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Environmental Significance Statement

The Wolong Lake wetland ecosystem is rich in natural resources and has multiple ecological 
functions. However, the pollutants in the Wolong Lake sediment are reversely released and migrate 
into the water under certain conditions, causing endogenous pollution of the water body. This study 
developed an integrated flocculation-sedimentation sewage treatment equipment based on 
magnetic flocculation technology and horizontal tube sedimentation process, which was used in 
the treatment of dredged sludge residual water in the environmental protection dredging project in 
the Wolong Lake area. By examining the impact of various factors on the flocculation effect and 
observing the removal of different pollutants in actual operation, the treated dredged sludge 
residual water from Wolong Lake meets the surface water environmental quality standard.
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Abstract 

The dredge residual water contains high concentrations of heavy metals causing severe 

environmental pollution in lakes. This present study develops an integrated magnetic flocculation-

horizontal tube sedimentation equipment. In the Wolong Lake region of China, the impact of the 

device's treatment on the residual water from dredged sludge under various inlet water flows was 

investigated. In a single-factor experiment, flocculants such as Polyaluminum Chloride (PAC), 

Polymeric Ferric Sulfate (PFS), Ferric chloride (FeCl3), and Aluminum Sulphate (Al2(SO4)3) were 

used at a dose of 20–120 mg/L to treat the residual water from dredged sludge. The residual 

wastewater from dredging sludge treated better with PAC 60 mg/L; the removal efficiency of 

suspended solids (SS), chemical oxygen demand (COD), total phosphorous (TP), and ammonia 

nitrogen (NH3-N) were (81.37±1.66)%, (44.65±2.31)%, (76.48±1.08)%, and (17.64±0.85)%, 

respectively. The pollutants in the water were further removed using magnetic flocculation (single-

factor test and orthogonal analysis). The response surface method was used to optimize the agents 

PAC, magnetic powder, and polyacrylamide (PAM) doses. Achieved 93.1% SS, 91.2% TP, and 

71.2% COD removal. The device was operated for 30 consecutive days at various water intake 

volumes (4, 6, and 8 m³/h). The residual water's COD, SS, TP, and NH3-N levels effectively meet 

the environmental quality standards for surface water. With SpaceClaim as the pre-processing 

software and Fluent as the solver, a Computational Fluid Dynamics (CFD) simulation analysis of 

the test device was conducted. CFD validations confirm design reliability. The reliability and 

rationality of the test device's operation were verified through simulation and analysis using the 

dual Euler model. The circular treatment design has significant environmental implications in 

restoring the ecological balance of the Wolong Lake Wetland.
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Key Words: Dredged sludge residual water, Magnetic flocculation technology, Horizontal pipe 

sedimentation technology, Integrated wastewater treatment equipment, CFD simulation

1. Introduction

Environmentally friendly dredging is a crucial measure for the ecological management of lakes 

and reservoirs, playing a vital role in water environment management and restoration. However, 

this method produces large amounts of dredged sediment, resulting in large amounts of mud. 

During this process, the treated mud is deposited at the bottom of the mud disposal site, and excess 

water flows out from the site, referred to as dredging residual water. This residual water contains 

high concentrations of heavy metals, causing severe environmental pollution [1]. This puts forward 

high requirements for properly treating residual water after environmental dredging and preventing 

secondary pollution [2].

The treatment of dredging sludge residual water primarily involves physical and chemical 

treatment. In the physical treatment method, residual water treatment is primarily achieved by 

controlling the residence time of residual water, the water depth of the water surface, and the speed 

of water flow. In the case of environmentally friendly dredging, it must be carried out in a place 

with a large water capacity [3]. Chemical reagents are used to treat residual water. A certain 

amount of flocculant is put into the residual water in proportion. The flocculant effectively adsorbs 

pollutants in the remaining water, thereby reducing the concentration of contaminants in the 

remaining water [4]. The selection of flocculants in the flocculation method is directly related to 

the final effect of water pollutant removal [5,6]. Coagulation and precipitation are examples of 

environmental technologies that could be used to settle fine particles. However, large settling tanks 

and coagulants are required for the procedure. Hong et al. [7] have investigated magnetic 
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separation for the rapid settling of the fine particles suspended during the dredging process. For 

the quick settling of fine particles suspended during the dredging process, magnetic separation is 

employed. Magnetic force increases the settling velocity, and the increased settling process can 

reduce the volume of the settling tank, which is usually located on a ship for dredging. The 

magnetic-assisted settling also decreased the release of heavy metals through the turbid water by 

precipitating highly polluted particles with magnetic force [7].

Compared to traditional water treatment methods, magnetic flocculation is simple, safe to operate, 

easy to maintain, has high processing efficiency [8], a good treatment effect [9, 10], lower costs, a 

smaller footprint, withstands load impacts, and is less affected by water temperature and climate 

[11,12]. Magnetic flocculation technology combines a magnetic field with the flocculation 

process, requiring consideration of both physical and chemical factors in water treatment projects. 

These factors include hydraulic conditions, magnetic field strength, flocculant dosage (magnetic 

powder), and reaction pH [13-15]. Adjusting these parameters can affect the degree of contact 

between the flocculant and the colloidal particles, as well as the strength of the formed magnetic 

flocculation entities [16]. The horizontal tube precipitation and separation device is a 

sedimentation tank with high precipitation efficiency, good operational stability, strong 

adaptability, and a more flexible design [17,18]. In actual engineering applications, horizontal tube 

sedimentation tanks can treat low-temperature, low-turbidity raw water and high-turbidity raw 

water, and high-temperature and high-algae raw water [19]. A horizontal tube sedimentation tank 

is more conducive to optimizing the treatment effect of the sewage treatment plant than other high-

efficiency sedimentation tanks [20]. Computational fluid dynamics (CFD) has been effectively 

utilized to demonstrate the limitations of the average velocity gradient approach in classifying a 

flocculator. Robust coupling of population balance modelling for flocculation processes with CFD 
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has advanced wastewater flocculation [21]. In relation to primary decantation, dissolved air 

flotation (DAF) offers higher efficiency, require less space, and provides greater flexibility. 

However, it also has some disadvantages such as high costs, energy requirements (including 

pressure pumps, motors, air compressors, and mechanical systems), and the need for chemicals 

[22]. The selection of a set of design and operating parameters for a DAF is directly related to the 

characteristics of the wastewater [23].

The integration of magnetic flocculation and horizontal tube sedimentation as a field-scale 

innovation designed in this study increases the flexibility of the process, saves land area, and is 

beneficial for dredging residual water treatment. Wolong Lake is a provincial waterfowl habitat 

and aquatic resources protection wetland lake in China. The Lake has a basin area of 1,592 square 

kilometers, a water surface area of about 60 square kilometers, and a circumference of 55 

kilometers. The maximum water storage capacity is approximately 100 million cubic meters, and 

the average water depth ranges from 1.5 to 2 meters [24]. The quality of Wolong’s lake water 

further deteriorates if the residual water is released directly into the Lake. The mechanism of 

flocculants has not been comprehensively investigated to this date. The current conditions for 

improving water quality in Wolong Lake are relatively high, but the water quality in some areas is 

still poor. Combined with sediment dredging and dewatering activities, as well as the use of 

flocculants, the quality of the treated sediment residual water may decline. Directly releasing this 

residual water into Wolong Lake could further deteriorate the Lake's water quality. Therefore, 

selecting an effective residual water treatment technology is crucial. The intricate and unique 

nature of the flocs formed is attributed to the diversity of pollution components and the 

environmental characteristics of different regions. To address this issue, a purification test was 
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conducted on the residual water in Wolong Lake after the dehydration process of the polluted 

bottom sludge. 

The objective of the test was to achieve water quality indicators that met the discharge standards 

before the residual water was discharged. A residual water purification treatment test was 

conducted for the polluted residual water after dehydration of the polluted bottom sludge in 

Wolong Lake waters to achieve the high-standard discharge following residual water treatment. 

This study aims to develop a flocculation-sedimentation integrated sewage treatment equipment 

suitable for dredging sludge residual water from lakes. By analyzing the physical and chemical 

properties of dredged sludge residual water and adjusting the combination of different flocculants, 

magnetic powder, and coagulant aids, we explore the optimal flocculation reaction dosage 

combination and determine its ideal usage conditions serving as a guide for more in-depth research. 

The main objective of this study is: (i) to investigate the flocculation effect of flocculants on 

dredging residual water at different dosages. Comparative tests were conducted on flocculants, 

including PAC, PFS, FeCl3, and aluminum sulfate, as they are commonly used inorganic 

coagulants. Due to its good flocculation effect and low cost, it is widely used in various water 

treatment processes in practical applications. The optimal dosage of each flocculant was 

determined for comparison and selection. The optimal flocculant type was selected through 

comprehensive analysis; (ii) magnetic powder was added to conduct a magnetic flocculation test, 

and the best flocculant was selected. Combined with the removal efficiency of suspended solids, 

total phosphorus, COD, and other indicators, as well as factors such as economy and operability 

of practical applications. Experiments were conducted on the dosage of magnetic powder, particle 

size of the magnetic powder, coagulant PAM dosage, drug dosage sequence, and stirring water 

hydraulic conditions; (iii) the PAC dosage, PAM dosage, and magnetic powder dosage were 
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selected as independent variables according to the single-factor test results, and the Box-Behnken 

model was used to design a response surface test to examine the interaction between factors; (iv) 

the integrated flocculation-sedimentation device was started to explore the removal effect of the 

device on major pollutants in the residual water under actual operating conditions; and (v) CFD 

numerical simulation tests was carried out to verify the rationality and reliability of the operation 

of the test device. 

2. Materials and methods

2.1. Experimental drugs

Polyacrylamide (PAM), polyaluminum chloride (PAC: content ≥27.0%; pH 3.5-5.0 in 1% aqueous 

solution), aluminum sulfate (Al2(SO4)3), and ferric chloride (FeCl3) were analytical grade, and the 

highest level of purity was used. The main component of the magnetic powder used in this 

experiment is Fe3O4. The magnetic powder used in the test was purchased as a finished product, 

and no material testing data is available. Fe3O4 is insoluble in water and has the characteristic of 

black crystals with magnetism. Magnetic powder with a ferric oxide content of greater than 97% 

was used (insoluble in water). Magnetic powder can be recycled after the test. Fe3O4, as a magnetic 

powder, can be recovered approximately 15 times [25]. Chemical substances, except for magnetic 

powder, were prepared into solutions first to facilitate subsequent test operations. 

2.2 Operational strategies on traditional flocculation: dredged sludge residual water

Four commonly used inorganic flocculants-PAC, PFS, FeCl3, and Al2(SO4)3, were tested to 

investigate the flocculation effect of these flocculants at various dosages in treating the dredged 

sludge residual water of Wolong Lake and to determine the respective characteristics of each 

flocculant. 200 mL of the solution to be tested is placed in a 250 mL beaker. The pre-prepared 

coagulant at concentration of 20, 40, 60, 80, 100, and 120 mg/L was added to the beaker under 
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rapid stirring. It was stirred under fast stirring conditions (2 minutes, 200 r/min) and then under 

slow stirring conditions (5 minutes, 60 r/min). The supernatant (settled for 20 minutes) was taken 

2 cm below the liquid level, and the concentration of contaminants was measured. The residual 

water extracted from the bottom mud in the ecological protection region of Wolong Lake following 

environmental dredging was subjected to a comprehensive physical and chemical property 

investigation (pH 7-8, COD 50-70 mg/L, TP 0.2-0.4 mg/L, NH3-N 1.1-1.3 mg/L, and SS 150-170 

mg/L). 

2.3 Magnetic flocculation test

COD, SS, TP, and NH3-N were used as indicators to examine the effects of magnetic powder 

dosage, magnetic powder particle size, PAM dosage, and hydraulic conditions on the magnetic 

flocculation effect through a single factor experiment and optimized the dosage through the 

response surface to obtain the optimal dosage of chemicals for magnetic flocculation, paving the 

way for further research on the design and operation of the integrated flocculation-sedimentation 

device. For the effect of magnetic powder dosage, 200 mL of the solution was placed in a 250 mL 

beaker. The pre-prepared PAC solution at concentration of 0, 50, 60, 100, 150, 200, and 250 mg/L 

was added to the beaker under both rapid and slow stirring conditions. The supernatant (settled for 

20 minutes) was taken 2 cm below the liquid level, and the concentration of contaminants was 

measured. The PAC and magnetic powder dosages were maintained at 60 mg/L and 100 mg/L, 

respectively. Several common magnetic powders with different particle sizes (18.7, 25, 45, and 75 

μm) were selected for testing. For the effect of PAM dosage, 200 mL of the solution was 

transferred to a 250 mL beaker. The pre-prepared PAC solution (60 mg/L) and magnetic powder 

(100 mg/L) were put into the beaker under rapid stirring. 0, 0.5, 1, 1.5, 2.0, and 2.5 mg/L PAM 

were added under slow stirring conditions. The supernatant (settled for 20 minutes) was taken 2cm 
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below the liquid level, and the concentration of contaminants was measured. pH 7.0 ± 0.5 and 

Temperature 15 ± 5 ℃. The detection limits and standard deviations for COD, TP, and NH3–N 

measurements were NH3-N (0~2.0 mg/L): y= (5.65385±0.04901) x + (-0.01097±0.00896), 

R2=0.99955; TP (0~0.6 mg/L): y= (2.71233±0.02135) x + (0.00041±0.00011), R2=0.99963; and 

COD (5~50 mg/L): y=(6257.68293±63.69683) x + (0.52335±0.26365), R2=0.99928. 

2.4. Analytical Methods

COD (potassium dichromate method), ammonia nitrogen (Nessler's reagent method), total 

phosphorus (ammonium molybdate method), and suspended solids (gravimetric method) were 

measured according to standard methods [26]. The schematic process flow diagram is shown 

below 

3. Results and discussion

3.1 Optimal dosage of different flocculants on dredged sludge residual water 

The treatment effects of different flocculants on Wolong Lake dredging sludge residual water 

under their respective optimal dosage conditions are shown in Table 1 (Supplementary section 

SI1). The test results show that at the respective optimum dosages the three flocculants (PAC, 

Al2(SO4)3 and FeCl3) had similar ammonia nitrogen removal efficiency ranging from 15.35% to 

17.83% (PAC 17.64±0.85% and FeCl3 17.83±0.56%) and COD removal efficiency ranged from 

41.83% to 44.65% (PAC 44.65±2.31% and Al2(SO4)3 42.65±1.55%). SS removal efficiency varies 

significantly, ranging from 70.67% to 81.37% (PAC: 81.37±1.66% and FeCl3: 75.45±2.56%), 

respectively. The TP removal efficiency ranged from 76.48% to 83.86% (FeCl3 83.86±2.80% and 

Al2(SO4)3 81.63±3.22%). PAC's flocculation effect was better overall than that of Al2(SO4)3, FeCl3 
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and PFS. PAC exhibited an excellent coagulation effect, producing less sludge during the 

coagulation process compared to the other three flocculants, which can reduce subsequent 

treatment costs [27]. PAC showed the best comprehensive coagulation performance by combining 

the various properties of these four inorganic flocculants. Therefore, PAC was selected as the 

coagulant to treat the residual water from the dredged sludge at Wolong Lake.

Table 1 Effects of different flocculants on the treatment of dredged sludge residual water

Flocculants Dosage
mg/L

COD removal 
efficiency %

SS removal 
efficiency %

TP removal 
efficiency %

NH3-N removal 
efficiency %

PAC 60 44.65±2.31 81.37±1.66 76.48±1.08 17.64±0.85

Ferric 
Chloride 40 42.55±1.55 75.45±2.56 83.86±2.80 17.83±0.56

Aluminum 
sulfate 60 42.65±1.36 72.06±2.95 81.63±3.22 15.72±1.16

PFS 80 41.83±1.89 70.67±1.47 81.44±2.06 15.35±1.35

3.2 Magnetic flocculation test

3.2.1 Effect of Magnetic Powder Dosage

The analysis in Fig. 1 (a-d) shows that the introduction of magnetic particles significantly 

improved pollutant removal efficiency. As the amount of magnetic powder increased, the COD 

and SS removal efficiencies showed an increasing trend and later decreased. In contrast, the 

removal efficiencies of NH3-N and TP showed slight variation. Specifically, when the magnetic 

powder was added at a concentration of 100 mg/L, the COD removal efficiency increased 

significantly from 44.56±1.43% without magnetic powder addition to 62.83±0.86%. The SS 

removal efficiency reached an optimal level of 87.25±0.54%, while the TP removal efficiency 

gradually increased slightly with the increase in magnetic powder amount, up to 200 mg/L, then 

reached a peak. The NH3-N removal efficiency was similar to that of TP. The removal efficiency 
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was the highest when the added magnetic powder concentration was 150 mg/L. The addition of 

magnetic powder significantly enhanced the treatment effect of the flocculation process, 

effectively shortening the settling time and increasing the flocculation speed [28]. Magnetic 

powder and PAC interact during the rapid stirring stage, utilizing their respective flocculation 

competencies to form magnetic flocs with the magnetic powder at the core. This type of magnetic 

floc effectively aggregates destabilized particles and forms more compact structure under the 

influence of a magnetic field. Although increasing the amount of magnetic powder appropriately 

leads to a relative increase in turbidity, it can also increase the total concentration of particles in 

the water, thereby increasing the likelihood of particle encounters during the stirring process [29]. 

COD and SS removal efficiency by PAC flocculants was effectively improved by adding magnetic 

powder to the water samples. The test results indicated that the greater the amount of magnetic 

powder used, the higher its efficiency in removing pollutants.

When the magnetic powder dosage exceeds the optimal dosage, the excess magnetic powder 

disperses in the water. It fails to effectively combine with the flocs, thus affecting the removal 

efficiency of pollutants and causing additional pollution to water samples [30]. The combination 

of magnetic powder and pollutants in the water achieved a relatively optimal effect at 100 mg/L, 

ensuring efficient removal of pollutants and minimizing the waste of magnetic powder and 

potential side effects.

Page 12 of 47Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
25

/2
02

5 
12

:3
8:

40
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5VA00297D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5va00297d


12

Fig.1. Removal efficiency of various pollutants by: Magnetic powder (a) COD, (b) SS, (c) TP, (d) NH3
-N; 

Magnetic particles (different particle sizes) (e) COD, (f) SS, (g) TP, (h) NH3
-N; and Polyacrylamide (i) COD, 

(j) SS, (k) TP, and (l) NH3
-
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3.2.2 Effect of Magnetic Powder Particle Size

The results showed that COD, TP, and SS pollutant concentrations initially increased and then 

decreased with the increase in magnetic powder particle size. The results are shown in Fig. 1 (e-

h); the abscissa represents the different particle sizes of the added magnetic powder, and the 

ordinate represents the corresponding pollutant removal efficiency. A comprehensive analysis 

revealed that when the magnetic particle size was 45 μm, the removal effect was optimal, with 

removal efficiencies of 89.48±0.61%, 65.45±0.30%, 89.52±0.85% and 19.85±0.28% for SS, COD, 

TP, and NH3-N, respectively. The removal efficiency of pollutants in water generally begins to 

decrease when the magnetic particle size exceeds 45 μm. When the magnetic powder particle size 

is too small, the inertial collision shear force generated between the fine magnetic powder particles 

is too large, which can easily damage the already formed magnetic flocs and affect the treatment 

effect. When the magnetic powder particles are too large, it is observed that many magnetic 

powders sink to the bottom before mixing with the suspended matter in the raw water, which not 

only causes a waste of magnetic powder but also affects the water discharge effect [31]. Therefore, 

the optimal particle size of magnetic powder was determined to be 45 μm.

3.2.3 Effect of PAM Dosage

Experimental observations showed that adding coagulant alone, even with the optimal flocculation 

dosage of PAC, results in relatively slow floc formation. When the flocs formed were too large, it 

was observed that many magnetic powders sank to the bottom before mixing with the suspended 

matter in the raw water. It caused a waste of magnetic powder and affected the water discharge 

effect. Therefore, the optimal particle size of magnetic powder was determined to be 45 μm. The 

structure was often loose, and sedimentation was slow, so the solid-liquid interface was unclear 

after sedimentation. PAM can be introduced as a flocculant at the end of the rapid mixing stage to 
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enhance the flocculation effect. PAM and PAC worked synergistically to produce a better 

flocculation effect. PAM is a high-molecular-weight polymer with a long-chain structure that 

primarily functions through its long chains for adsorption bridging. PAM addition under rapid 

mixing conditions disrupts its structure, causing the shortening of molecular chains and adversely 

affecting flocculation efficiency. As a result, the timing of adding PAM is crucial [32]. The 

introduction of PAM after the initial flocculation process of PAC in the rapid mixing stage can 

prevent the impact of high-water sample flow rates on the PAM molecular chains. This approach 

ensures the structural integrity of PAM, allowing it to effectively bridge and adsorb particles, 

thereby enhancing floc formation and settling. Combining PAC for initial coagulation and PAM 

for bridging and strengthening floc structure to achieve higher removal efficiency of pollutants 

through more defined solid-liquid separation is a protocol approach to optimize the flocculation 

process [33]. 

According to test results, the addition of PAM significantly improves the removal effect of various 

pollution indicators during the magnetic flocculation process (Fig. 1, i-l). The COD removal 

efficiency initially rose and then declined with the gradual increase of PAM. It peaked at 1 mg/L 

of PAM addition with 70.56±0.86% removal efficiency. The addition of PAM significantly 

improved the removal efficiency of suspended solids and NH3-N, with maximal removal of 

91.58±0.41% and 21.35±1.55%, respectively. TP removal efficiency increased and stabilized as 

more PAM was introduced [34]. The addition of PAM significantly enhances the removal 

efficiency of COD, SS, TP, and NH3-N during magnetic flocculation treatment. COD removal 

showed the most significant impact. Quantitatively, PAM, as a high-molecular-weight organic 

polymer, exhibits a direct correlation between residual dosage and effluent COD elevation: 

experimental data showed that COD increased by 0.50 mg/L, 3.83 mg/L, and 1.59 mg/L at PAM 
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dosages of 1.5 mg/L, 2 mg/L, and 2.5 mg/L, respectively, compared to the blank group. With the 

COD, the organic load increases at dosages exceeding 1 mg/L due to the accumulation of 

unflocculated residual PAM. When the dosage of PAM is 1 mg/L, the removal rates of COD, SS, 

and TP reach their highest, and the removal rate of TN also exceeds 20%. Its removal rate is not 

lower than that of higher doses (1.5-2.5 mg/L), balancing treatment efficiency and cost.

Additionally, the optimal dosage of PAM, as determined by Hu et al., is close to 1.74 mg/L [35]. 

However, excessive PAM addition increases the COD concentration in the water because it is an 

organic polymer. The optimal PAM addition amount was determined to be 1 mg/L based on 

comprehensive considerations.

3.2.4 Determination of the optimal dosing sequence

A systematic experimental design was conducted to determine the optimal chemical dosage 

sequence for the integrated magnetic flocculation-sedimentation device in actual operation, 

combining the application of PAC, magnetic powder, and PAM. The PAC, magnetic powder and 

PAM dosage was set to 60 mg/L, 100 mg/L, and 1 mg/L. Based on these settings, four different 

chemical dosage sequence strategies were constructed for comparison to investigate the optimal 

dosing sequence during actual operation of the integrated magnetic flocculation-sedimentation 

device: (I) PAC-magnetic powder-PAM; (II) PAC-PAM-magnetic powder; (III) Magnetic 

powder-PAC-PAM; and (IV) Magnetic powder-PAM-PAC. The test results (Fig. SI2) indicated 

that the order of adding chemicals had a significant impact on the removal effect in the integrated 

magnetic flocculation sedimentation treatment process. The magnetic powder → PAC → PAM 

was the most effective. The main reasons for this sequential advantage can be attributed to the 

following points. Early addition of magnetic powder: Magnetic powder was added as the first step. 

It fully uses its significant specific surface area characteristics to initially adsorb pollutants in the 
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water under physical action. The uniform distribution of magnetic powder laid a solid foundation 

for the subsequent flocculation process, ensuring complete contact between the magnetic powder 

and pollutants and initially forming a floc structure with the magnetic powder at its core. Formation 

of magnetic core flocs: The early addition of magnetic powder not only facilitates the adsorption 

of pollutants but also enables the subsequent addition of PAC to react more effectively with the 

pollutants adsorbed by the magnetic powder, thereby forming a more compact and stable magnetic 

core floc. If magnetic powder were added later during the floc formation process, it could adhere 

only to the edge of the floc, resulting in an unstable magnetic floc structure and easy separation. 

Avoiding magnetic powder aggregation: When magnetic powder and PAM are added 

simultaneously, the magnetic powder aggregates into clumps (viscous force) due to the high 

viscosity of the PAM solution.  It cannot be evenly distributed in the water, thus affecting the 

magnetic flocculation effect. Therefore, adding magnetic powder before PAM can prevent this 

problem and ensure that the magnetic powder can plays it maximum adsorption and flocculation 

role. The dosing sequence of magnetic powder → PAC → PAM fully leverages the advantages of 

physical adsorption by magnetic powder and the synergistic effect with chemical flocculants to 

form magnetic core flocs with a stable structure and high removal efficiency, significantly 

improving the treatment effect.

3.2.5 Effect of Hydraulic Stirring Conditions

The hydraulic conditions in the flocculation process have an essential influence on the formation 

of flocs. The stirring speed should not be too high. A higher stirring speed breaks the formed flocs. 

Therefore, reasonable hydraulic conditions are essential to ensure floc formation. PAC, PAM and 

magnetic powder dosages were 60 mg/L, 1 mg/L, and 100 mg/L, respectively. The dosage method 

was first to add the magnetic powder, then PAC, and finally PAM. Under continuous test 
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conditions, a four-factor, three-level orthogonal test was conducted on fast stirring speed, fast 

stirring time, slow stirring speed, and slow stirring time (see Specific Parameters in Table SI1). 

SPSS21.0 was used to design the L34 orthogonal test table.

Effect of hydraulic stirring conditions on COD removal efficiency: The influence of each factor 

on the COD removal efficiency was A>B>D>C, i.e., fast stirring speed>fast stirring time>slow 

stirring time>slow stirring speed (Table SI1). The optimal theoretical combination was A2B1C2D1, 

i.e., the fast-stirring speed, fast stirring time, slow stirring speed, and slow stirring time were 200 

r/min, 1.5 min, 60 r/min and 4 min, respectively.

Effect of hydraulic stirring conditions on SS removal efficiency: The influence of each factor on 

the SS removal efficiency was A>C>B>D, i.e., fast stirring speed>slow stirring speed>fast stirring 

time>slow stirring time (Table SI1). The optimal theoretical combination was A1B2C2D2, i.e., the 

fast-stirring speed, fast stirring time, slow stirring speed, and slow-stirring time were 100 r/min, 2 

min, 60 r/min and 5 min, respectively.

Effect of hydraulic stirring conditions on TP removal efficiency: The influence of each factor on 

the TP removal efficiency was A>D>B>C, i.e., fast stirring speed>slow stirring time>fast stirring 

time>slow stirring speed (Table SI1). The optimal theoretical combination was A2B1C1D1, i.e., the 

fast-stirring speed, fast stirring time, slow-stirring speed, and slow stirring time were 200 r/min, 

1.5 min, 40 r/min and 4 min, respectively.

Effect of hydraulic stirring conditions on ammonia nitrogen removal efficiency: The influence of 

each factor on the ammonia nitrogen removal efficiency was A>B>C>D, i.e., fast stirring 

speed>fast stirring time>slow stirring speed>slow-stirring time (Table SI1). The optimal 

theoretical combination was A1B3C2D1, i.e., the fast-stirring speed, fast stirring time, slow-stirring 

speed, and slow-stirring time were 100 r/min, 2.5 min, 60 r/min and 4 min, respectively.

Page 18 of 47Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
25

/2
02

5 
12

:3
8:

40
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5VA00297D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5va00297d


18

The fast-stirring speed had a greater impact on the effect of pollutants, followed by the slow stirring 

time. In contrast, slow stirring speed and fast stirring time had less impact. In the fast-stirring stage, 

the agent must be thoroughly mixed with water quickly to disrupt the stability of the colloidal 

particles. This effectively increases the collision rate between particles, enhances the chance of 

collision and adsorption between magnetic species and destabilized flocs, and increases the degree 

of agglomeration of magnetic species. Under high stirring speeds, the agent and water mix quickly 

and thoroughly. Further growing the stirring time will weaken the strengthening effect of the agent 

and water. Therefore, the impact of the stirring speed on the mixing stage was greater than the 

stirring time. The slow stirring stage forms large particle flocs through the coagulant PAM, and 

the destabilized flocs are further destabilized through adsorption bridging, net capture, and 

sweeping [36]. The impact of slow stirring time on flocculation was greater than that of slow 

stirring speed, as the slow stirring speed plays a role in mixing the PAM molecules with the flocs 

without breaking up the formed flocs. When the slow stirring time was too long, the formed flocs 

were broken up, which was manifested in the loose floc bonding, resulting in high effluent COD, 

TP and SS. When the slow stirring time is too short, it becomes difficult to achieve the adsorption 

bridging of PAM molecules, which hinders the formation of flocs [37]. Therefore, the optimal 

hydraulic stirring conditions are a fast-stirring speed of 300 r/min, a fast-stirring time of 1.5 min, 

a slow stirring speed of 60 r/min, and a slow stirring time of 4 min.

3.2.6 Response surface optimization of magnetic flocculation treatment conditions

The single factors have certain connections and influences on one another. The response surface 

method was selected for subsequent investigation to study further the impact of each factor on the 

magnetic flocculation treatment effect. Response surface experiment design: Based on the single-

factor test results, the optimal ranges of the independent variables were determined to be PAC 
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dosage (A), PAM dosage (B), and magnetic powder dosage (C). COD removal efficiency (R1), 

SS removal efficiency (R2), TP removal efficiency (R3), and ammonia nitrogen removal 

efficiency (R4) are selected as the response values to design a response surface test. The COD 

removal efficiency (R1), SS removal efficiency (R2), TP removal efficiency (R3), and ammonia 

nitrogen removal efficiency (R4) were taken as response values. The test factor level design and 

test results were analyzed using the Design-Expert 8.0.1 software (Table SI2).  

COD removal efficiency: (Variance analysis): The binary polynomial model of COD removal 

efficiency and PAC (A), magnetic powder (B), and PAM (C) is: Y=68.46-

1.0125*A+1.5*B+2.4375*C+2.25*AB-0.725*AC-0.95*BC-1.9425*A2-2.7175*B2-2.1425*C2, 

R2 = 0.9809, R2
adj = 0.9563. It can be seen from the variance analysis (Table SI2) that the P value 

of the model established based on the response value of COD removal efficiency was less than 0. 

000 1. It showed that the experimental design is reasonable. The correlation coefficients R2 0.9809 

and R2adj = 0.9563 are similar, indicating that the actual value of the model is consistent with the 

predicted value. The lack of fit term is insignificant, indicating that the model fits the experimental 

data well, and the regression equation reflects the relationship between various factors and COD 

removal efficiency. A, B, C, AB, BC, A2, B2, and C2 have high significance, indicating that the 

impact of each factor on COD removal efficiency is not a simple linear relationship. The influence 

of A, B, and C on the COD removal efficiency was C>B>A, i.e., PAM>magnetic powder>PAC.

Interaction analysis: The RSM graph is a contour map of a three-dimensional space projected onto 

a two-dimensional plane, representing a specific response surface Y corresponding to the values 

of X1, X2, and X3. It intuitively reflects the influence of each factor on the response value. The 

interaction between the factors can be analyzed from the response surface analysis graph obtained. 
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(a)                       (b)

            
(c)         (d)

       
(e)                      (f)

       
Fig. 2. Effect of interaction of various factors on the COD removal efficiency

Page 21 of 47 Environmental Science: Advances

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
25

/2
02

5 
12

:3
8:

40
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5VA00297D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5va00297d


21

When the dosage of PAC was fixed at 60 mg/L, the COD removal efficiency initially increased 

and then decreased with the increase in the dosage of magnetic powder, resulting in a significant 

overall change (Fig. 2). This indicates that the influence of magnetic powder on COD removal 

efficiency was greater than that of the PAC dosage. Similarly, the impact of PAM dosage on COD 

removal efficiency was greater than that of magnetic powder and PAC dosage. The AB and BC 

contour maps are elliptical, indicating that the interaction between the two was obvious.  The 

interaction between the two factors significantly impacts COD removal efficiency, and the 

corresponding 3D surface diagram exhibits a more pronounced color change, with a relatively 

steep peak shape. The AC response surface is relatively flat, and the color change is not apparent, 

indicating that the interaction between the two is non-significant. These results are consistent with 

the variance analysis results in Table SI2. Optimal conditions are PAC 56.3 mg/L, magnetic 

powder 100.27 mg/L, and PAM 1.13 mg/L. These conditions were optimized to facilitate the test 

as PAC 56 mg/L, magnetic powder 100 mg/L, and PAM 1.0 mg/L. A verification test was 

conducted, and the COD removal efficiency was 71.2%, which was not significantly different from 

the predicted value of 69.4%.

SS removal efficiency: (Variance analysis): The binary polynomial model of SS removal 

efficiency and PAC (A), magnetic powder (B), and PAM (C) is: Y=91.3-

0.6625*A+1.7875*B+2.5*C+1.45*AB-0.725*AC-0.825*BC-2.2*A2-3.1*B2-1.725*C, 

R2=0.9743，R2
adj=0.9412. The P-value of the model established with the response value of SS 

removal efficiency is less than 0. 000 1, indicating that the experimental design is reasonable 

(Table SI2). The correlation coefficient R2=0.9809 is similar to R2
adj =0.9563, indicating that the 

actual performance of the model value aligns closely with the predicted value. 
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(a)                                                                                                    (b)

         
(c)                      (d)

         
(e)                    (f)

     
Fig. 3. Effect of interaction of various factors on the Suspended Solids removal efficiency
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The lack-of-fit term is insignificant, indicating that the model fits the experimental data well, and 

the regression equation accurately reflects the relationship between various factors and SS removal 

efficiency. The significance of B, C, AB, A2, B2, and C2 is high, indicating that the influence of 

each factor on the SS removal efficiency is not a simple linear relationship. The influence of A, B, 

and C on the SS removal efficiency is C>B>A, i.e., PAM>magnetic powder>PAC. Interaction 

analysis: When the dosage of PAC was fixed at 60 mg/L, the SS removal efficiency first increased 

and then decreased with the increase of the dosage of magnetic powder, and the overall change 

was significant (Fig.  3). It showed that the influence of magnetic powder on SS removal efficiency 

was greater than the PAC dosage. Similarly, the impact of PAM dosage on SS removal efficiency 

was greater than that of magnetic powder and PAC dosage. The AB contour map is elliptical, 

indicating a strong interaction between the two. The interaction between the two factors 

significantly impacts the SS removal efficiency. The corresponding 3D surface map color changes 

are more pronounced, and the peak shape is relatively steep. The AC and BC contour plots are 

circular, the response surface is relatively flat, and the color change is not apparent. This 

demonstrates that the interaction between the two is not significant. These results are consistent 

with the variance analysis results in Table SI2. Optimal conditions are PAC 57.22 mg/L, magnetic 

powder 101.83 mg/L, and PAM 1.13 mg/L. The conditions were optimized to facilitate the test: 

PAC 57 mg/L, magnetic powder 102 mg/L, and PAM 1.0 mg/L. A verification test was conducted, 

and the SS removal efficiency was 93.1%, which was not significantly different from the predicted 

value of 92.4%.

TP removal efficiency: (Variance analysis): The binary polynomial model of TP removal 

efficiency and PAC (A), magnetic powder (B), and PAM (C) is: 
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Y=89.6-0.6375*A+1.875*B+2.4375*C+1.5*AB-0.725*AC+-0.95*BC-2.2375*A2-3.0125*B2-

1.6875*C2, R2=0.9753, R2
adj=0.9435. The P value of the model established based on the TP 

removal efficiency response value was less than 0. 0001(Table SI2).  The experimental design is 

reasonable. The correlation coefficient R2=0.9753 is similar to R2
adj=0.9435, indicating that the 

actual value of the model is consistent with the predicted value. The lack-of-fit term is 

insignificant, indicating that the model fits the experimental data well, and the regression equation 

accurately reflects the relationship between various factors and TP removal efficiency. The 

significance of B, C, AB, BC, A2, B2, and C2 is relatively high. The influence of each factor on the 

TP removal efficiency is not a simple linear relationship. The influence of A, B, and C on the TP 

removal efficiency is C>B>A, i.e., PAM>magnetic powder>PAC. 

Interaction analysis: When the dosage of PAC was 60 mg/L, the TP removal efficiency initially 

increased and then decreased with the increase in the dosage of magnetic powder, resulting in a 

significant overall change. The impact of magnetic powder on TP removal efficiency is greater 

than that of the PAC dosage. The effects of PAM dosage on TP removal efficiency is greater than 

that of magnetic powder and PAC dosage. The AB and BC contour maps are elliptical, indicating 

a strong interaction between the two (Fig. 4). The interaction between the two factors has a 

significant impact on the TP removal efficiency. The corresponding color change of the 3D surface 

map is more obvious, and the peak shape is steeper. The AC contour map is circular, the response 

surface is relatively flat, and the color change is not apparent. The interaction between the two is 

not significant. These results are consistent with the variance analysis results in Table SI2. Optimal 

conditions are PAC 57.47 mg/L, magnetic powder 102.224 mg/L, and PAM 1.14 mg/L. 
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(a)                      (b)

             
(c)           (d)

       
(e)                      (f)

        
Fig. 4. Effect of interaction of various factors on Total Phosphorous removal efficiency
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The conditions were optimized to facilitate the test: PAC 57 mg/L, magnetic powder 102 mg/L, 

and PAM 1.0 mg/L. A verification test was conducted, and the TP removal efficiency was 91.2%, 

which was not significantly different from the predicted value of 90.7%.

Ammonia nitrogen removal efficiency (Variance analysis): The binary polynomial model of 

ammonia nitrogen removal efficiency and PAC (A), magnetic powder (B), and PAM (C) is: 

Y=19.7-0.575*A+1.8125*B+2.5125*C+1.55*AB-0.8*AC-0.825*BC-2.0875*A2-3.1125*B2-

1.7625*C2, R2=0.9695 ， R2
adj=0.9304. The P-value of the model, established based on the 

ammonia nitrogen removal efficiency response value, is less than 0. 000 1 (Table SI2). This 

showed that the experimental design was reasonable. The correlation coefficient R2=0.9695 is 

similar to R2
adj=0.9304, which indicates that the actual performance of the model values matches 

the predicted values. The lack of fit terms is insignificant, indicating that the model fits the 

experimental data well. The regression equation represents the relationship between various 

factors and ammonia nitrogen removal efficiency. The significance of B, C, AB, A2, B2, and C2 is 

relatively high, indicating that the influence of each factor on ammonia nitrogen removal 

efficiency does not follow a simple linear relationship. The influence of A, B, and C on the 

ammonia nitrogen removal efficiency is C>B>A, i.e., PAM>magnetic powder>PAC. 

Optimal conditions are PAC 57.55 mg/L, magnetic powder 102.39 mg/L, and PAM 1.14 mg/L. 

The conditions were optimized to facilitate the test: PAC 58 mg/L, magnetic powder 102 mg/L, 

and PAM 1.0 mg/L. The verification test showed that the ammonia nitrogen removal efficiency 

was 21.2%, which was not significantly different from the predicted value of 20.8%. 

The optimal magnetic flocculation conditions based on the above four response surface test results 

are PAC 57 mg/L, magnetic powder 102 mg/L, and PAM 1.0 mg/L. 
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(a)       (b)

       
 

(c)          (d)

            
(e)            (f)

                
Fig. 5 Effect of the interaction of various factors on the ammonia nitrogen removal efficiency
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Under this condition, the highest COD, SS, TP, and ammonia nitrogen removal efficiencies 

reached 71.2%, 93.1%, 91.2%, and 21.2%, respectively. Interaction analysis: When the dosage of 

PAC was 60 mg/L, the ammonia nitrogen removal efficiency first increased and then decreased 

with the increase of the dosage of magnetic powder, and the overall change was significant. The 

impact of magnetic powder on ammonia nitrogen removal efficiency is greater than the PAC 

dosage. Similarly, the effect of PAM dosage on ammonia nitrogen removal efficiency is greater 

than that of magnetic powder and PAC dosage (Fig .5). The AB contour maps are elliptical, 

indicating that the interaction between the two is obvious. The interaction between the two factors 

has a significant impact on the ammonia nitrogen removal efficiency. The corresponding 3D 

surface map colour change is more pronounced, and the peak shape is relatively sharper. The AC 

and BC contour map is circular, the response surface is relatively flat, and the color change is not 

apparent. The interaction between the two is not significant. These results are consistent with the 

variance analysis results in Table SI2. 

3.3 Actual operation effect and simulation of integrated flocculation-sedimentation treatment 

equipment

The design of the integrated flocculation sedimentation device is mainly based on the magnetic 

flocculation method and the horizontal tube sedimentation process. The device consists of a 

flocculation device and a sedimentation device. The designed water inlet flow rate is 4-8 m³/h. The 

flocculation part includes the water inlet area and the first, second, and third reaction tanks. The 

sedimentation part adopts a horizontal tube sedimentation tank, which is separated by a water 

distribution wall in the middle. Compared with the commonly used inclined tube sedimentation 

tank, the horizontal tube sedimentation tank effectively reduces the floor space. It improves the 
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treatment efficiency (Fig. 6). The horizontal pipe sedimentation and separation part of the device 

consisted of 27 diamond-shaped horizontal pipes.

a

b c

    
Fig. 6 (a) Schematic diagram of the device, (b) Device photographic image in the laboratory, and 
(c) Cross-section view of the horizontal tube sedimentation separation device

Each diamond-shaped pipe is 400 mm long, with a side length of 40 mm. The two lower sides of 

the diamond-shaped pipe formed a 60° angle with the horizontal plane, which facilitates the 

precipitated suspended matter to slide down when water flows through. At the 60° lower angle of 

each diamond-shaped pipe, multiple mud discharge ports intermittently along the length direction. 
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The width of the mud discharge port is 15 mm. When water flows into the diamond-shaped pipe, 

the precipitated suspended matter slides out of the mud discharge port along the two lower sides 

of the diamond. The slideway distance is very short, which avoids the accumulation of suspended 

matter in the diamond-shaped pipe and blocks the channel. The cross-sectional view of the 

horizontal tube sedimentation and separation device is shown in Fig.6. 

3.3.1 Operation effect of the device under different water volumes

The COD removal effect of the device was apparent under different water volumes. When the 

water volume was 4 m³/h and 6 m³/h, the average COD removal efficiencies were 82.06% and 

72.67%, respectively. Under these two water inflows, the maximum effluent COD concentration 

does not exceed 20 mg/L over 30 days of operation. However, when the water inlet volume was 

increased to 8 m³/h, maximum COD removal efficiency dropped to 59.96±2.50%. The fluctuation 

trend of COD removal efficiency gradually increases as the water inlet volume increases (Fig. 7).  

The magnetic flocculation process used magnetic powder to strengthen the adsorption and bridging 

of flocculants, the double electric layer was compressed and a net capture effect, which caused 

destabilization of COD in water (colliding with each other and agglomerated to form floccules). 

The sedimentation effect of the horizontal sedimentation tube was used to separate particles from 

water, thereby achieving water purification. It mainly relies on the physical adsorption of magnetic 

powder and the chemical reaction with flocculants to remove COD, with no degradation effect 

from microorganisms. Adding PAM increases the COD concentration to a certain extent, 

considering that the coagulant PAM is an organic matter. Based on the optimized dosage and 

dosage methods of magnetic powder, PAC and PAM are achieved in section 3.2. The COD 

removal efficiency of high-purity Fe₃O₄ magnetic powder is closely related to its application form 

(e.g., alone or as a composite) and water quality. Its cost advantage mainly comes from 
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recyclability, which offsets the initial material expense. In addition, High-purity Fe₃O₄ itself has 

limited direct COD removal ability; therefore, it is usually used in modified or composite forms to 

enhance its efficiency. The cost of regeneration (physical or chemical) is also related to expenses. 

Taking 15 cycles of reuse (mild wastewater scenario) as an example, the total cost per ton of water 

is approximately $0.3-4.

The designed integrated equipment for horizontal tube sedimentation was used as the test platform, 

and the dredged sludge residual water was used as the treatment object to explore different 

continuous processes. Under the water volume, the device’s treatment affects the remaining water. 

The results showed that when the water volume was 4 m³/h the device had a stable and good SS 

treatment effect (average SS removal efficiency 92.59% and maximum removal efficiency 

95.74±3.94%) during the 30-day operation period. There was no significant difference in the SS 

removal efficiency when the water volume was 6m³/h (average SS removal efficiency 92.39%, 

and maximum removal efficiency 93.79±3.04%) (Fig. 7). However, when the water inlet volume 

increases to 8 m³/h the removal effect decreases. The average and maximum SS removal rates 

were 85.52% and 86.37±3.75%, respectively. When the water inlet volume was high, the contact 

and reaction time between the flocculant and the suspended matter was insufficient, considering 

that the flocculation reaction time is closely related to the flocculation effect. The improvement of 

the flocculation effect by magnetic powder and coagulant aids was gradually limited. It can be 

reasonably inferred that with the further increase of the water inlet volume, the removal effect of 

SS will further decrease. Compared with conventional sedimentation, magnetic 

flocculation+horizontal tube sedimentation have higher energy efficiency and reduce sludge 

production [38].
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Fig.7. Removal effect of: (a-c) COD, (d-f) Suspended solids, (g-i) Total phosphorous, and (j-l) 
Total Nitrogen inside the device.

As the influent rate increased, the device's TP removal efficiency followed a similar trend to that 

of SS and COD. With increasing water flow, TP removal efficiency gradually decreased (Fig. 7). 

At influent rates of 4 m³/h and 6 m³/h, the device's TP removal efficiency showed minimal 

difference, with average removal rates of 89% and 87.18%, respectively. Effective TP removal 

was achieved in both cases. Over 30 days of operation, the effluent TP concentration did not exceed 

0.2 mg/L, meeting the limit for the Surface Water Environmental Quality Standard [32,33]. When 
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the influent rate increased to 8 m³/h, the device's average and maximum TP removal rates were 

80% and 85.29±2.01%, respectively. However, at an influent flow rate of 8 m³/h, the effluent TP 

concentration remained within the standard limit requirement for surface water, indicating that the 

device achieved satisfactory TP removal at all influent flow rates. However, considering the 

device's performance in removing SS and COD, increasing the flow rate to 8 m³/h does not achieve 

overall water quality compliance. 6 m³/h was the highest influent flow achieved in the test.

As the influent flow rate increases, the NH3-N removal efficiency of the device changes similarly 

to that of COD. As the water volume increases, the removal effect of NH3-N by the device changes 

similarly to that of COD. When the water inflow was 4 m³/h, 6 m³/h and 8 m³/h, the average NH3-

N removal efficiency was 23.26%, 20.01%, and 15.07%, respectively. Furthermore, as the water 

flow rate increases, the removal rate changes from a stable trend to a significant fluctuation (Fig. 

7). When the water volume is 4m³/h and 6m³/h, the effluent NH3-N concentration can basically 

meet the limit requirements of Surface Water Environmental Quality Standard [39,40] during 30 

days of operation. This indicates that it is challenging to efficiently treat NH3-N at higher water 

volumes by relying solely on adsorption and enhanced magnetic flocculation. Table 2a shows the 

changes in sedimentation tank operating parameters under different treatment rates. As the 

treatment rate increases, the overflow load gradually increases, reducing the flocculation, 

sedimentation, and total residence time.  Therefore, considering the rationality of design, the 

economic efficiency of investment and construction, and the high efficiency of actual operation, 

the optimal overflow load of the sedimentation tank was determined to be 15.5 (m³/(m2·h)). 
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Table 2a Operating parameters of sedimentation tanks under different treatment volumes

Treatment water volume
Operating Parameters

4m³/h 6m³/h 8m³/h

Overflow load (m³/(m2·h)) 11.2 15.5 18.3

Flocculation time (min) 6.5 4.3 3.7

Sedimentation time (min) 2.1 1.5 0.9

Total residence time (min) 9.2 7.2 5.8

Table 2b Average velocity, average turbulent kinetic energy, and average turbulent kinetic 
energy dissipation rate inside the device at different speeds

Inlet Velocity 
（m/s）

Average Velocity 
（m/s）

Average Turbulent Kinetic Energy 
（m2/s2）

Average Turbulent Kinetic 
Energy Dissipation Rate（m2/s3）

0.022 0.00155 1.29e-6 2.01e-6

0.044 0.00210 2.05e-6 4.29e-6

0.088 0.00287 3.45e-6 9.27e-6

3.3.2 Simulation study of the device

Simulation model: The test device is modeled in three dimensions through the pre-processor space 

claim. Simulation technology was used to simulate and analyze the various working conditions of 

the device, thereby reducing the consumption of workforce and material resources. It can 

effectively avoid the impact of operational errors caused by the test. The test device is modelled 

1:1. The specific model is shown in Fig.8a and 8b.   The device model mainly consists of two main 

parts: a flocculation tank and a sedimentation tank. The interior includes a water inlet, flocculation 

baffle, water distribution wall, horizontal pipe structure, mud sliding area structure, water outlet, 

among other components. The total length of the model is 1100 mm, and the width is 255 mm, of 

which the length of the flocculation area was 500 mm, the length of the horizontal pipe 

sedimentation tank area was 500 mm, and the overall depth of the device was 250 mm.
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Divide the grid (Meshing): This model utilizes the built-in mesh processor, Fluent Meshing in the 

Fluent processor for meshing. The number of grids was 1574281. The local and overall effects of 

the model grid are are illustrated in Figs. 8c and 8d.  The Elements were set to Tet/Hybrid, Type 

to Hex Core (Native), Offset layers to 4, and Interval size to 10. The quality of the grid was checked 

through the console panel. The EquiSize Skew (indicated skewness) is less than 0.65, and the 

Aspect ratio (aspect ratio of the grid) is less than 3.5. It showed that the meshing quality meets the 

requirements. The MESH file was exported for subsequent simulation calculations. 

Determination of boundary conditions: (i) Inlet flow rate: According to laboratory tests at room 

temperature, the impurity density of dredged residual water was 1050 kg/m3, and the dynamic 

viscosity of the impurities was 0.02 Pa·s. The actual operating flow rate of the device was 5 m³/h, 

which was converted into the inlet velocity. The calculation formula is shown in (Eq. 1):

 
2

4 V

in

Qv
πD

=
                                                                                                                                      (1)

According to this formula, the inlet flow velocity of the water inlet of the integrated device was 

0.044 m/s;

(ii) Impurity ratio: The impurities in the dredging residual water are mainly suspended sludge 

particles, which are often represented by SS in sewage testing. The flocculant PAC was added to 

the water to facilitate the formation of flocs during the flocculation stage. The agent reacts 

physically and chemically with water and impurities, which is beneficial for removing impurities. 

Floc is converted into an impurity concentration in the simulation analysis. The impurity ratio was 

10% after conversion, and (iii) the following assumptions are made to facilitate simulation 

calculations: it is assumed that the fluid in the device is a Newtonian fluid, no temperature changes 

when the chemical agent reacts with water and impurities, and the energy loss of water flow from 

the starting point to the endpoint is ignored.
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(a)

(b)

(c)                                     (d)

      

Fig.8. Test device: (a) 3D model, (b) Perspective view of the 3D model, (c) Grid structure 
diagram, and (d) Cross-sectional view of the grid.
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Specific analysis: A numerical simulation study was conducted on an integrated flocculation-

sedimentation wastewater treatment device with water inlet velocities of 0.022 m/s, 0.044 m/s and 

0.088 m/s. By varying the water inlet velocity, the changes in the flow field within the device and 

the sedimentation distribution were studied. (i) Flow velocity distribution: flow velocity 

distribution is one of the key factors affecting the treatment effect in an integrated flocculation-

sedimentation wastewater treatment device. Reasonable flow velocity distribution is crucial for 

the effective sedimentation of impurities [41]. The flow velocity distribution within the device at 

various water inlet velocities was analyzed using numerical simulation. Velocity cloud diagrams 

analyze flow velocity distribution. The water phase velocity cloud diagram at the X=0 section and 

Z=0.085 section at different velocities (Fig.SI3). It can be seen from the numerical simulation 

results that when the water inlet velocity was 0.022 m/s, the velocity distribution inside the 

equipment was relatively uniform and the water flow velocity was moderate, which was conducive 

to the sedimentation of impurities. The velocity distribution inside the equipment becomes 

complex when the water inlet velocity increases to 0.044 m/s and 0.088 m/s. Higher velocity 

appears in some areas, which may have an adverse effect on the sedimentation of impurities. To 

understand the impact of velocity distribution on impurity sedimentation, the average velocity, 

average turbulent kinetic energy, and average turbulent kinetic energy dissipation rate inside the 

equipment were further analyzed (Table 2b).  

The average turbulent kinetic energy and average turbulent kinetic energy dissipation rate 

increased as the water inlet speed and the average speed inside the equipment gradually increased. 

This means that the turbulence of the water flow inside the equipment increases, which may have 

an adverse effect on the sedimentation of impurities [42]; (ii) Pressure distribution: Pressure 

distribution is one of the critical indicators for evaluating the operational stability of integrated 
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flocculation-sedimentation sewage treatment equipment. Pressure distribution not only affects the 

flow field characteristics inside the equipment but is also closely related to the structural strength 

and sealing performance. The pressure distribution cloud map of different cross-sections within 

the equipment can be obtained through numerical simulation (Fig.SI4). According to the numerical 

simulation results above, the pressure distribution inside the equipment changes to a certain extent 

with the increase in water inlet velocity.  When the water inlet velocity was 0.022 m/s, the pressure 

distribution inside the equipment was relatively uniform, and there was no pronounced pressure 

gradient. However, when the water inlet velocity increased to 0.044 m/s and 0.088 m/s, the 

pressure distribution inside the equipment became uneven, and higher-pressure gradients appeared 

in some areas. The presence of this pressure gradient may adversely affect the structural strength 

and sealing performance of the equipment [43]. It was observed from the inlet and outlet pressure 

drop-velocity curve (Fig. SI5) that as the water inlet and outlet pressure drops increase, the pressure 

drops at the inlet and outlet of the equipment increase accordingly. This showed that the resistance 

of the water flow inside the equipment increases, which may affect the operational stability and 

treatment effect of the equipment; (iii) Impurity distribution: In the numerical simulation of this 

present study, we focused on the impurity distribution inside the equipment at different water inlet 

velocities.  The impurity distribution diagram of the X=0 section and Z=0.085 section under 

different inlet velocities (Fig. SI6). It can be seen from the numerical simulation results that when 

the water inlet speed was 0.022 m/s, the impurities were well-settled inside the equipment. Most 

of the impurities are concentrated at the bottom of the equipment, indicating that the equipment 

has a good sedimentation effect at this speed. However, when the water inlet velocity increased to 

0.044 m/s and 0.088 m/s, the distribution of impurities inside the equipment became more uniform, 
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and some impurities could not settle effectively to the bottom of the equipment. This showed that 

a higher water inlet velocity may adversely affect the equipment's sedimentation effect.

4. Conclusion

In response to the pollution problems of rivers and lakes in recent years, the use of environmentally 

friendly dredging and ecological restoration methods can effectively treat the endogenous 

pollution in polluted water bodies. This study is based on the environmental dredging project of 

Wolong Lake Wetland. To restore the ecological environment of Wolong Lake Wetland, the 

selection of reagents, dosage and treatment methods for dredged sludge residual water in the 

Wolong Lake area was studied. PAC, PFS, FeCl3 and Al2(SO4)3 were used as flocculants to treat 

the residual water from dredged sludge. PAC treated the dredged sludge wastewater better when 

the dosage was 60 mg/L than the other three flocculants. The addition of magnetic powder at the 

front is more conducive to pollutant removal. Reagents are added in the following order: flocculant 

PAC is added right after magnetic powder, followed by coagulant PAM and briefly stirred. The 

treatment effect is optimal when the magnetic powder particle size is 45μm. Hydraulic conditions 

for the optimal magnetic flocculation effect include adding 100 mg/L of magnetic powder, stirring 

rapidly for 1.5 minutes at 300 rpm, adding 60 mg/L of PAC, and adding 1 mg/L of PAM at a slow 

speed of 60 rpm. Stir for four minutes. Once the stirring is finished, let it sit for 20 minutes. The 

response surface results indicate a significant interaction among the three factors. The designed 

and developed integrated sewage treatment equipment operated continuously for 30 days at 

varying water inflows of 4 m³/h, 6 m³/h, and 8 m³/h. The study found that the device has a 

significant impact on COD, SS, TP, and NH3-N. The removal effect gradually decreases as the 

design water flow rate increases. Combined with the operating parameters of the sedimentation 

tank under different water volumes, the integrated system achieved >90% removal of SS and TP 
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with an optimal overflow load of 15.5 (m³/(m2·h)). Under this condition, the device effluent's 

COD, SS, TP, and NH3-N values meet the surface water's limit values in the Surface Water 

Environmental Quality Standard (GB 3838-2002), and the equipment operates stably. Through 

numerical simulation, the study found that as the water inlet velocity increased, the flow velocity 

distribution inside the equipment became more complex, and higher flow velocities and pressure 

gradients appeared in certain areas. This could adversely affect the sedimentation of impurities. At 

the same time, at a higher water inlet velocity, the distribution of impurities inside the equipment 

became more uniform, and the sedimentation effect decreased. This study will lay the foundation 

for treating dredged sludge residual water through an integrated magnetic flocculation-horizontal 

tube sedimentation process. This study has environmental relevance, contributing to the restoration 

and reuse of Wolong Lake's sediment. Environmentally friendly dredging and ecological 

restoration methods can effectively treat the endogenous pollution of polluted water bodies. With 

the continuous development and progress of dredging and magnetic flocculation technologies, 

theoretical research on the treatment of bottom sediment and residual water in environmentally 

friendly dredging processes will reach a new level, and its application in practical engineering will 

become more widespread.

Further work is being conducted in our laboratory to investigate the recovery rate of magnetic 

powder after magnetic flocculation treatment and the mechanism of pollutant removal in terms of 

magnetic flocculation technology. With the continuous development and progress of dredging 

technology and magnetic flocculation technology, theoretical research on the treatment of bottom 

mud residual water in environmental protection dredging, as well as its application in practical 

engineering, will become more extensive. Building on the successful application of the integrated 

magnetic flocculation-horizontal tube sedimentation process for treating dredged sludge effluent 
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in the Wolong Lake environmental dredging project, future research will focus on three key 

directions: conducting adaptability tests tailored to the water quality characteristics of other 

eutrophic lakes to verify the process’s universality; enhancing long-term operational stability by 

optimizing equipment anti-interference capabilities and wear control; and exploring on-site large-

scale automation potential through intelligent sensing to achieve full-process precise control, 

thereby promoting the broad application of this efficient integrated treatment scheme in lake 

environmental dredging projects and providing technical support for eutrophic water remediation.
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