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Abstract: In order to improve the removal efficiencies of SS and Fe3+ in anaerobic digestion reject
water for the subsequent biological treatment process, on the basis of the single factor test in the early
stage, the response surface method was used, and the structure of the formed floc was analyzed by
magnetic flocculation. The optimum amounts of magnetic powder, polyaluminum chloride (PAC)
and polyacrylamide (PAM) were 40.51 mg/L, 31.31 mg/L and 4.05 mg/L, respectively. At this
time, the removal efficiencies of SS and Fe3+ were 97.84% and 98.35%. The effects of floc particle
size, scanning electron microscopy, infrared spectroscopy and two-dimensional fractal dimension of
flocs on the flocculation ability showed that: compared with conventional coagulation, the average
particle size of flocs treated by magnetic flocculation was 76.56 µm, the Fe-O-Al absorption peak
appeared at 984 cm−1, the flocculation ability was significantly improved, the surface of the floc was
rough and porous, and the structure was dense, and the sedimentation performance was significantly
improved also.

Keywords: magnetic flocculation technology; anaerobic digestion reject water; response surface
optimization; floc

1. Introduction

As a sludge treatment method, anaerobic digestion technology can convert a large
amount of organic matter in sludge into biogas, and realize the reduction and resource
utilization of sludge [1–3]. The sludge after anaerobic digestion usually has the character-
istics of a low carbon-nitrogen ratio, high ammonia-nitrogen concentration and complex
composition, and is often treated by autotrophic biological denitrification [4,5]. In order
to improve the dewatering performance of anaerobic digestion sludge, ferric chloride is
usually added. Although it can effectively improve the sludge dewatering performance, it
also results in a large amount of total iron, suspended solids (SS) and colloidal substances
remaining in the dewatering liquid [6,7]. It was reported that Fe3+ entered the cell along
with cell action and directly affected the activity of biological enzymes [8]. Excessive Fe3+

was toxic and could produce oxygen-free radicals in the cells, which damaged microbial
cells, and led to a decrease in the removal efficiencies of COD and TN [9]. When the Fe3+

concentration increased to 40 mg/L, the removal efficiencies of COD and TN decreased
to 88% and 81%, respectively [10]. A high SS concentration in wastewater reduces the
efficiency of the biological treatment process [11]. The highest impact on the autotrophic
biological denitrification process performance among the given possibilities falls on the
influent SS concentration. Seventy percent of the plants reported high impact or operational
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problems with high influent SS concentrations. Too high influent SS loads showed reduced
active biomass in the reactor and then required an extra excess sludge withdrawal [12].
Therefore, it is a necessity to develop a cost-effective pretreatment process to remove the
Fe3+ and SS and improve the performance of subsequent biological treatment processes in
anaerobic digestion reject water treatment.

Traditional approaches for removing Fe3+ from wastewater include adsorption [13],
membrane filtration [14] and electrochemical treatment [15]. They have been extensively
applied to remove Fe3+ from Fe3+-contained wastewater, but satisfactory results cannot
be obtained since the increasing efficiency, low-cost and quality index requirements of
reject water treatment. Gravity sedimentation was widely applied in the removal of SS
in wastewater. However, the gravity sedimentation of SS is generally a time-consuming
process [16]. Sand filtration and low-pressure membrane filtration facilitate more efficient
solid-liquid separation than gravity sedimentation [17]. Nonetheless, the introduction
of these processes in reject water treatment is limited because of the high operation cost
derived from inevitable filter clogging or membrane fouling. The conventional coagulation
process can effectively reduce the pollutant content in the dewatering liquid, but the
problems of long settling time, large floor space, high cost of coagulant and difficult
recovery still exist [18–20]. Magnetic flocculation technology is to add magnetic powder on
the basis of conventional coagulation, uses the magnetic properties and specific surface area
of the magnetic powder itself, improves the Lorentz force, increases the chance of collision
between particles, and condenses small pollutants into larger flocs. By self-precipitating or
adding a magnetic field, the effect of sedimentation, separation and removal of pollutants
can be improved [21–23]. Magnetic flocculation has the advantages of simple operation,
small footprint, stable effluent effect and fast floc settling speed. After the introduction of
magnetic powder, it can be reused after proper treatment [24–26]. It can be used in surface
water clarification, sewage treatment and stormwater. It is widely used in precipitation and
other aspects [27,28].

The treatment effect of the magnetic flocculation process is affected by many factors,
including the type and dosage of the flocculant [29,30]. In this paper, three coagulation
methods (PAC, PAC + PAM, and magnetic flocculation (magnetic powder + PAC + PAM))
were used to treat the dewatering liquid of anaerobic digestion sludge, and the optimization
of the dosage of chemicals was carried out by the response surface method. The structure of
the formed flocs was analyzed, the composition and properties of the flocs under different
coagulation methods were studied, and the reaction mechanism of magnetic flocculation
was explored. The aim was to reduce the dosage of chemicals on the basis of ensuring the
removal effect, to improve the magnetic flocculation. At the same time, the results could
provide reference data and theoretical guidance for practical application [31,32].

2. Materials and Methods
2.1. Laboratory Water Quality

The raw water in the test was taken from the anaerobic digestion sludge dewatering
liquid (hereinafter referred to as anaerobic digestion reject water) of a sewage treatment
plant in Tianjin (39◦12′15′′ N, 117◦12′20′′ E). The anaerobic digestion sludge dewatering
unit adopts a plate-and-frame pressure filter. The raw water was taken weekly and stored
at room temperature. The raw water appeared to be light yellow. Considering the process
characteristics of the subsequent biological treatment unit and the requirements of water
intake, the sludge dewatering liquid was pretreated with an aeration capacity of 0.6 L/min
(30 min). In this process, Fe2+ was oxidized to Fe3+ existed, and Fe3+ will exist in the form
of iron hydroxide after combining with water. The water after aeration was used as the test
water. The characteristics of raw water and test water are shown in Table 1.
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Table 1. Characteristics of anaerobic digestion reject water.

Indicators pH SS
(mg/L)

COD
(mg/L)

Total Iron
(mg/L)

Fe2+

(mg/L)

Raw water 7.0 ± 0.2 450 ± 80 387 ± 125 364 ± 32 129 ± 34
Test water 7.0 ± 0.2 450 ± 80 343 ± 62 364 ± 32 <1

2.2. Agents and Instruments

Reagents: polyaluminum chloride (PAC, content not less than 28% aluminum chloride),
polyacrylamide (PAM, anionic, average molecular weight 3 million to 12 million), magnetic
powder (The purity of Fe3O4 was greater than 98%).

Test instruments: Laser particle size analyzer (Mastersizer 2000, Malvern, UK), Scan-
ning electron microscopy (SEM, S-4700), Fourier transform infrared spectroscopy (Nicolet
iS 10 FT-IR spectrometer, Thermo Scientific, Waltham, MA, USA), Computer type transre-
flector polarizing microscope (XPV-600E).

2.3. Methods
2.3.1. Response Surface Optimization

In this test, according to the preliminary orthogonal test results of the research group,
the optimal hydraulic conditions of coagulation were determined as follows [33]: fast
agitation (300 r/min) for 2 min, slow agitation (100 r/min) for 15 min, and standing
for 10 min. According to the single factor test results, the dosage of magnetic powder
30–50 mg/L, PAC 20–40 mg/L and PAM 3–5 mg/L are the optimal range values of three
reagents for the treatment of anaerobic digestion reject water by magnetic flocculation
technology. On this basis, in this study, magnetic powder dosage (A), PAC dosage (B) and
PAM dosage (C) were used as influence factors, SS and Fe3+ contents in anaerobic digestion
reject water were used as response values X and Y, respectively, and box-Behnken test
Design was performed by design-Expert 8.0 [34,35]. Thus, 17 groups of experimental
schemes were obtained. The test factors and levels are shown in Table 2. The test scheme
and results are shown in Table 3.

Table 2. The test factors and levels.

Level A
/mg·L−1

B
/mg·L−1

C
/mg·L−1

−1 30 20 3
0 40 30 4
1 50 40 5

2.3.2. Analysis of Floc

In this test, the optimal hydraulic conditions of coagulation were the same as described
in Section 2.3.1. According to the response surface optimization results, the optimal dosage
of magnetic powder, PAC and PAM can be determined when the removal rate of SS and
Fe3+ is the highest. According to the optimal dosage of three kinds of reagents, three
kinds of floc treated by (A) PAC, (B) PAC + PAM and (C) magnetic powder + PAC + PAM
were collected, respectively. The particle size distribution, surface morphology, functional
groups, two-dimensional fractal dimension (D2f) and flocculation ability (FA) of the three
kinds of flocs were studied.

Particle Size

One liter of the test water was poured into a beaker, followed by the addition of
PAC, PAC + PAM and magnetic flocculation, respectively, to ensure the same dosage of
each agent, carry out coagulation under optimal hydraulic conditions, take an appropriate
amount of the three mixed liquids after stirring and use laser particle size analyzer to
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determine the particle size distribution of the respective floc. The particle size distribution
of flocs was plotted and analyzed [36].

Table 3. The test scheme and results.

Number A B C SS
/mg·L−1

Fe3+

/mg·L−1

1 0 1 −1 26.11 24.68
2 −1 1 0 19.94 18.07
3 0 1 1 21.05 19.85
4 0 −1 −1 26.31 24.96
5 1 0 −1 24.54 22.59
6 0 0 0 10. 46 5.87
7 1 0 1 20.08 18.46
8 −1 0 −1 22.85 19.77
9 1 1 0 15.34 16.54

10 0 0 0 10.39 6. 39
11 1 −1 0 23.16 21.05
12 −1 −1 0 20.38 18.43
13 0 −1 1 27.86 26.85
14 0 0 0 10.32 5.1
15 −1 0 1 23.37 20.94
16 0 0 0 10. 15 6.12
17 0 0 0 9.92 6.18

SEM

SEM was used to observe the surface morphology of flocs by the interaction between
electrons and matter. Three kinds of flocculated flocs were extracted and filtered by 0.45 µm
microfiltration membrane with suction filter machine. The intercepted flocs were placed in
60 °C electric thermostatic drying oven to dry. Appropriate samples were taken and gold
sprayed on the surface (10 s), and then the morphology was scanned, and representative
images were selected for analysis.

FTIR

FTIR was employed to analyze functional groups. Three kinds of floc samples were
extracted after slow stirring and before settling. Dehumidification was placed in vacuum
freeze dryer, and 0.1 g dried potassium bromide (120 °C) was mixed with the sample to
be tested, ground and pressed. Three kinds of floc samples (potassium bromide tablets)
prepared by Nicolet iS10 FTIR were scanned and analyzed in the wave number range of
500 cm−1~4000 cm−1 [37]. Infrared spectra were drawn to analyze the composition of three
kinds of floc.

Influence of D2f of Flocs on FA

The fractal dimension was used to reflect the morphology of flocs. Generally speaking,
the higher the value of D2f is, the tighter the morphology of flocs is, and the better the
sedimentation performance is [38–40]. Jin [41] combined fractal dimension with sludge
volume index (SVI) and verified the important role of fractal dimension in flocs settlement.

(1) The determination of D2f

The three kinds of flocs treated by PAC, PAC + PAM and magnetic flocculation
were diluted and dispersed on the slides. The images were taken by computer type
transreflection-polarizing microscope and processed by image-Pro-Plus software. The
functional relationship between the area (A) and perimeter (P) of the floc was investigated,
so as to calculate the D2f value of the floc [42,43].
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Fractal structure is one of the characteristics of flocs, and flocs with different structures
have different fractal dimensions [44,45]. According to the fractal theory, the relation
between the area A and the perimeter P of the flocs with fractal structure is:

A∝RD2f (1)

In the formula, D2f is two-dimensional fractal dimension. R is the characteristic length,
and the numerical value is the perimeter P [46]. Three kinds of flocs treated by (a) PAC,
(b) PAC + PAM and (c) magnetic flocculation were diluted, and images were taken by
computer permeable polarizing microscope. Then, enough samples with obvious structural
characteristics were selected to fit their area A and perimeter P, and then the value of D2f
was obtained [43].

(2) The determination of FA

Eighty milliliters of water samples treated by the three methods were taken for ultra-
sonic treatment at 50 W power for 15 s. Ten milliliters were taken out of each of the three
water samples and centrifuged at 1200 r/min for 2 min. Sufficient supernatant was taken
out and its absorbance was measured at 650 nm (A). The remaining suspension was stirred
at 60 r/min and 15 min, 10 mL of which was centrifuged at 1200 r/min and 2 min. The
absorbance of supernatant was measured at 650 nm (B), and the value of FA was calculated
by the formula FA = (A − B)/A [47].

3. Results and Discussion

3.1. Analysis of SS and Fe3+ Contents in Sludge Dewatering Liquid
3.1.1. Model Variance Analysis of SS

The quadratic multinomial regression equation of SS (X) for the independent variable
A (magnetic particle dosage), B (PAC dosage) and C (PAM dosage) is X = +213.27

−1.72A − 2.41B − 63.35C − 1.84 × 10−2AB − 0.12AC − 0.16BC + 3.41 × 10−2A2 + 6.03 × 10−2B2 + 9.04C2 (2)

It can be seen from Equation (1) that the parabolic opening of the equation is upward,
and there is a minimum value. At this point, SS content in sludge dewatering liquid is the
lowest, which is the optimal point of the SS removal effect in this test. The variance analysis
of the SS regression model is shown in Table 4.

Table 4. Variance analysis of SS regression model.

Source Sum of
Squares df Mean

Square F p R2

Model 668.69 9 74.3 1262.49 <0.0001 0.9994
A 1.46 1 1.46 24.84 0.0016
B 29.15 1 29.15 495.26 <0.0001
C 6.94 1 6.94 117.89 <0.0001

AB 13.62 1 13.62 231.37 <0.0001
AC 6.2 1 6.2 105.35 <0.0001
BC 10.92 1 10.92 185.61 <0.0001
A2 49.17 1 49.17 835.48 <0.0001
B2 153.59 1 153.59 2609.89 <0.0001
C2 344.45 1 344.45 5852.99 <0.0001

Residual 0.41 7 0.059
Lack of Fit 0.22 3 0.075 1.6 0.3232
Pure Error 0.19 4 0.047

Total 669.1 16

As can be seen from Table 4, the F value in the regression model of the response
surface is 1262.49 > 0.05, and the significance level is p < 0.0001, indicating that the model is
significant and can intuitively indicate the accuracy of the test. The p-value of the missing
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term was 0.3232 > 0.05, indicating that the missing term is not significant, indicating that
the quadratic polynomial model obtained by the test has a good fitting degree, which
can be used to predict and analyze the removal effect of SS in anaerobic digestion sludge
dewatering liquid. The model calibration coefficient R2

adj was 0.9986, indicating that the
model can roughly explain 99.86% of the response value changes, and about 0.14% of
the response value changes can not be well explained. The correlation coefficient R2 of
the model was 0.9994, indicating that the model has a good fitting effect and is suitable
for adoption. The p values of AB, BC and AC are all lower than 0.05, indicating that
the interaction among magnetic particles, PAC and PAM play a significant role in the SS
removal process [48].

The comparison between the experimental value and the predicted value of SS content
in the magnetic flocculation process was shown in Figure 1. It can be seen from the image
that the slope of the straight line is close to 1, indicating that the model can replace the real
value, so as to analyze the three-factor test results.
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3.1.2. Response Surface Diagram and Parameter Optimization of SS

The magnetic powder dosage, PAC dosage and PAM dosage were selected as the
factors. According to the single factor test results in the early stage, the SS and Fe3+ content
in reject water was taken as the index to represent the treatment effect of reject water. The
response surface diagram was made by Design-Expert 8.0 software. The minimum SS
content was taken as the optimization objective in the test, and the response surface map
was drawn according to the above model, as shown in Figure 2.

It can be seen from Figure 2 that the extreme value of SS content 3was within the
selection range of experimental factors. When the PAM dosing quantity was 4 mg/L, the
effect of magnetic powder and liquid PAC dosing quantity on the SS content of reject water
was shown in Figure 2a. From Figure 2a, when the PAC dosage remained the same, at first
the SS levels decreased with the increase of the magnetic powder levels, after the SS levels
reach the minimum value, the SS levels increased with the increase of the magnetic powder
levels. The reason is likely that at first when the PAM dosage and PAC dosage were constant,
the magnetic particle’s ability to absorb negatively charged pollution particles increased
with the magnetic powder dosage increase. After the magnetic particle’s adsorption
capacity reached the maximum value, the excessive addition of magnetic powder can no
longer absorb more pollutants. If the addition of magnetic powder continued to increase,
the SS content would not be reduced, but the stability of the formed floc would be reduced,
the sedimentation process of the floc would be affected, and the flocculation effect would
be reduced [49–51]. Similarly, SS content decreased with the increase of PAC content within
a certain range and increased when PAC content exceeds a certain range. Figure 2b shows
the influence of magnetic powder dosage and PAM dosage on SS in reject water when
PAC dosage is 30 mg/L. It can be seen that with the increase of magnetic powder dosage
and PAM dosage, SS levels in reject water generally decreased at first and then increased,
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and SS levels had an optimal action value. Figure 2c shows the influence of PAC dosage
and PAM dosage on SS in reject water when magnetic powder dosage was 40 mg/L. At
first, the removal effect of SS increased with the increase of PAC dosage, but when PAC
dosage continued to increase, the removal effect of SS decreased. The reason may be the
excessive dosage of coagulant PAC affected the electric neutralization effect and changed
the charge of the colloidal system. As a result, the removal efficiency of SS in reject water
decreased [52,53].
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According to the response surface diagram of SS content in reject water, the influence
of the three factors on SS removal is as follows: PAM > magnetic powder > PAC, which is
consistent with the results of model variance analysis in Table 4 [54].

3.1.3. Model Variance Analysis of Fe3+

The quadratic multiple regression equation of Fe3+ (Y) to the independent variables A
(magnetic powder), B (PAC), C (PAM) is

Y = 260.94 − 2.65A − 3.88B − 70.03C− 1.03 × 10−2AB− 0.13AC− 0.16BC + 4.39× 10−2A2 + 8.03× 10−2B2 + 9.95C2 (3)

In Equation (2), the coefficient of the equation is known, the parabolic opening of the
equation is upward, and there is a minimum value, which is the best advantage of this
model. The variance analysis of Fe3+ is shown in Table 5.

It can be seen from Table 5, the F value of this model is 713.49 > 0.05, and the sig-
nificance level is p < 0.0001, indicating that this model is significant. The p-value of the
missing term is 0.0595 > 0.05, indicating that the missing term is not significant, indicating
that the quadratic polynomial model obtained by the test has a good fitting degree, which
can be used to predict and analyze the removal effect of Fe3+ in anaerobic digestion reject
water. R2

adj is the calibration determination coefficient of the model, and the value is
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0.9975, indicating that the model can roughly explain 99.75% of the response value changes,
and about 0.25% of the response value changes cannot be well explained. The correlation
coefficient R2 of this model is 0.9989, indicating that the model has a good fitting effect and
high credibility. The p value of A in the table is larger than 0.05, indicating that the removal
effect of magnetic powder on Fe3+ is not significant. The p values of B, C, AB, AC and BC
were all lower than 0.05, indicating that PAC, PAM and the interaction between magnetic
powder and PAC, magnetic powder and PAM, and PAC and PAM played a significant role
in the removal process of Fe3+. At this time, the comparison between the experimental
value and the predicted value of Fe3+ content in the anaerobic digestion reject water was
shown in Figure 3.

Table 5. Variance analysis of Fe3+ regression model.

Source Sum of
Squares df Mean

Square F p R2

Model 895.41 9 99.49 713.49 <0.0001 0.9989
A 0.26 1 0.26 1.83 0.2178
B 18.45 1 18.45 132.33 <0.0001
C 4.35 1 4.35 31.2 0.0008

AB 4.31 1 4.31 30.88 0.0009
AC 7.02 1 7.02 50.36 0.0002
BC 11.29 1 11.29 80.96 <0.0001
A2 81.21 1 81.21 582.39 <0.0001
B2 271.96 1 271.96 1950.31 <0.0001
C2 417.21 1 417.21 2991.99 <0.0001

Residual 0.98 7 0.14
Lack of Fit 0.8 3 0.27 5.91 0.0595
Pure Error 0.18 4 0.045

Total 896.39 16

Water 2023, 15, 707 9 of 18 
 

 

 

Figure 3. Experimental response values versus predicted response value of Fe3+ content. 

3.1.4. Response Surface Diagram and Parameter Optimization of Fe3+ 

The removal of iron from wastewater is mainly achieved through the precipitation 

formed by Fe3+. When only PAM and PAC were added, the settling time of this process 

was long. So in this study, the magnetic powder was added simultaneously with PAM 

and PAC to improve the process effectively. The response surface diagram of Fe3+ in reject 

water is shown in Figure 4. 

As shown in Figure 4a, when the magnetic powder dosage remained unchanged, at 

first the Fe3+ content in reject water decreased with the increase of PAC, but when PAC 

continued to increase, the Fe3+ content increased instead. When PAC dosage remained 

unchanged, at first the Fe3+ content showed a decreasing trend with the increase in mag-

netic powder dosage. When PAC exceeds a certain value, Fe3+ content increased. The rea-

son coincides with the influence of PAC and magnetic powder dosage on SS removal. As 

can be seen from Figure 4b, when the PAM dosage remained constant, at first Fe3+ content 

in the sludge dewatering solution decreased with the increase of magnetic powder dosage. 

However, Fe3+ content showed an upward trend when magnetic powder dosage contin-

ued to be increased. The reason is that when the magnetic powder dosage was low, the 

combination of magnetic powder and floc gradually strengthened, and the floc density 

increased, which improved the floc settling performance and the removal efficiency of 

Fe3+. When the excessive magnetic powder was added, some magnetic powder was not 

covered by the floc, and the large floc may have been damaged by shear force because it 

became a small floc under stirring conditions, which led to a deterioration in the floc’s 

settling performance and reduced the removal efficiency of Fe3+ [55,56]. In Figure 4c, when 

PAC remained unchanged, the Fe3+ content first decreased with the increase in PAM dos-

age. At this time, PAM played a full role of “bridging” on the surface of flocs under the 

action of internal long chain structure and active groups of PAM, so the Fe3+ content in 

reject water can be effectively removed. The Fe3+ content tended to increase after reaching 

the minimum value, which may be when the PAM concentration was too high, and there 

was enough PAM on the surface of the floc without other adsorption vacancies. If PAM 

was added again, the unabsorbed PAM would affect the internal viscosity and repulsion 

of the reject water, thus affecting the removal efficiency of Fe3+ [57–60]. Therefore, the op-

timal dosage of magnetic powder, PAC and PAM can minimize the content of Fe3+ in reject 

water and achieve the best removal effect. 

Figure 3. Experimental response values versus predicted response value of Fe3+ content.

3.1.4. Response Surface Diagram and Parameter Optimization of Fe3+

The removal of iron from wastewater is mainly achieved through the precipitation
formed by Fe3+. When only PAM and PAC were added, the settling time of this process
was long. So in this study, the magnetic powder was added simultaneously with PAM
and PAC to improve the process effectively. The response surface diagram of Fe3+ in reject
water is shown in Figure 4.
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As shown in Figure 4a, when the magnetic powder dosage remained unchanged, at
first the Fe3+ content in reject water decreased with the increase of PAC, but when PAC
continued to increase, the Fe3+ content increased instead. When PAC dosage remained
unchanged, at first the Fe3+ content showed a decreasing trend with the increase in magnetic
powder dosage. When PAC exceeds a certain value, Fe3+ content increased. The reason
coincides with the influence of PAC and magnetic powder dosage on SS removal. As can
be seen from Figure 4b, when the PAM dosage remained constant, at first Fe3+ content in
the sludge dewatering solution decreased with the increase of magnetic powder dosage.
However, Fe3+ content showed an upward trend when magnetic powder dosage continued
to be increased. The reason is that when the magnetic powder dosage was low, the
combination of magnetic powder and floc gradually strengthened, and the floc density
increased, which improved the floc settling performance and the removal efficiency of Fe3+.
When the excessive magnetic powder was added, some magnetic powder was not covered
by the floc, and the large floc may have been damaged by shear force because it became
a small floc under stirring conditions, which led to a deterioration in the floc’s settling
performance and reduced the removal efficiency of Fe3+ [55,56]. In Figure 4c, when PAC
remained unchanged, the Fe3+ content first decreased with the increase in PAM dosage.
At this time, PAM played a full role of “bridging” on the surface of flocs under the action
of internal long chain structure and active groups of PAM, so the Fe3+ content in reject
water can be effectively removed. The Fe3+ content tended to increase after reaching the
minimum value, which may be when the PAM concentration was too high, and there was
enough PAM on the surface of the floc without other adsorption vacancies. If PAM was
added again, the unabsorbed PAM would affect the internal viscosity and repulsion of the
reject water, thus affecting the removal efficiency of Fe3+ [57–60]. Therefore, the optimal
dosage of magnetic powder, PAC and PAM can minimize the content of Fe3+ in reject water
and achieve the best removal effect.
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According to the response surface diagram of Fe3+ content in reject water, the influence
of the three factors on Fe3+ removal is in the order of PAC > PAM > magnetic powder,
which is consistent with the result of variance analysis of Fe3+ model in Table 5. The order
of importance of the three agents is different when treating SS and Fe3+. Because Fe3+ has a
greater effect on sludge activity, the importance ranking of the three drugs based on Fe3+

had a higher priority than that of SS.

3.1.5. Model Validation

In order to achieve the optimal removal effects of SS and Fe3+, the optimal process
parameters of the model were obtained through the RSM program: Magnetic powder
40.51 mg/L, PAC 31.31 mg/L and PAM 4.05 mg/L. Under this condition, three validation
tests were carried out, and the average value was taken as the final data of the test. The
results showed that the SS and Fe3+ contents are 9.77 mg /L and 6.21 mg /L respectively,
and the removal efficiency is 97.84% and 98.35% respectively. At the same time, the total
iron content was 6.98 mg/L. It can meet the requirements of the “Standard for design of
outdoor wastewater engineering” (GB50014-2006) that the total influent iron concentration
of the biological treatment unit is less than 10 mg/L. The SS and Fe3+ contents predicted
by the model were 10.03 mg/L and 6.02 mg/L, respectively. The relative error with the
model was less than 1%. The results showed that the experimental values were basically
consistent with the predicted values, the response surface model was reliable and had
practical reference value, and the optimized process parameters can effectively improve
the actual removal of SS and Fe3+.

3.2. Particle Size Analysis of Flocs

The floc particle size distribution diagram is a characterization of the change process
of floc particle size in the process of flocculation. The trend of the particle size distribution
diagram can further explain the change process of floc in the process of magnetic floc-
culation. The three kinds of flocs treated by (A) PAC, (B) PAC + PAM and (C) magnetic
flocculation were respectively taken and injected into the particle size meter by peristaltic
pump for particle size analysis, and the particle size diagram in Figure 5 was obtained.
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As can be seen from Figure 5, (B) and (C) had larger particle sizes compared with
(A). D10, D50 and D90 refer to the particle size corresponding to the volume distribution
of 10%, 50% and 90%, respectively. The particle size corresponding to D50 is usually
taken as the average particle size [61,62]. For (A), D50 is 28.36 µm, D10 is 9.99 µm, and
the main mechanism of pollutant removal is electric neutralization. The van der Waals
force and electrostatic force are very small, so the strength and particle size of the flocs
formed are relatively small [63]. The addition of PAM (as shown in (B)) enhanced the
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adsorption bridging effect and promoted the particle size peak to move further to the right.
At this time, the peak strength increased significantly. D50 was 67.25 µm and D10 was
27.67 µm, indicating that the particle size of flocs increased. After adding magnetic powder
in conventional coagulation, the floc size distribution was shown in (C). The addition of
magnetic powder could promote the particle size peak to move further to the right, and
to increase the peak strength, D50 was 76.56 µm and D10 was 33.30 µm. Compared with
(A), the average floc size expanded 3 times, this suggested that as the magnetic powder
dosing quantity increased, the floc size increased gradually. Moreover, the particle size
distribution was more concentrated. All of these characteristics led to the improvement of
the sedimentation performance of flocs [64].

3.3. SEM Analysis of Flocs

The morphology and structure of flocs are the key factors of this study, which can
reflect the degree of apparent clarification of effluent water quality and is an important
index for evaluating the flocculation phenomenon. In order to further study the reaction
mechanism and flocculation effect of magnetic flocculation, the morphology and structure
of flocs were observed by scanning electron microscope. The more compact and larger
the flocs, the higher the removal rate of pollutants. After adding (a) PAC, (b) PAC + PAM
and (c) magnetic powder + PAC + PAM, the morphology and state of flocs were shown in
Figure 6.
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As shown in Figure 6, the flocs added with PAC were small in volume and dispersed
in structure, with smooth surfaces and fluffy and unsubstantial flocs (Figure 6a). As a
kind of polymer coagulant, PAM promoted small flocs to form large clusters in series
by adsorption bridging (Figure 6b). Compared with the flocs formed by conventional
coagulation methods, the flocs treated by magnetic flocculation enhancement technology
had a rough surface, larger volume, pores in many places, more obvious adhesion and
closer connection (Figure 6c). In the process of coagulation, the magnetic powder would
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fully contact with flocs to improve the effective collision between particles. At the same
time, the magnetic powder also became the core of coagulation, forming magnetic flocs
with Fe3O4 as the skeletons. The flocs were intertwined with each other, which increased
the size and density of the flocs. So the flocs had stronger impact resistance, and this
strengthened the removal effect of pollutants [65,66].

3.4. FTIR Analysis of Flocs

In the reject water treated by magnetic flocculation, the supernatant showed a whiten-
ing state. In order to conduct a qualitative analysis of the whitening substances in the
supernatant, the drying substances in the supernatant treated by (A) PAC, (B) PAC + PAM
and (C) magnetic flocculation were analyzed by Fourier transform infrared spectroscopy,
as shown in Figure 7.

Water 2023, 15, 707 13 of 18 
 

 

 

Figure 7. FTIR of flocs treated by three methods. 

According to the infrared spectrum in Figure 7, the composition of three kinds of 

flocs can be obtained. In Figure 7, the absorption peak at 3417 cm−1 had a wide peak type, 

which was the hydroxyl association peak of hydrogen bond formation and had good char-

acteristics of the hydroxyl complex. The peak at 3015 cm−1 and 2886 cm−1 was caused by 

C-H stretching, and there was an obvious peak at 1608 cm−1. This was because there were 

amino compounds in the flocs [67]. The absorption peak at 1405 cm−1 was due to the su-

perposition of functional groups of humic acids in the floc [68]. 

As shown in Figure 7, the three kinds of flocs had an obvious peak of =C-H on the 

aromatic ring at 872 cm−1, and there was no significant difference in the bending vibration 

of the peak, while the flocs with magnetic flocculation had an obvious absorption peak at 

984 cm−1. This was related to the out-of-plane vibration of =C-H in the olefin, forming the 

stable monomer structure of Fe-O-Al [69]. In addition, the peak of Al-O in flocs was obvi-

ous at 617 cm−1. At the same time, the strong vibration peak of Al-O-Al at 1123 cm−1 in 

PAC was weakened, while the absorption peak of Fe-O-Al and Fe-OH in magnetic floc-

culation was 824 cm−1 and 792 cm−1, respectively. This indicates that the addition of mag-

netic powder and PAM enhances the hydrolysis process of PAC, increases the charge neu-

tralization and hydrogen bond adsorption process, and forms a more stable flocculation 

structure, and the volume of the flocs coated with magnetic powder increases signifi-

cantly. Finally, the flocs sedimentation performance has been effectively improved [70]. 

3.5. Influence of D2f of Flocs on FA 

The fractal theory was first proposed by Professor Mandelbort in the 1970s and in-

troduced into the field of coagulation in the 1980s, which has been widely used in various 

fields of water treatment [39]. The fractal dimension of flocs can reflect the structural char-

acteristics of flocs to a certain extent. The larger the value of D2f is, the denser the flocs are. 

Conversely, the smaller the D2f value is, the looser the flocs structure formed [71]. The 

morphology and surface properties of flocs are the key factors affecting the flocculation 

process, so it is necessary to further study the influence of fractal dimension on the floc-

culation sedimentation performance in order to obtain better experimental results [47,72]. 

The specific fitting results of the test are shown in Figure 8. In Figure 8, D2f is the slope 

of the line. 

Figure 7. FTIR of flocs treated by three methods.

According to the infrared spectrum in Figure 7, the composition of three kinds of
flocs can be obtained. In Figure 7, the absorption peak at 3417 cm−1 had a wide peak
type, which was the hydroxyl association peak of hydrogen bond formation and had good
characteristics of the hydroxyl complex. The peak at 3015 cm−1 and 2886 cm−1 was caused
by C-H stretching, and there was an obvious peak at 1608 cm−1. This was because there
were amino compounds in the flocs [67]. The absorption peak at 1405 cm−1 was due to the
superposition of functional groups of humic acids in the floc [68].

As shown in Figure 7, the three kinds of flocs had an obvious peak of =C-H on the
aromatic ring at 872 cm−1, and there was no significant difference in the bending vibration
of the peak, while the flocs with magnetic flocculation had an obvious absorption peak at
984 cm−1. This was related to the out-of-plane vibration of =C-H in the olefin, forming
the stable monomer structure of Fe-O-Al [69]. In addition, the peak of Al-O in flocs was
obvious at 617 cm−1. At the same time, the strong vibration peak of Al-O-Al at 1123 cm−1

in PAC was weakened, while the absorption peak of Fe-O-Al and Fe-OH in magnetic
flocculation was 824 cm−1 and 792 cm−1, respectively. This indicates that the addition of
magnetic powder and PAM enhances the hydrolysis process of PAC, increases the charge
neutralization and hydrogen bond adsorption process, and forms a more stable flocculation
structure, and the volume of the flocs coated with magnetic powder increases significantly.
Finally, the flocs sedimentation performance has been effectively improved [70].

3.5. Influence of D2f of Flocs on FA

The fractal theory was first proposed by Professor Mandelbort in the 1970s and intro-
duced into the field of coagulation in the 1980s, which has been widely used in various
fields of water treatment [39]. The fractal dimension of flocs can reflect the structural
characteristics of flocs to a certain extent. The larger the value of D2f is, the denser the flocs
are. Conversely, the smaller the D2f value is, the looser the flocs structure formed [71]. The
morphology and surface properties of flocs are the key factors affecting the flocculation pro-
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cess, so it is necessary to further study the influence of fractal dimension on the flocculation
sedimentation performance in order to obtain better experimental results [47,72].

The specific fitting results of the test are shown in Figure 8. In Figure 8, D2f is the slope
of the line.
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Figure 8 showed that the D2f of the three flocs treated by (A) PAC, (B) PAC + PAM
and (C) magnetic powder + PAC + PAM were 1.1681, 1.2876 and 1.4046 respectively.
The linear correlation coefficients of the fitting are 0.8947, 0.9574 and 0.9724 respectively.
The linear correlation coefficient of flocs fitting after magnetic flocculation treatment was
greater than 0.97, indicating that the magnetic flocs selected in the test had obvious fractal
structure [67]. Figure 8a showed that when only PAC was added, the flocs formed irregular
shapes and multi-branched loose structures [73,74]. Figure 8b showed that when PAC
and PAM were added, the average density of flocs increased and the degree of irregular
shape decreased. Compared with Figure 8a, D2f increased significantly. In Figure 8c,
when magnetic powder, PAC and PAM were added, the value of D2f of flocs appeared
the maximum value, indicating that compared with flocs in Figure 8a,b, flocs at this time
were more compact and had the lowest irregular shape. This is consistent with the SEM
results of the three kinds of flocs in Section 3.2, further indicating the influence of magnetic
particles on the morphology and structure of flocs.

Flocculation is a process in which suspended particles in water gather and gradually
form large flocs. After the flocs settle, solid-liquid separation is realized. FA is closely
related to the value of the fractal dimension. The surface properties of flocs treated by PAC,
PAC + PAM and magnetic flocculation were determined, as shown in Table 6. The D2f and
FA of flocs treated by different methods in the table were significantly different.
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Table 6. Floc index parameters of three treatment methods.

Methods D2f FA

PAC 1.1681 ± 0.0851 0.1762 ± 0.0221
PAC + PAM 1.2876 ± 0.1092 0.2534 ± 0.0523

Magnetic flocculation 1.4046 ± 0.0936 0.4425 ± 0.0345

D2f and FA of the three kinds of flocs were combined to explore the relationship
between D2f and FA, as shown in Figure 9. According to Figure 9, the FA of flocs increased
with the increase of D2f. Generally speaking, compact flocs had a large D2f value. If the
D2f value decreased, the FA value also decreased. According to the test results, when D2f
gradually increased from 1.15 to 1.45, FA can increase by 2.6 times. There was a positive
correlation between them (R2 = 0.9839). Through the analysis of D2f and FA, it is further
proved that compared with the previous two methods, magnetic flocculation can improve
the D2f and FA, and thus improve the floc size and sedimentation performance.
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4. Conclusions

In summary, the simultaneous removal of Fe3+ and SS in the anaerobic digestion
reject water by the magnetic flocculation technology could be feasible. The RSM was
employed to optimize operating conditions for the magnetic flocculation process and to
evaluate the effects of three main factors, the dosages of magnetic powder, PAC, and PAM.
The optimum conditions for Fe3+ and SS removal efficiency were 40.51 mg/L magnetic
powder, 31.31 mg/L PAC, and 4.05 mg/L PAM. Under such conditions, the optimal removal
efficiencies for Fe3+ and SS were 98.35% and 97.84%, respectively. An accurate predicted
method of RSM was established to optimize the magnetic flocculation process for the
removal of Fe3+ and SS from reject water involving the above three influencing parameters.
Compared with PAC and PAC + PAM flocs, the magnetic flocculation flocs were large
and compact with a larger D2f value, resulting in the disruption of large flocs (average
particle size 76.56 µm). As a result, the present study revealed the excellent and efficient
removal of Fe3+ and SS at the same time by the magnetic flocculation process. The total
iron concentration after treatment can meet the requirements of the “Standard for design of
outdoor wastewater engineering” (GB50014-2006) that the total influent iron concentration
of the biological treatment unit is les. as than 10 mg/L. The RSM was a powerful tool for
optimizing operational parameters. The magnetic flocculation process could be a potential
method to eliminate Fe3+ and SS from the anaerobic digestion reject water.
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