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Abstract: Anammox bacteria were embedded with different mass fractions of polyvinyl alcohol
(PVA), polyethylene glycol (PEG) and water-based polyurethane (WPU) materials. The embedded
immobilized pellets with different particle sizes of about 2.8–3.2 mm were prepared. The effects of the
mass fraction of the embedding material (PVA 6–12%, PEG 6–9%, WPU 10%) and the concentration
of activated carbon added in the embedding process (0–4%) on the pellet was investigated. The
performance of pellet formation, sedimentation rate, mechanical strength, expansion coefficient,
and elasticity were compared and analyzed under different immobilization conditions, and the
parameters of each embedding step were optimized. Anammox immobilized pellets prepared with
10% polyvinyl alcohol (PVA), 2% sodium alginate (SA), and 2% powdered activated carbon were
proposed. The effects of salinity on anammox were investigated through a batch test, and the optimal
reaction conditions were selected to carry out the operation test. The functional groups of embedded
and unembedded anammox sludge were detected using the infrared spectrum. A continuous flow
sequencing batch reactor (SBR) demonstrated stable operation with immobilized anammox. Scanning
electron microscopy revealed that the immobilized anammox pellets appeared as irregular particles,
with each micro-unit predominantly being spherical. Additionally, a minor presence of rod-shaped
bacteria was also noted. After 30 days of stable operation of the reactor, the ammonia nitrogen
removal rate reached 84.7%.

Keywords: anammox; immobilization; polyvinyl alcohol; polyethylene glycol; polyurethane

1. Introduction

Anaerobic ammonia oxidation (anammox) represents a straightforward and cost-
effective method for nitrogen removal in wastewater treatment [1]. Its growing application
in managing high-ammonia nitrogen wastewaters marks it as a promising technology
in this field. Anammox converts ammonia and nitrite nitrogen to nitrogen gas without
requiring oxygen or a carbon source, with a minor byproduct of nitrate nitrogen [2]. This
process, known for its energy efficiency, is operational in over 120 wastewater treatment
plants for sludge reject water [3]. Anammox sludge is a complex microbial community that
thrives under high cell concentrations, making the maintenance of high concentrations and
minimal losses in reactors a key challenge for its application [4].

In recent years, immobilized microorganism technology has emerged as a signifi-
cant research area with promising applications in wastewater treatment. The embedding
method, which entraps microbial cells or enzymes in a polymer or membrane matrix, is
the most extensively studied and applied immobilization technique [5,6]. The principle
of embedding [7] is that microbial cells or enzymes are trapped in the polymer to form a
network space with many pores, in which the matrix can permeate and diffuse [8]. This
method not only shields microbial cells [9] from ammonia nitrogen load and pollutants

Processes 2024, 12, 1442. https://doi.org/10.3390/pr12071442 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr12071442
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0003-3700-143X
https://doi.org/10.3390/pr12071442
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12071442?type=check_update&version=1


Processes 2024, 12, 1442 2 of 14

but also provides ample space for their growth and reproduction, thereby retaining high
biomass levels [10]. The embedding process can be categorized into various techniques,
including gel [11], microcapsule, and fiber embedding [12].

The integration of microbial embedding technology with anammox to create immobi-
lized pellets is expected to enhance the process’s stability [13]. For instance, Xu utilized
polyvinyl alcohol to embed immobilized activated sludge, demonstrating effective ammo-
nia nitrogen removal even under high-ammonia nitrogen conditions [5]. Similarly, Chen
initiated an anammox reactor using embedded anammox bacteria particles and water-borne
polyurethane, achieving stable operation within 49 days with notable nitrogen removal
rates over 80.7% [10].

Embedding–immobilization technology is effective in preventing the loss of anammox
sludge, maintaining biomass concentration and activity in reactors, and enhancing treat-
ment capacity, indicating significant potential for application [14]. However, research on
embedded anammox sludge is limited, and particles produced using current embedding
materials often exhibit inadequate mechanical strength, reduced biological activity, and
instability over extended operations. Commonly used immobilizing agents like polyvinyl
alcohol (PVA) [15], polyethylene glycol (PEG) [16], and polyacrylamide [17] are favored for
their non-toxicity, elasticity, toughness, and biocompatibility in water treatment. PVA, a
water-soluble polymer [18], is primarily used as a binder and dispersant. It stands out for
its water solubility, biodegradability, and non-toxicity. PVA hydrogels are noted for their
high water absorption [19], significant swelling in water [20], and excellent mechanical
properties. PEG, a colorless polyether polymer, is soluble in various solvents due to its
strong polarity, enabling it to form hydrophilic hydrogen bonds [21]. Its amphipathy,
biocompatibility, and reactivity at its molecular ends, coupled with a wide range of molec-
ular weights, offer versatility in scaffold preparation. By adjusting the molecular weight
and dosage ratio, PEG can create alginate scaffolds with tailored porosity, suitable for
sustained-release applications [22]. Polyethylene glycol is a typical pore-making agent,
which can increase the porosity and surface area of gel. Sodium alginate (SA), as a natural
polysaccharide, can form hydrogels under relatively mild conditions to avoid the inacti-
vation of active substances. In combination with sodium alginate (SA), PVA can enhance
the mechanical strength and surface characteristics of particles. The addition of activated
carbon improves particle agglomeration, while curing agents contribute to a stable internal
network structure [23]. Water-borne polyurethane (WPU) is another material with excellent
biocompatibility and mechanical properties, capable of forming stable hydrogels [24]. The
main components of polyurethane, including polyether polyols [25], polyester polyols [26],
and isocyanates [27], determine its physical properties. Polyurethane’s multifunctional-
ity [28] allows it to be tailored for various applications through adjustments in material
composition and preparation [29]. Adding activated carbon to the embedding material
can accelerate the mass transfer of the substrate in the embedding pellet and improve
its mass transfer performance. Because activated carbon has a large specific surface area,
the porosity of the embedded carrier is further improved, the microbial capacity of the
embedded carrier is also improved, and more anammox bacteria are enriched. Because the
density of powdered activated carbon is much less than the density of water, if the amount
of activated carbon is too much, the density of embedded pellets is greatly reduced, and it
can not settle and suspend well in artificial wastewater. The effect of wastewater treatment
is affected. Therefore, the concentration of activated carbon added is controlled within a
certain range.

This study utilizes polyvinyl alcohol, polyethylene glycol, and water-borne polyurethane
for embedding anammox sludge, adding powdered activated carbon to enhance the me-
chanical strength and mass transfer performance of the pellets. This approach aims to
reduce expansion coefficients, improve mass transfer performance, and accelerate anam-
mox bacteria enrichment, thereby significantly enhancing treatment efficiency. This study
also measures properties like sedimentation velocity, mechanical strength, swelling, and
elasticity to assess the performance of these embedded particles [30]. The optimal em-
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bedding method was selected to explore the influencing factors in the anammox process,
and the optimal reaction conditions were selected to operate the anammox reactor, which
ultimately provided strong support for the application of anammox technology [31].

2. Materials and Methods
2.1. Preparation of Immobilized Particles

The anammox sludge used for embedding and immobilization was sourced from
a large-scale reactor in the Changsha pilot project, which operated continuously and
stably. Initially, the sludge underwent a triple washing process with deionized water and
phosphate-buffered saline (PBS) to eliminate residual substrates from its surface. The
embedding and immobilization procedures were as follows: (1) A blend of polyvinyl
alcohol (PVA) solution and 2% sodium alginate (SA) solution was uniformly mixed. This
mixture was then combined with an equal volume of acclimated centrifugal anammox
sludge. Subsequently, a calculated amount of powdered activated carbon (AC) was added.
The blend was then dropped into a mixture of 1% CaCl2 and saturated with H3BO3 using a
syringe. After cross-linking in a 4 ◦C refrigerator for 12 h, the mixture was discarded, and
the pellets were rinsed with distilled water for 30 s. They were then placed in 100 mL of
0.5 mol/L KH2PO4 solution for phosphorylation for one hour. The final embedded particles
were obtained after sifting and a final rinse with distilled water. (2) A specific concentration
of polyethylene glycol (PEG) solution and 2% SA solution were mixed uniformly and
combined with an equal volume of acclimated centrifugal anammox sludge. A measured
amount of powdered AC was then added. The mixture was dripped into a combination
of 1% CaCl2 and saturated H3BO3 using a syringe. Following cross-linking at 4 ◦C for
12 h, the mixture was discarded, and the pellets were rinsed with distilled water for 30 s
before being placed in 100 mL of 0.5 mol/L KH2PO4 solution for phosphorylation for one
hour. The final embedded particles were acquired after sifting and a final rinse. (3) WPU
embedded particles: The WPU solution with a mass fraction of 10% was mixed with the
acclimated anammox sludge after equal volume centrifugation. Then, according to the
mass percentage [32], powdered activated carbon with a certain mass fraction, 0.24% N,
N-methylene bisacrylamide and 1.5% potassium persulfate were added, and the mixture
was quickly stirred to a solid gel after about 30 min.

2.2. Physicochemical Characterization of Embedded Pellets and Particles
2.2.1. Measurement of Sedimentation Rate

The actual sedimentation rate was determined by injecting a 100 mL cylinder with
water and leveling the liquid to the 100 mL mark. Timing commenced when a ball was
introduced into the cylinder and ended when it reached the bottom. The formula for
calculating the actual sedimentation rate was u = L (the height of the cylinder’s water level)
divided by t (time). Multiple measurements were averaged for accuracy. The theoretical
sedimentation rate was calculated using the formula for the free sedimentation velocity of
spherical solid particles in a Newtonian liquid (Formula (1)):

u = (ρs − ρ)gd2/18µ (1)

where u is the sedimentation rate of spherical solid particles (cm/s), ρs is the spherical solid
particle density (g/cm3), ρ is the density of water (g/cm3), d is the spherical solid particle
diameter (cm), and µ is the viscosity of water for 1.14 × 10−3 Pa·s.

2.2.2. Measurement of Mechanical Strength

To assess the mechanical properties of the embedded pellets, 100 uniformly sized
pellets were placed in a 300 mL conical flask. Distilled water was added to reach the 300 mL
mark, and the flask was subjected to magnetic stirring at 600 rpm for 48 h. Following this
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duration, the extent of damage to the embedded pellets was observed to evaluate their
mechanical strength. The mechanical strength (M) was calculated using Equation (2):

M = N′/N (2)

where N′ is the number of intact embedded particles remaining after stirring, and N is the
initial number of embedded particles.

The gel particles prepared by the water-based polyurethane embedding material in
this study are standard cubes of 3 × 3 × 3 mm, and their force area can be accurately
measured. When the sample particles are broken, the maximum pressure value that can be
borne is the strength value of the particles. Before the test, the sample was soaked in water
at room temperature and stored. During the test, the surface water was dried with filter
paper. The average value was measured 10 times each time, and the mechanical strength
was calculated according to Equation (3):

P = Fmax/S (3)

where P (kg/m2) is particle strength, Fmax (kg) is the maximum pressure the gel particle
can withstand, and S (m2) is the force area of the gel particle.

2.2.3. Measurement of the Expansion Coefficient

To evaluate the expansion coefficient of the embedded pellets, 100 uniformly sized
pellets were placed in a 300 mL conical flask. Deionized water was added to bring the
volume to 300 mL, and the flask was gently agitated at 30 ◦C for 48 h. The diameter of each
pellet was measured before and after the oscillation period using a vernier caliper. The
expansion coefficient (E) was calculated using Equation (4):

E = D′/D (4)

where D′ is the average diameter of the embedded particles after oscillation, and D is the
average diameter of the embedded particles before oscillation.

2.2.4. The Elasticity Is Measured as Follows

To assess the elasticity of the embedded balls, three well-formed and uniformly sized
specimens were arranged on a slide, which was then covered with a cover slip. The initial
height (H0) between the two slides was measured. Subsequently, a 50 g weight was added
to the cover slip, and the new height (H1) between the slides was recorded. The ratio
H1/H0 was used to evaluate the elasticity, with a smaller ratio indicating better elasticity.
The evaluation scale was as follows: “✔✔✔” for the best elasticity, “✔” for the worst, and
“✔✔” for intermediate elasticity.

2.2.5. Determination of Mass Transfer Coefficient

To elucidate the impact of the material carrier on the internal diffusion behavior
and cell characteristics, the mass transfer coefficient was experimentally determined for
ammonium (NH4

+-N) in immobilized anammox pellets. To minimize uncertainty, the
pellets were aerated in pure water for 20 min prior to testing to eliminate residual ammonia
nitrogen. The experimental setup involved placing the anammox embedded pellets in a
250 mL conical flask and adding 150 mL of simulated wastewater with the composition
detailed in Table 1. The volume ratio of pellets to wastewater was 1:4. The mixture was
then shaken at 34 ◦C and 120 rpm in a constant-temperature shaker [33]. Samples were
collected at 0, 10, 30, 60, and 90 min to measure the NH4

+-N concentration. To maintain
consistency, the sampling volume was controlled to be less than 1% of the total solution
volume to mitigate the impact of sampling on wastewater concentration.
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Table 1. Composition of the manual simulation wastewater.

Components Concentration Components Concentration

NH4Cl 50 mgN/L NaNO2 65 mgN/L

KH2PO4 5 mg/L CaCl2 0.5 g/L

trace element I 1 mL/L trace element II 1 mL/L

The mass transfer coefficient of embedded pellets can be calculated according to
Equation (5):

−ln
Ct − C∞

C0 − C∞
∼=

π2De

R2 t − ln
6
π2 (5)

In Equation (5), De is the effective mass transfer coefficient, mm2/h; C0 is the initial
concentration of NH4

+-N, mg/L; C∞ is the final NH4
+-N concentration, mg/L; Ct is the

concentration of NH4
+-N at the time of sampling, mg/L; R is the small spherical radius

of gel embedding, mm; t is the sampling time, h. It can be seen from the above formula
that De is a function of ln(Ct − C∞)/(C0 − C∞) and R and t; then, the slope k = π2De/R2 is
plotted with time t as the abscissa and −In(Ct − C∞)/(C0 − C∞) as the ordinate, and the
effective mass transfer coefficient is calculated as De = k × R2/Π2.

2.3. Microbial Activity Batch Test under Various Salinity Levels

Following a cultivation period at 34 ◦C and the successful activation of the embedded
pellets, a series of batch tests were conducted to investigate the effects of various factors on
the anammox reaction process. The experiments were performed in 1 L conical flasks with
a pellet dosing rate of 15%. Samples were collected every 2 h to evaluate the denitrification
performance of the anammox embedding balls over a 12 h period within the flasks. To
examine the impact of salinity on the nitrogen removal efficiency of the embedded pellet by
anammox, specific operating parameters were controlled throughout the experimentation,
including NH4

+-N concentration, NO2
−-N concentration, temperature, pH, and dissolved

oxygen. The only variable manipulated was the influent NaCl concentration, which was
incrementally increased. The influent NH4

+-N concentration was 100 mg/L, with an
influent NO2

−-N concentration of 120 mg/L, a temperature of 34 ◦C, a pH range of
7.4–7.5, and a reaction period of 12 h. The nitrogen removal performance of the anammox
embedded pellets was assessed at NaCl concentrations of 5 g/L, 10 g/L, and 15 g/L in
the influent.

2.4. Operation of the Reactor Filled with Immobilized Anammox Pellets

The reactor, constructed from plexiglass, possesses an effective volume of 0.5 L and
is equipped with a stirring mechanism, a manual water inlet, and outlet systems. The
experimental setup utilized artificial simulated wastewater, with NH4

+-N provided by
ammonium chloride and NO2

−-N sourced from sodium nitrite, maintaining a ratio of
1:1.2. The concentration of the nutrients was adjusted according to the anaerobic anammox
reaction process. The composition of the artificial wastewater is detailed in Table 2. In the
reactor, the pellet dosage rate was set at 20%, with the influent NH4

+-N concentration at
100 mg/L and the NO2

−-N concentration at 120 mg/L. The temperature was maintained
at 34 ◦C, the pH was regulated to 7.4–7.5, and the hydraulic retention time (HRT) was
set at 6 h. Four groups of reactors were established. The first reactor, R1, contained non-
embedded anammox sludge at a concentration of 4.05 g-VSS L−1. Subsequently, R2, R3,
and R4 were inoculated with embedded anammox sludge pellets, each at a different sludge
concentration of 1.25 g-VSS L−1, 2.84 g-VSS L−1, and 3.78 g-VSS L−1, respectively. The
stable operational load of the reactors was evaluated through a comparative analysis.
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Table 2. Anammox manual simulation of wastewater composition.

Component Concentration, mg/L Component Concentration, mg/L

NH4Cl on-demand configuration KH2PO4 10
NaNO2 on-demand configuration KHCO3 1250

CaCl2·2H2O 3.6 trace element I 1 mL/L
MgSO4·7H2O 300 trace element II 1 mL/L

2.5. Morphological Observation of Immobilized Anammox Pellets by Scanning Electron Microscope

On the 10th day of reactor operation, a selection of representative anammox sludge
pellets was retrieved for analysis. These samples were meticulously cleaned by rinsing
them three times with 0.1 mol/L phosphate buffer. Following this, the samples underwent
fixation at 5 ◦C for 12 h using a 2.5% glutaraldehyde solution. Subsequently, the pellets
were dehydrated through a graded ethanol series, culminating in 100% ethanol. Finally, the
dehydrated samples were dried using a critical point dryer (K850, Quorum Technologies
LTD, Lewes, UK). The dried sample was then split in half to facilitate the observation of
its cross-sectional structure. After coating with gold, the surface morphology of the em-
bedded pellets was meticulously examined using a scanning electron microscope (Nippon
Electronics, JSM-IT300, Tokyo, Japan).

3. Results and Discussion
3.1. Comparison of Immobilized Anammox Pellets of PVA, PEG, and WPU
3.1.1. Determination and Analysis of Sedimentation Rate

The choice of polyvinyl alcohol (PVA) mass fraction significantly affects the ease of
forming embedding pellets. When the PVA mass fraction is 4%, the resulting pellets are
challenging to form, often yielding a mass of embedded bacteria rather than discrete pellets.
At a PVA mass fraction of 5%, the pellets readily adhere to each other upon addition
of a cross-linker. However, when the PVA mass fraction exceeds 12%, the resulting gel
solution becomes excessively viscous, forming cylindrical shapes that are difficult to drop.
Consequently, the PVA mass fraction was determined to be 6%, 8%, 10%, and 12% to
optimize pellet formation. To ensure the efficacy of PEG-based embedding pellets, the
mass fraction of PEG was selected as 6%, 7%, 8%, and 9% following several experimental
iterations to further investigate their physical and chemical properties. The molecular
weight distribution of hydrogel WPU was studied, and it was determined that gel reaction
occurred in 10%WPU solution. Therefore, 10%WPU solution was selected to prepare
particles, and an appropriate amount of powdered activated carbon was added to improve
its mechanical strength and mass transfer performance.

As depicted in Figure 1, the theoretical sedimentation rate demonstrates a trend of
increasing with the mass fraction of the embedding material. In Figure 1a, the pellet
embedded with 10% polyvinyl alcohol (PVA) by mass fraction exhibits the highest actual
settling rate. This is attributed to the pellet’s favorable forming effect, well-defined shape,
substantial actual density, and a settling rate of 3.6 cm/s, which signifies its superior
settling performance. Consequently, the pellets embedded with 10% PVA were chosen for
further investigation.

In Figure 1b, the pellet embedded with 9% polyethylene glycol (PEG) by mass fraction
has the highest settling rate, although this is accompanied by a relatively large error. The
pellet embedded with 8% PEG by mass fraction closely matches the settling rate of the 9%
PEG pellet and demonstrates good settling performance. Therefore, the pellet embedded
with 8% PEG by mass fraction was selected for subsequent exploration.

In Figure 1c, the sedimentation rates of particles embedded in a 10% water-based
polyurethane (WPU) solution with 1%, 2%, 3%, and 4% powdered activated carbon are
shown. The incorporation of activated carbon enhances porosity, surface area, and microbial
capacity within the pellets. Initially, as the mass fraction of activated carbon increases, the
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actual sedimentation rate also increases before eventually decreasing. The pellet with 3%
powdered activated carbon exhibits the highest sedimentation rate of 3.35 cm/s.
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3.1.2. Mechanical Strength Analysis

In the 10% polyvinyl alcohol–sodium alginate (PVA-SA) embedded beads, the mechan-
ical strength was measured after adding 1%, 2%, 3%, and 4% powdered activated carbon.
The results are presented in Figure 2a. After 24 h of magnetic stirring, the beads with 1%
and 3% activated carbon showed slight erosion and turbidity in the solution, indicating the
breakdown of the embedding balls. However, the beads with 2% and 4% activated carbon
maintained their integrity, with strengths of 97.7% and 98%, respectively. After 36 h, the
difference in mechanical strength between the beads with 1%, 2%, 3%, and 4% activated
carbon was more pronounced, with the 2% activated carbon beads achieving a strength
of 97.5%. By 48 h, the damage rate of the beads with 1% activated carbon approached 5%,
while the beads with 3% and 4% activated carbon also became turbid. Surprisingly, the
beads with 2% activated carbon remained clear and demonstrated a mechanical strength
close to 97%. These findings indicate that the addition of activated carbon significantly
enhances the mechanical strength of the beads, with the optimal concentration being 2%.
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added to powdered activated carbon: (a) PVA; (b) PEG; (c) WPU.

In the 8% polyethylene glycol–sodium alginate (PEG-SA) embedded beads, the me-
chanical strength was evaluated following the addition of 1%, 2%, 3%, and 4% powdered
activated carbon. The results are depicted in Figure 2b. After 12 h of magnetic stirring, the
damage rate of the beads with 1% and 2% activated carbon was higher than those with
3% and 4% activated carbon. The beads with 3% and 4% activated carbon exhibited a
mechanical strength of 98.5%. After 24 h, the solution with 1% and 2% activated carbon
was cloudy, and the beads’ surfaces showed slight erosion. The damage rates of the beads
with 3% and 4% activated carbon were notably different, with mechanical strengths of
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98.2% and 97.5%, respectively. The beads with 3% activated carbon displayed the best
mechanical stability. By 36 h, the damage rate of the beads with 1%, 2%, and 4% activated
carbon exceeded that of the beads with 3% activated carbon. After 48 h, the beads with
3% activated carbon maintained the lowest damage rate compared to the initial state and
approached a mechanical strength of 97%.

In this study, the maximum pressure that the gel particles can withstand is determined
to be the strength of the particles. WPU can be polymerized catalytically to form stable
hydrogels. Hydrogels are a type of polymer characterized by their three-dimensional
network structure, which can achieve a significant relative molecular mass. This network is
formed through cross-linked chemical bonds such as hydrogen bonds. Adding different
mass fractions of powdered activated carbon influences the strength of gel particles, the ex-
perimental results of which are shown in Figure 2c. The mechanical strength of water-based
polyurethane gel particles first increased and then decreased with the increase in activated
carbon addition, and the optimal strength was reached when the mass fraction of activated
carbon was 3%. The rationale behind this choice lies in the fact that a modest quantity
of activated carbon can adsorb water within the gel, thereby bolstering its mechanical
robustness. However, an excessive amount of activated carbon may disrupt the gel’s mesh
structure, leading to a decline in particle strength. Consequently, gel particles containing
3% activated carbon are selected for further examination.

3.1.3. The Coefficient of Expansion Is Measured and Analyzed

The expansion coefficient is a critical physical and chemical parameter for embedded
immobilized beads and particles. An excessive expansion coefficient can result in microbial
leakage due to the gel’s water absorption and swelling. In the case of PVA-SA embedded
beads, adding varying concentrations of powdered activated carbon (1%, 2%, 3%, and
4%) was assessed. As shown in Figure 3a, after 6 h of shaking, the expansion rates were
112%, 112.7%, 117%, and 119% for the respective carbon concentrations. This order of
expansibility (4%AC > 3%AC > 2%AC > 1%AC) suggests that the addition of activated
carbon enhances the porosity, specific surface area, and permeability of the pellets, which is
beneficial for microbial activity. After 48 h of shaking, the swelling ability of the 2% and 4%
activated carbon carriers was similar. Given the cost implications in wastewater treatment
applications, the 2% activated carbon was selected for further study.
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As shown in Figure 3b, the expansion rates of polyethylene glycol (PEG) and sodium
alginate embedded pellets with 1%, 2%, 3%, and 4% activated carbon were 114.8%, 113%,
116%, and 118%, respectively. This order of expansibility is 4%AC > 3%AC > 1%AC > 2%AC.
A higher expansion rate could lead to microbial leakage. The 1% activated carbon carrier
exhibited stable swelling over 12 h of oscillation, indicating stability in solution. After 48 h, the
2% activated carbon carrier maintained low expansion, ensuring microbial integrity.
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As shown in Figure 3c, the swelling performance of water-borne polyurethane (WPU)
embedded particles with activated carbon was measured. The addition of activated carbon
increased the water absorption and expansion coefficient, improving mass transfer and
permeability. The expansion coefficient was more closely correlated with the voidage
of the immobilized center. The larger expansion coefficient, well-developed pores, and
good permeability facilitated matrix and oxygen entry. The addition of activated carbon
enhanced the compactness, service life, and reuse rate of the embedded particles. After
6 h of oscillation, the expansion coefficient increased with activated carbon concentration.
After 48 h of shaking, the 1% and 2% activated carbon expansions were similar.

3.1.4. Elasticity Result Analysis

Based on the characterization of the results, we selected three types of embedding
balls with different powder activated carbon mass fractions: 2% PVA embedding ball,
2% PEG embedding ball with 3% powdered activated carbon, and 2% WPU embedding
particles with 1% powder activated carbon. These were chosen to determine their elasticity.
The experimental results are presented in Table 3. The elasticity test involved six types
of embedded pellets and particles, revealing that the 2% PVA embedding ball with 2%
powdered activated carbon demonstrated the best elasticity.

Table 3. Properties of elasticity.

Number Immobilized Granules Elasticity

1 10%PVA-2%SA-2%AC ✔✔✔

2 8%PEG-2%SA-2%AC ✔

3 8%PEG-2%SA-3%AC ✔✔

4 10%WPU-1%AC ✔

5 10%WPU-2%AC ✔✔

6 10%WPU-3%AC ✔

3.1.5. Ammonia Nitrogen Mass Transfer Properties of Embedded Pellets and Particles

The mass transfer resistance of embedded pellets is significantly influenced by the
presence of external embedding materials. The mass transfer coefficient (De) serves as a
more accurate reflection of the mass transfer performance of these pellets and particles.
The De can be calculated using an equation where the slope k is expressed as k = π2De/R2,
and De = k × R2/Π2. The slope of the embedded carrier is depicted in Figure 4. For the
10% polyvinyl alcohol (PVA)–2% sodium alginate (SA)–2% powdered activated carbon
(AC) carrier, the slope was 0.0509. Linear fitting data for the embedded material are shown
in Figure 4, and the ammonia nitrogen mass transfer coefficient for the carrier embedded
with 10% PVA, 2% SA, and 2% AC was 12.45 × 10−7. The fitting equations for the PVA
(10%), SA (2%), and AC (2%) carrier are y = 0.0509x + 0.297, with an R2 value of 0.98.
According to the fitted data, the slope of the embedded pellets is 0.0509. The previous
literature suggests that the addition of 2% powdered activated carbon to the embedded
pellets enhances their ammonia nitrogen mass transfer coefficient. This is likely due to
the activated carbon’s larger specific surface area and strong adsorption capacity, which
improves the porosity of the carrier and provides numerous adsorption sites. Consequently,
the diffusion performance of ammonia nitrogen in the PVA-SA–activated carbon embedded
pellets is enhanced.
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carbon (AC)).

3.2. Batch Experimental Results with Salinity Addition

Figure 5 illustrates that when various concentrations of NaCl are introduced to the
influent water, the system’s microbial activity temporarily decreases. Specifically, at 15 g/L
NaCl, the nitrogen removal efficiency (NRE) is at its lowest, around 40%. This is attributed
to the high salinity, which inhibits the activity of the anammox bacteria and their ability to
adapt to the high-salt environment. When the salinity exceeds 15 g/L, the osmotic pressure
increases, hindering substrate and oxygen transfer and affecting the activity of anammox
bacteria (AAOB). At 5 g/L NaCl, the removal rates of ammonia and nitrite nitrogen are
higher than at 10 g/L within the initial 6 h. However, after 6 h, the removal rates at 10 g/L
are slightly higher than at 5 g/L. This suggests that microorganisms may initially struggle
to adapt to the saline environment, leading to activity inhibition.
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3.3. Performances of Anammox Reactor with Anammox Immobilization Pellets

Throughout the reactor’s operation, the concentrations of NH4
+-N, NO2

−-N and
NO3

−-N in the effluent were monitored through daily sampling as shown in Figure 6. The
nitrogen load was adjusted based on substrate removal, with the influent concentrations
adjusted to manage the nitrogen load. On day one, the influent NH4

+-N concentration
was 100 mg/L, the influent NO2

−-N concentration was 120 mg/L, and the total nitrogen
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load of the influents was 0.88 kgN/m3·d. The concentration of anammox sludge in R1 was
the highest, followed by the concentration of anammox sludge in R4, R3 and R2, which
gradually decreased. R1, with the highest anammox sludge concentration, had the highest
NH4

+-N removal rate of 74.36%. Despite the use of embedded pellets in R2, R3, and R4,
their NH4

+-N removal rates were lower due to the lower sludge concentration before
operation. For the unembedded anammox sludge, when the substrate concentration is
increased, the NH4

+-N removal rate will decrease. The NH4
+-N removal rates of R1, R2, R3

and R4 were 75.18%, 65.37%, 70.42%, and 72.3%, respectively. From day 3 to day 10, the
influent concentrations were gradually increased. R2, R3, and R4 did not see significant
changes in removal rate, while R1’s rate increased slightly. This was likely due to the high
anammox sludge concentration in R1, which facilitated rapid anammox reactions and high
removal rates. R1’s sludge, predominantly yellowish-brown, still showed some light red
areas, indicating anammox activity. The embedded pellets in R2, R3, and R4 transitioned
from dark red to light red, with an increase in anammox bacteria content, suggesting
improved treatment efficacy at higher substrate concentrations.
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−-N, and effluent NO3
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After day 10, the influent concentrations were increased to 150 mg/L NH4
+-N and

180 mg/L NO2
−-N. The embedded pellets in R3 had the highest removal rate, possibly due

to their adaptability to environmental changes. R1’s sludge changed from light red to dark
red, indicating some inactivation. From day 10 to 20, the concentrations of NH4

+-N and
NO2

−-N in the influent fluctuated at 150 mg/L and 180 mg/L, and the microorganisms
in the reactor gradually adapted. R1, R2, R3, and R4 maintained stable removal rates
around 75.5%, 70.89%, 73.5%, and 78.8%, respectively, with a total nitrogen load exceeding
1.1 kgN/m3·d. The color of the unembedded anammox sludge in the R1 reactor was
yellowish-brown with a reddish color. The color of the embedded pellets in the R2, R3 and
R4 reactors gradually changed from light red to dark red. In particular, the embedded pellets
in the R4 reactor are mostly red. The influent substrate concentration was increased again
with NH4

+-N and NO2
−-N concentrations reaching between 200 mg/L and 230 mg/L.

Part of the sludge in the R1 reactor changed from brick red to yellow brown. However, the
color transformation of embedded pellets in R2, R3 and R4 reactors was not as obvious as
that of the sludge in R1 reactors. From day 20 to 30, R3 had the highest NH4

+-N removal
rate, reaching approximately 84.7%.

3.4. Scanning Electron Microscopy Image Analysis

Figure 7 depicts the microstructure of anammox sludge from reactors R1, R2, R3, and
R4 at the 10-day sampling interval. R1 contained unembedded anammox sludge, while
R2, R3, and R4 were inoculated with embedded anammox sludge pellets. The scanning
electron microscopy (SEM) images in Figure 7 were taken at ×150, ×1000, ×5000, and
×20,000 magnifications. In the SEM image of the R1 reactor, granular sludge displayed
spherical particles with irregular boundaries, featuring a tight structure and high densifica-
tion. There was space on the surface of the granular sludge for exhaust gas and material
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transportation, and filaments were also observed on the surface for connecting bacteria
micelles. Anammox bacteria are closely adhered to and piled together, and mainly exist in
the form of a “cluster”, which is consistent with the conclusion that anammox bacteria are
cluster bacteria. Rod-like and filamentous bacteria were observed, with anammox bacteria
closely adhering to each other in clusters, as previously reported.
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The SEM image of R2 revealed embedded pellets with internal pores, attributed to
the addition of activated carbon, which enhances porosity and surface area. Since the
embedded material is added with powdered activated carbon, the activated carbon has
a porous structure and large specific surface area, the porosity of the embedded particles
is improved, and the pores inside the embedded pellets are larger and the number is
more, providing enough space for the growth and propagation of anammox bacteria. R4’s
SEM image showed irregularly shaped granules, with some being flaky. The dominance
of anammox bacteria in this reactor was evident. Anammox granular sludge secretes
extracellular polymers (EPs), which contribute to its high retention capacity and facilitate
bacterial aggregation. This aggregation results in enhanced growth activity and metabolism,
leading to improved nitrogen removal efficiency. Due to the clustering of anammox
bacteria, the anammox bacteria gathered together have high growth activity and strong
metabolism. The microscopic morphology of anammox sludge underscores its superior
microbial retention and high nitrogen removal capability.

4. Conclusions

This research proposed embedding anammox bacteria in a matrix of 10% polyvinyl
alcohol (PVA) + 2% sodium alginate (SA) + 2% powdered activated carbon as optimal.
These embedded pellets exhibited a settling velocity of 7.43 cm/s, a mechanical strength
approaching 97%, an expansion coefficient of 1.32, good elasticity, and a high gel degree.
Notably, there was no inter-pellet adhesion observed. The diffusion performance of am-
monia nitrogen in embedded pellets is good, and the mass transfer coefficient of ammonia
nitrogen can be improved by adding 2% powdered activated carbon. After 30 days of reac-
tor operation, the embedded anammox sludge demonstrated enhanced adaptability to the
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external environment, greater resistance to shock loads, and superior removal capabilities
compared to granular sludge. Scanning electron microscope analysis revealed that most of
the sludge formed irregular granules, with some lamellar structures, signifying the domi-
nance of anammox bacteria in the reactor. In recent years, embedding and immobilization
technology has been rapidly developed and widely used, and in the future, it will achieve
efficient nitrogen removal in sewage treatment plants.
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