of ammonia nitrogen by the substrate,
the above three kinetic equations are used to fit and analyze the adsorption time data,
and the results are shown in Figure 7 and Table 5. It can be seen that zeolite is more in
line with the pseudo-second-order kinetic model, and the correlation coefficient is close
to 1.0, which implies that the adsorption of ammonia nitrogen by zeolite predominantly
depends on chemical adsorption. This is consistent with the high cation exchange capacity
of the zeolite surface. The intra-particle diffusion, pseudo-first-order, and pseudo-second-
order kinetic models can be well fitted for quartz sand, indicating that the adsorption of
ammonia nitrogen by quartz sand involves a combination of intra-particle diffusion and
physical and chemical adsorption. The adsorption time data of biological ceramsite and
volcanic rock are fitted by the three models, with correlation coefficients greater than 0.8,
and the values of C in the intra-particle diffusion model approach zero, demonstrating
that the adsorption of ammonia nitrogen by biological ceramsite and volcanic rock is
principally intra-particle diffusion, with both chemical adsorption and physical adsorption.
Hence, it can be concluded that the saturated adsorption capacity of the substrate is mainly
influenced by the specific surface area and cation exchange capacity of the substrate. These
results are helpful in formulating the modification scheme to improve the adsorption
performance of the substrate.
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Figure 7. Adsorption data fitted by the intra-particle diffusion (a), pseudo-first-order (b), and
pseudo-second-order kinetic (c) models.

Table 5. Fitting parameters of different kinetic adsorption models.

Kinetic Model
Constants

Adsorbent

Ammoniacal
Nitrogen Zeolite Quartz

Sand
Biological
Ceramics

Volcanic
Rocks

intra-particle R2 0.740 0.963 0.895 0.885
U 0.154 0.013 0.031 0.018
C 0.759 0.026 −0.003 0.010

1st-order
R2 0.657 0.945 0.813 0.861
K1 0.042 2.323 1.369 1.369
Qe (mg/g) 0.959 0.960 0.982 1.809

2nd-order
R2 0.997 0.945 0.848 0.841
K2 0.140 −23.419 −442.008 −52.952
Qe (mg/g) 1.893 0.022 0.048 0.030
experimental
Qe (mg/g) 1.863 0.123 0.237 0.149

5. Conclusions

(1) The microstructure of the substrate determines the physical and chemical properties of
the substrate, such as the cation exchange capacity and specific surface area. The more
lamellar structures on the surface of the substrate, the better its physical and chemical
properties and adsorption performance. Hence, in the future, the substrate can be
modified by chemical methods to increase the lamellar structure on the surface of the
substrate or select materials with many lamellar structures as the wetland substrate,



Water 2024, 16, 174 15 of 17

which can improve the adsorption performance of the wetland substrate for ammonia
nitrogen.

(2) With the increase in the dosage of the four substrates, their adsorption capacity for
ammonia nitrogen gradually decreases and the removal rate gradually increases. The
adsorption trends for ammonia nitrogen by zeolite, quartz sand, biological ceramsite,
and volcanic rock are similar in the three concentrations of the solution, that is, the
removal rates all show a rapid increase in the early stage (the first 14 h) and gradually
reach a stable state in the later stage (after more than 48 h). When the dosage of
the substrate is constant, the higher the concentration of ammonia nitrogen in the
solution, the longer it takes for the concentration of ammonia nitrogen in the substrate
and solution to reach equilibrium. The higher the concentration of ammonia nitrogen
in the solution, the greater the unit adsorption capacity of ammonia nitrogen by the
substrate, the longer the adsorption time required to reach adsorption equilibrium,
the lower the total removal rate of ammonia nitrogen, and the longer it takes for the
concentration of ammonia nitrogen in the substrate and solution to reach equilibrium.
The adsorption capacity of zeolite to ammonia nitrogen is much higher than that
of quartz sand, biological ceramsite, and volcanic rock, so zeolite is suitable as the
wetland substrate.

(3) The adsorption data of zeolite, biological ceramsite, and volcanic rock can be well
fitted by the Langmuir and Freundlich models, while the Freundlich model is more
accurate than the Langmuir model in describing the isothermal characteristics of am-
monia nitrogen adsorption by zeolite, quartz sand, biological ceramsite, and volcanic
rock, indicating that the adsorption of ammonia nitrogen by the four substrates is
principally multi-molecular layer adsorption, and the adsorption phase is heteroge-
neous.

(4) The kinetic analyses of ammonia nitrogen adsorption by substrates are carried out
by using the intra-particle diffusion model, pseudo-first-order kinetic model, and
pseudo-second-order kinetic model. The adsorption of ammonia nitrogen by zeolite
primarily depends on chemical adsorption, which is consistent with the high cation
exchange capacity of the zeolite surface. The adsorption of ammonia nitrogen by
quartz sand is the combined action of intra-particle diffusion and physical and chem-
ical adsorption. The adsorption of ammonia nitrogen by biological ceramsite and
volcanic rock is principally intra-particle diffusion, with both chemical adsorption
and physical adsorption.
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