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Abstract

The nitrification process is highly feasible for treating high-ammonia nitrogen and low C/N ratio
wastewater. By using thermal shock to treat embedded activated sludge, the accumulation of NO,-N
has been successfully achieved. To study the changes in microbial communities within the embedded
particles before and after heat shock, and to reveal their succession patterns and dominant flora, the
present experiment was carried out to analyze the community structure of microorganisms in the three
phases of pre-domestication, post-domestication, and post-heat-shock by using Polymerase Chain
Reaction-Denaturing Gradient Gel Electrophoresis (PCR-DGGE), as well as to carry out species
identification and phylogenetic analyses by the molecular cloning method. The 16S rDNA sequence
analysis of the characteristic bands of the total bacterial DGGE spectrum showed that the activated
sludge had the most species before domestication. As domestication proceeded, the total bacterial
diversity decreased. In contrast, the species of ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing
bacteria (NOB) increased significantly, and the nitrification performance of the sludge was enhanced.
The thermal shock did not have a significant effect on the diversity of the AOB populations but had

a great effect on the NOBs, and the dominant genera of the NOBs were almost completely inactivated.

Keywords: nitrosation, embedded particles, PCR-DGGE, microbial community structure

Introduction by taking advantage of the differences between AOB

and NOB under different conditions, so that AOB are

Short-cut nitrification is the process of controlling in the dominant strain in the system [1, 2]. Compared
the conversion of ammonia nitrogen to nitrite nitrogen with the traditional full nitrification process, short-cut

nitrification has gradually become an indispensable
part of many new nitrogen removal processes due to
its ability to effectively reduce the energy demand
during wastewater treatment, reduce organic carbon
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consumption, and reduce sludge production [3-5].
However, it is difficult to control the nitrification
process completely at the nitrite stage, and the key is
to control the ratio of AOB and NOB to achieve nitrite
accumulation [6, 7].

Heat treatment is one of the most effective means
to inhibit NOB in recent years, taking advantage of the
difference in temperature sensitivity between AOB and
NOB to rapidly phase out NOB [8, 9]. It was shown that
the optimum growth temperature of AOB was 25-30°C,
while NOB was more active at 10-20°C [10]. When
the temperature was higher than 30°C, the specific
growth rate of AOB was greater than that of NOB, thus
NO,-N accumulation occurred in the reactor [11, 12].
Recent studies have further confirmed that short-
term high-temperature thermal shock (e.g., 55-60°C
for several hours) can more persistently disrupt the
community structure of nitrite-oxidizing bacteria
(NOB), offering a novel strategy for rapidly initiating
partial nitrification [13]. In addition to temperature
control, other physical methods, such as ultrasound
irradiation, can also optimize treatment effectiveness by
altering microbial activity or substance transformation
pathways [14]. This further demonstrates that
selectively regulating microorganisms through external
physicochemical means is an effective approach to
achieving partial nitrification.

In recent years, embedding immobilization
technology has been one of the research hotspots in the
field of wastewater nitrogen removal. This technique
encapsulates microorganisms within gel carriers (such
as polyvinyl alcohol-sodium alginate, PVA-SA), creating
a protective microenvironment [15, 16]. Its advantage
lies in allowing small molecules such as substrates and
oxygen to diffuse through the carrier pores, supplying
microbial metabolism, while ensuring that metabolic
products can effectively diffuse to the outside of the
carrier [17, 18]. Studies have shown that using PVA-SA to
embed partial nitrification activated sludge can achieve
stable nitrite accumulation (with a nitrite accumulation
rate exceeding 86%) in continuous-flow reactors, while
significantly increasing the relative abundance of AOB
(such as Nitrosomonas) within the embedded carriers
[19]. Furthermore, optimizing operational parameters
of the embedded fillers (such as dissolved oxygen,
hydraulic retention time, and filling ratio) is crucial for
achieving efficient partial nitrification-denitrification
[20]. Similarly, cross-disciplinary research between
materials science and environmental engineering also
provides new perspectives for pollution control [21].

In this experiment, the activated sludge was
used to make embedded bacterial particles, and a
new way was adopted to achieve stable nitrification
by “thermal shock” of the embedded particles at a
certain temperature. Combined with PCR-DGGE
technology and 16S rDNA homology comparative
analysis, the changes in microbial communities in
the embedded particles after thermal shock were
investigated, revealing their succession patterns and

dominant bacterial communities, in order to provide
a theoretical basis for a new type of nitrification process
based on embedding fixation. It is worth noting that the
ultimate goal of efficient nitrogen removal processes,
such as short-cut nitrification, is not only wastewater
purification but also water resource recovery and reuse.
For example, Mukheef et al. explored the use of treated
wastewater for artificial recharge of unconfined aquifers
as a strategy to address climate change [22]. This further
highlights the potential value of this study in promoting
the synergistic development of wastewater treatment
and resource recovery.

Materials and Methods
Test Device and Sample Collection
Test Device

A 2 L plexiglass reactor was adopted in the
continuous-flow experiments, as shown in Fig. 1.
The upper part of the reactor was equipped with an
overflow weir. The bottom was filled with water, and
excess water overflowed from the upper part. The outlet
was equipped with a grid to prevent embedded particles
from flowing out with water. The reactor was equipped
with an aeration device to fully aerate and maintain
DO at above 4 mg/L. The reactor was equipped with
a water bath on the outside, and the temperature
inside the reactor was controlled to remain at 21°C.
The embedded bacteria for the test were 3x3x3 mm black
cubes, which were prepared from polymer materials
with good nitrification properties and mechanical
stability.

Sample Collection

A continuous-flow experiment was adopted,
and artificial water was used for water distribution.
The main components are shown in Table 1, where
NH,"-N and NO,-N are provided by NH,Cl and
NaNO,, respectively. The NH,*-N concentration in the
influent was maintained at 100 mg/L according to the
experimental needs, and the effluent water quality was
recorded daily. After thermal shock treatment at 60°C
for 10 min, the embedded particles were added to the
reactor at a volume filling rate of 10%. At the same time,
the embedded particles without heat shock treatment
were used as the control group for testing. NH,™-N,
NO,-N, and NO,-N indicators in the inlet and outlet
water were sampled and measured at regular intervals
every day, and the accumulation rate of NO,-N was
calculated. The sludge was sampled three times, with
the first sampling before domestication, the second
sampling after domestication, and the third sampling
after thermal shock (heating at 60°C for 20 min). The
sample numbers were labeled A, B, and C.



Analysis of Microbial Community Structure... 3
ﬂair
H overflow weir
! /
’/W /\/\q/ '—p water outlet
water bath layer —— || m
n =
., L]
s " "
"olo 8
)
(0] . E)0 0 o
O O O
water inlet —p |
[
Fig. 1. The continuous tank reactor.
Test Methods CGCCCCCGCCCGCCTACGGGAGGCAGCAG -3

Water Quality Analysis Methods

NH,"-N: Nessler’s reagent spectrophotometry; NO,®
-N: N-(I-naphthyl)-ethylenediamine spectrophotometric
method; NO,-N: Thymol spectrophotometric method;
pH/DO/Temperature: WTW/Multi3420 tester.

DNA Extraction

The sludge samples were sedimented in a 1.5 mL
centrifuge tube for 10 min, and then the supernatant was
removed. After high-speed centrifugation at 15,000 rpm
for 5 min, the supernatant was removed. A 03 g
sludge sample was taken for total DNA extraction, and
the remaining sludge was frozen for later use. After
extraction using the Ezup Column Genomic DNA
Extraction Kit (Sangon Biotech), 5 pL of extract was
taken and detected by 1.2% agarose gel. The rest was
stored at -20°C for later use.

Landing PCR Amplification of Total Bacteria
The DNA extracted in the previous step was

used as the template, and the primers F341-GC
(5’-CGCCCGCCEraEeeeeaeaeeeareeceace

Table 1. Artificial modeling of wastewater composition.

and EU500 (5-GTATTACCGCGGCTGCTGG -3’) with
specificity for the V3 region of the 16S rDNA gene of
most bacteria were used for PCR amplification. The PCR
reaction system (50 pL) included 10xPCR buffer 5 pL,
dNTP (each 2.5 mmolL") 4 uL, F341-GC (20 umolL")
1 uL, EU500 (20 pmolL") 1 uL, Taq DNA polymerase
(5 U) 0.5 uL, DNA template 2 uL, and ddH,0 36.5 pL,

and the final volume of the reaction was 50 pL.
The PCR adopted the landing amplification procedure,
and the specific reaction conditions were as follows: pre-
denaturation at 94°C for 5 min; denaturation at 94°C for
1 min, annealing at 65°C for 1 min, extension at 72°C
for 1 min, 20 cycles in total, each cycle reduced by
0.5°C; denaturation at 94°C for 1 min, annealing at 55°C
for 1 min, extension at 72°C for 1 min, 3 cycles in total;
extension at 72°C for 10 min.

Nested PCR amplification of AOB

In order to enhance the sensitivity of PCR
amplification and the specificity of DGGE analysis,
nested PCR technology was used for AOB. Using
primer pairs specific to AOB, the upstream primers

were CTOI89fA: 5-GGAGAAAGCGGGATCG-3’,
CTO189fB: 5-GGAGAAAGCAGGGGATCG-3’, and
CTO189fC:  5-GGAGAAAGTAGGGATCG-3’, with

Main components Mass concentration/(mg-L™") Main components Mass concentration/(mg-L™")
NaHCO, 585 NH,CI 191
CaCl, 11 NaNO, 246
MgSO,-7H,0 42 NaCl 25
NaH,PO,12H,0 58 KCl 34
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an equal molar mixture. The downstream primer was
CTO654r: 5’-CTAGCYTTGTAGTTTCAAACGC-3’,
which merged with base Y (C, T). The first round of
PCR used primers for specific target AOB and their
corresponding PCR conditions. The second round
of PCR used the product of the first round of PCR as
a template and used primers F357-GC and R518 for
amplification. The composition of the reaction system
for the two rounds of PCR is shown in Table 2.

The procedure for the first round of reaction was
as follows: pre-denaturation at 94°C for 5 min; each
cycle: denaturation at 94°C for 45 s, annealing at 57°C
for 45 s, extension at 72°C for 90 s, a total of 35 cycles;
at the end of the cycle, extension at 72°C for 10 min.
The procedure for the second round of reaction was the
same as that in subsection “DNA Extraction”.

Nested PCR amplification of NOB

Similar to AOB, nested PCR technology
was also wused for NOB. The NOB-specific
primer pairs were used; the upstream primer
was  FGPSI1269: S TTTTTGAGATTTGCTAG-3’
and the downstream primer was FGPS872:
5>-CTAAAACTCAAAGGAATTGA-3. The target-
specific NOB primers and their corresponding PCR
conditions were used in the first round of PCR. The
product of the first round of PCR was used as a template
in the second round of PCR using primers F357-GC and
R518. The two rounds of PCR reaction systems were the
same as those of AOB in subsection 1.2.3, except that
the primers were different, as shown in Table 2.

The first round of reaction procedure was as follows:
pre-denaturation at 94°C for 3 min; amplification
at 94°C for 1 min, 50°C for 1 min, 72°C for 2 min for
30 cycles; and finally, extension at 72°C for 3 min. The
second round of reaction procedure was the same as that
in subsection “DNA Extraction”.

DGGE Gel Electrophoresis
The PCR amplification products were separated by

the Bio-Rad DCode™ DGGE system. The gradient
mixing device was used to prepare 8% polyacrylamide

Table 2. Nested PCR system of AOB.

gels. The denaturation range of polypropylene gel was
35%-55% (100% of the denaturant was a mixture of
7 mol-L!' urea and 40% formamide). The concentration
of denaturant and acrylamide increased sequentially
from the top to the bottom of the gel. After the
polypropylene gel was completely solidified, the gel plate
was put into an electrophoresis tank with electrophoresis
buffer. The 20 pL of PCR samples and 10 pL of
6% loading buffer were mixed and added to the upper
sample wells, and then electrophoresis was performed
in 1x TAE electrophoresis buffer for 8 h (60°C, 130 V).
After electrophoresis, the gel was stained with Gel
Red nucleic acid gel dye for 30 min and photographed
in a gel imaging system (Gel Doc TMXR+, Bio-Rad).

Cloning and Sequencing

The main bands on the gel were cut using a sterilized
knife, and they were placed in a 1.5 mL centrifuge
tube. The 50 pL of sterilized deionized water was
added to the tube. Then, the samples were placed at 4°C
overnight to allow the DNA fragments to slowly diffuse
out of the gel, which was used as a template for PCR
amplification using the F341 and EU500 primers without
a GC-clamp structure. The amplification procedure was
the same as in subsection “DNA Extraction”. The PCR
products were detected and purified by 1.2% agarose
gel electrophoresis. The purified DNA fragment was
connected to the PM18-T Vector (TaKaRa, Japan) and
transformed into JM109 competent cells. Then, blue and
white spots were screened on an LB plate containing
X-gal, IPTG, and ampicillin (Amp). White spots were
selected for colony PCR validation, and PCR products
with the correct fragment size were sent to Shanghai
Biotech for sequencing.

Results and Discussion
Analysis of Reactor Operation
From Fig. 2, it can be seen that the embedded

particles exhibit good nitrification performance. On the
first day, NH,"-N removal occurred, and the removal

Reagent First round of PCR Second round of PCR Blank control
10xBuffer SuL SuL SuL
Forward Primer 0.5 puL 1 uL 1 uL
Reverse Primer 0.5 uL 1 uL 1 uL
dNTPs 4 uL 2uL 2 uL
DNA template 1 uL 1 puL -
Taq DNA polymerase 0.5 ul 0.5 uL 0.5 uL
Sterilized ultrapure water topped up to 50 uL 50 uL 50 uL
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Fig. 2. The nitrogen removal characteristics of untreated embedded particles.

rate gradually increased. By the 26™ day, the NH,"-N
mass concentration in the effluent was 1.86 mg/L,
and the ammonia nitrogen removal rate reached 95.7%.
In the early stage of the experiment, untreated embedded
particles also showed certain nitrosation performance.
On the 7" day, the accumulation rate of NO,-N in
the reactor reached 65.1%. This is mainly due to the
presence of embedded materials, which can affect the
mass transfer efficiency of oxygen, resulting in a lower
oxygen concentration inside the embedded particles and
causing the accumulation of NO,-N. Related research

clearly indicates that this mass transfer limitation leads
to nitrite accumulation [23]. As time goes on, the mass
transfer efficiency of the embedded particles increases,
and the nitrification performance gradually strengthens.
After the embedded particles were subjected to 60°C
thermal shock treatment, as shown in Fig. 3, stable
removal of NH,"-N began on the 12 day. The effluent
NO,- N was basically 0, and the NO,-N accumulation
rate remained stable at over 90%. Compared with
the embedded particles without thermal shock treatment,
the embedded particles after thermal shock can reach
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Fig. 3. The nitrogen removal characteristics of embedded particles subjected to 60°C thermal shock treatment.
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Fig. 4. PCR-DGGE profile in different phases. a) the total bacteria; b) AOB; ¢) NOB.

a NO,-N accumulation rate of over 90% and maintain
stable operation. This is largely consistent with the
findings of Li Xiang et al., who achieved stable partial
nitrification in a continuous-flow AO reactor using
PVA-SA-embedded shortcut nitrification activated
sludge, with the system reaching a nitrite accumulation
rate of 86.22% under optimal conditions [19].

DGGE Mapping Analysis

To investigate the changing pattern of community
structure of total bacteria, AOB, and NOB in the
three stages of pre-domestication, post-domestication,
and post-heat-shock, the microorganisms in these
three stages were analyzed by denaturing gradient
gel electrophoresis (DGGE), respectively. The DGGE
profiles of sludge samples at different stages are shown
in Fig. 4, and the similarity of each lane is shown
in Fig. 5.

From Figs 5 and 6 it can be concluded that the number
of visible bands of total bacteria before domestication,
after domestication, and after heat shock were 17, 13,
and 10, respectively. The visible bands of AOB before
domestication, after domestication, and after heat shock
were 2, 7, and 5, respectively. The visible bands of NOB
before domestication, after domestication, and after
heat shock were 4, 6, and 5, respectively. From Fig. 4a),
it can be seen that there were more types of activated
sludge before domestication. Compared with before
domestication, the number of bands decreased, and the

brightness decreased after domestication, indicating a
decrease in total bacterial species, a significant increase
in the number of AOB and NOB species, and an
enhancement of sludge nitrification performance. After
heat shock, bands 1 and 4 in Fig. 4b) disappeared, while
bands 3, 5, 6, 7, and 8 remained unchanged, indicating
that heat shock had little effect on the diversity of AOB
populations. In Fig. 4c), bands 1, 2, 3, and 4 basically
disappeared, and almost all NOB dominant genera were
inactivated, indicating that the biomass of NOB was
reduced and the species decreased after the heat shock.
At the same time, a number of new species adapted to
the temperature environment were added, such as bands
7,8, and 9.

Similarity Analysis in DGGE
Mapping of Sludge Samples

Tables 3, 4, and 5 showed the similarity coefficients
of total bacterial populations, AOB, and NOB between
stages, respectively. The similarity coefficients between
total bacterial samples A, B, and C were all low,
roughly around 20-30%, indicating that the structure
of microbial populations changed considerably before
domestication, after domestication, and after heat shock.
The similarity coefficients between AOB Sample A and
Sample B, and Sample A and Sample C were only 3.9%
and 3.8%, indicating that the community structure of
AOB changed considerably with domestication. The
similarity coefficient between Sample B and Sample C
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Fig. 5. Similarity comparison of DGGE bands. a) the total bacteria; b) AOB; ¢) NOB.

was relatively high (48.1%), indicating that heat shock
had little effect on the diversity of AOB populations.
The similarity coefficient between NOB sample A and
sample B was 78.8%. The similarity coefficient between
Sample B and Sample C was 41.9%, which is relatively
low, again indicating that thermal shocks have a greater
impact on the diversity of NOB populations.

Fragment Sequencing Analysis and Bacterial
Species Identification of Total Bacteria

The PCR product of the DNA obtained from the
DGGE profile of total bacteria in Fig. 4a) was sent
to Shanghai Sangong Biotechnology Company for

sequencing. One of the 11 DNA samples sent failed
sequencing (sample T9), resulting in the acquisition
of 10 16S rDNA sequences from the total bacteria.
The gene sequences obtained from sequencing were
entered into the NCBI website, and the sequences were
compared and analyzed with the existing sequences
in the database using the BLAST program. The main
results of the comparison are shown in Table 6. At the
same time, the evolutionary tree was constructed using
the MEGA4 software, and the algorithm was neighbor-
joining analysis, and the resulting evolutionary tree is
shown in Fig. 6.

From Table 6, it can be seen that the similarity
between the bacteria of the cloned library and the
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Fig. 6. A phylogenetic tree showing the total bacterial microbial community in sludge based on 16S rDNA sequences.

bacteria in the GenBank database ranges from 97%
to 100%. The main dominant species present in
sludge include [-Proteobacteria, y-Proteobacteria,
a-Proteobacteria, Nitrospira, and Uncultured. As
shown in Fig. 6, bands T3, T4, and T5 were closely
related to the genus Nitrosomonas, which belongs to
the typical AOB microbial community. Nitrosomonas,
as a dominant microbial community in short-range
nitrification systems, has been reported in many r
eports [24-28]. Band Tl1 was on the same branch
as Nitrospira, a typical NOB bacterial group [29].
It was present only in the sample A and sample B
environments and disappeared after heat shock. Band
T1, which did not appear in the first two stages, was a
new strain after heat shock. It had 99% similarity to an
uncultured ammonia-oxidizing beta proteobacterium
(JX184190.1), which was found in abandoned tin mine
ponds in Pal, Perak. Band T2 showed 97% similarity
to an uncultured bacterium (GU744839.1), which
was detected using high-throughput sequencing in a
drinking water treatment pilot-scale [30]. Band T6 was
present in all three stages and showed 98% similarity
to Rubrivivax sp. YIMI1I7 (KJ513825.1), which was
found in the eutrophic waters of lakes. Band T7 was
the dominant bacterial genus in sample C, with a
100% similarity to uncultured Bacteroidetes bacteria
(JN695869.1), which was isolated in an MBR reactor.
Bacteroidetes bacteria are frequently reported to be
associated with polysaccharide degradation in many

Table 3. Comparability index of the total bacterial community
from different samples (100%).

Sample A B C
A 100 22.5 30.1
B 225 100 323
C 30.1 323 100

Table 4. Comparability index of the AOB bacterial community
from different samples (100%).

Sample A B C
A 100 3.9 3.8
B 3.9 100 48.1
C 3.8 48.1 100

Table 5. Comparability index of the NOB bacterial community
from different samples (100%).

sample A B C
A 100 78.8 41.7
B 78.8 100 41.9
C 41.7 41.9 100
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Table 6. Similarity sequence of predominant DGGE band.
Band Length . L . . o . .
number (bp) Maximum similarity bacteria in GenBank Login Number Similarity (%) Classification
TI 169 Unc“lmresri‘)‘t‘:;;‘;‘?;‘r‘i’ﬁﬁing beta JX184190.1 99 -Proteobacteria
T2 165 Uncultured bacterium GU744839.1 97 Uncultured
T3 170 Nitrosomonas sp. Hp8 HF678378.1 98 p-Proteobacteria
T4 170 Nitrosomonas europaea atcc 19718 NR _074774.1 100 [-Proteobacteria
T5 168 Nitrosomonas europaca AJ245759.1 99 [-Proteobacteria
T6 174 Rubrivivax sp. Yim117 KJ513825.1 98 [-Proteobacteria
T7 165 Uncultured bacteroidetes bacterium IN695869.1 100 Bacteroidetes
T8 173 Uncultured gamma proteobacterium JX843938.1 97 y-Proteobacteria
T10 149 Rhodopseudomonas sp. Jfanr HQ693554.1 99 o-Proteobacteria
T11 171 Candidatus nitrospira defluvii NR_074700.1 99 Nitrospira
wastewater treatment systems and may play a significant Conclusions

role in the decomposition of organic matter[31]. Band T8
was the dominant bacterial genus after domestication,
with a similarity of 97% to uncultured gamma
proteobacteria (JX843938.1). This bacterium belonged
to the y-proteobacteria and was isolated in anaerobic
sludge systems[32]. Band T10 was present in the first
two phases and disappeared after thermal shock, with
99% similarity to Rhodopseudomonas sp. JFANr
(HQ693554.1), which belonged to the a-Proteobacteria
and was found in desulfurization reactors.

It is worth noting that out of the 10 bands
successfully sequenced for total bacteria, only bands
T1, T3, T4, and TS5 were identified as AOB. However,
DGGE detection of AOB using nested PCR resulted
in 8 AOB bands, far exceeding the number of AOB
bands in the total bacterial DGGE map. The reason for
this phenomenon is that, firstly, due to the limitations
of PCR-DGGE technology itself, it can only detect
dominant bacterial communities that account for no less
than 1% of the entire microbial community [33], thus
masking the secondary status of bacteria. Therefore, it
is difficult to detect AOB with a content below 1% by
using bacterial universal primers for F357-GC/R518. For
AOB, the nested PCR method is used. Firstly, by using
specific primers CTOI89fA/B/C and CTO654r with
better binding affinity to AOB, the DNA fragments of
AOB with lower content in the bacterial community can
be effectively amplified, and then PCR-DGGE detection
can be performed, resulting in more AOB bands in Fig.
5b) than in Fig. 5a). Secondly, due to the use of two
rounds of amplification in nested PCR. Although the
specificity of PCR amplification can be guaranteed, the
probability of cross-contamination during the second
PCR amplification will increase, which may cause some
false-positive results. This is also the reason for the
increase in the number of AOB bands in Fig. 5b).

(1) After 20 min of 60°C thermal shock treatment,
the embedded particles could achieve stable nitrification
under continuous-flow conditions, and the accumulation
rate of NO,-N reached over 90%.

(2) The PCR-DGGE technology was used to study
the community structure and dynamic changes in the
pre-domestication, post-domestication, and post-heat-
shock stages of embedded bacterial particles. It was
found that before domestication, the greatest diversity
of activated sludge was observed. As domestication
progressed, the total bacterial diversity decreased, the
types of AOB and NOB significantly increased, and the
nitrification performance of the sludge was enhanced.
Thermal shock had little effect on AOB population
diversity but had a significant impact on NOB. Almost
all dominant NOB bacterial genera were inactivated.
This provides a theoretical basis for a new type of
encapsulation short-range nitrification process based on
thermal shock.

(3) Some of the dominant strains of total bacteria
were analyzed by cut-and-recovery clonal sequencing
and phylogenetic tree analysis, and the dominant
strains included [-Proteobacteria, vy-Proteobacteria,
a-Proteobacteria, Nitrospira, and Uncultured. Four
of the bacteria belonged to the AOB group, and one
bacterium belonged to the NOB group.

(4) This study validates the core principle under a
simplified hydraulic model. In practical engineering
scenarios, the synergistic regulation of hydraulic
conditions with physicochemical factors such as thermal
shock will be key to determining process stability and
efficiency, which also represents an important direction
for our subsequent research.
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