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Abstract
A new Fe-C porous �lter material was prepared with dredged sediment of river as raw material. The orthogonal test L9(34) and
component ratio experiment of raw material were conducted to investigate the optimum technological condition. Further, the �lter
obtained was characterized by Brunauer-Emmett-Teller (BET), scanning electron microscopy (SEM), energy dispersive X-ray
spectroscope (EDS), and X-ray diffraction (XRD). Results showed that the optimal technological condition was sludge: straw: starch:
iron powder: foam: iron powder 74.5∶10∶7.5∶3∶5, preheating temperature 280 ℃, preheating 15 min, sintering temperature 1080 ℃, and
sintering 11 min. The BET surface area of the �lter was 3.32 m2 g− 1, and average pore size was 10.05 nm. Phase composition mainly
included SiO2, Fe3O4, Fe2O3 and muscovite (KAl2(Si3Al)O10(OH)2). Average e�uent concentrations of total phosphorus (TP), total
organic carbon (TOC), and total nitrogen (TN) of the bio�lter system �lled with the �lter obtained were decreased to 0.08, 3.43, and 3.76
mg L− 1, separately, at hydraulic retention time 4 h. Thus, the �lter prepared with dredged sediment of rive as raw material is an
alternative material for polluted river water puri�cation.

Introduction
Sediment is an important constitute of aquatic ecosystem. It acts as a potential sink of many water pollutants including organic
carbon, nutrients, and heavy metals (Zhang et al., 2009; Schindler et al., 2016; Benamar et al., 2019). Nonetheless, it is also primary
pollutant source of the waters. When environmental conditions change, or disturbed by benthos activities, the contaminants in the
sediment would release into the overlying water, and contribute to a decline in water quality (Wu et al., 2012; Douglas et al., 2016; Gu et
al., 2019; Oldenborg and Steinman, 2019). The internal contaminants from the sediment are considered as the predominant cause of
water pollution as the external loading is effectively reduced or limited (Puttonen et al., 2016; Schonach et al., 2018). Thus, control
endogenous sediment contamination is of signi�cant importance for the improvement of water quality, and has already attracted
considerable attention (Patmont et al., 2015; Benamar et al., 2019; Song et al., 2020).

Dredging is the most commonly used method to reduce the internal loading sediment contaminants release in lakes or rivers around the
world (Zhong et al., 2008; Chen et al., 2018). Previous studies and practical engineering have con�rmed that dredging could effectively
reduce excess nutrients, organic matter, heavy metals in the active surface sediment (Zhong et al., 2008; Yu et al., 2017). Considerable
volumes of sediments are dredged annually in the world (Dubois et al., 2009). In China, more than 100 million m3 of sediment are
dredged per year (Amar et al., 2021). However, due to the potential content of toxic substances in the sediment, how to dispose of the
sediment is a key problem.

Bene�cial reuse of dredge sediment is a growing practice worldwide (Cappuyns et al., 2015; Wang et al., 2015; Mymrin et al., 2017;
Amar et al., 2021). Sediment was used to be processed at high temperature, producing concrete (Tay et al., 2001; Agostini et al., 2007;
Benzerzour et al., 2017), bricks (Lim et al., 2019), and ceramsite (Qi et al., 2016; Jin et al., 2019) instead of clay due to its �ne particles,
strong plasticity and binding force. Through the sintering process, the pathogens are killed, the heavy metals are properly stabilized and
the organic pollutants might be volatized out (Lafhaj et al., 2008).

Iron-carbon micro-electrolysis (ICME) has been proven to be a promising advanced oxidation process for various pollutants (Yang et al.,
2017). It was based on galvanic cell formed by the anode (iron) and cathode (carbon) in the electrolyte (wastewater). At the anode, the
iron loses two electrons to form Fe2+, and then be oxidized to Fe3+ under aerobic condition (Shen et al., 2019). The Fe2+ and Fe3+ could
react with dissolved phosphorus to form iron phosphate precipitates. The [H] produced by the reduction reaction at the cathode have
high chemical activity, and can destroy the carbon chains of organic contaminants effectively (Ding et al., 2021). Besides, Fe2+ and [H]
may give rise to hydrogen autotrophic denitri�cation and Fe autotrophic denitri�cation (Xing et al., 2013). The combination of ICME
with constructed wetland has attracted extensive attention in recent years (Zhou et al., 2017; Zheng et a., 2019; Ma et al., 2021 ).

The purpose of the study is to prepare Fe-C porous �lter material, which could be used directly in the bio�lter system or as substrate of
wetland, with dredged sediment as raw material. Additives such as straw, starch, waste iron powder, and foam were used, and the
dredged sediment and straw were pretreated with zinc chloride solution in order to improve the pore structure of the �lter obtained.
Thus, the primary objective of this study was to (1) investigate the effects of additive amount, preparation conditions including
preheating temperature, preheating time, incinerating temperature and incinerating time on properties of the �lter obtained; (2) explore
the characteristics of the �lter by Brunauer-Emmett-Teller (BET), scanning electron microscopy (SEM), energy dispersive X-ray
spectroscope (EDS), and X-ray diffraction (XRD); and (3) evaluate the potential application of the �lter for polluted river water
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puri�cation. The results of the study might provide a feasible approach for bene�cial reuse of dredged sediment, and a new material for
the bio�lter system or the wetland.

Materials And Methods
Raw materials and polluted river water

Dredged sediment was fetched from the river in Longwan district, Wenzhou City, Zhejiang Province. It was black and odorous. The main
components (mass percent) were as follows (data from XRF analysis): SiO2 63.51%, Al2O3 17.21%, Fe2O3 6.53%, CaO 0.96%, MgO
3.65%, Na2O 1.71 %, K2O 2.89%, Zn 0.0746%, Cu 0.0216%, Cr 0.0353%, Pb 0.0084%, and burning rate reduction 10.9%. The sediment
was air-dried, then dried at 105 ℃ in the oven for 1 h, and ground by a crusher machine. Rice straw was obtained from a paddy �eld
near Wenzhou University, carefully washed with tap water, air-dried, and ground up using a crusher machine to a length of 2-5 mm. Both
the sediment and ground straw were then soaked thoroughly in zinc chloride solution (3.0 mol L-1) at a mass ratio of 4∶1 for 20 h, and
then dried at 105 ℃ in the oven for 12 h, and subsequently ground, and passed through a 100-mesh sieve. The foam was purchased,
also ground and passed through a 100 -mesh sieve.

The polluted river water was derived from the river in Wenzhou University. Concentrations of total phosphorus (TP), total organic carbon
(TOC), ammonium nitrogen (NH4-N), and total nitrogen (TN) were 0.16-0.80, 3.41-6.89, 3.65-8.19, and 3.79-8.29 mg L-1, respectively, and
the pH was among 6.9 to 8.9.

Preparation of Fe-C porous �lter

The sediment was sampled and mixed with straw, starch, foam, iron powder, and tap water using 50 pelletizing machine to pelletize raw
body with particle size of 5-8 mm. The samples were dried at 105 ℃ for 210 min, and then pyrolyzed in a mu�e furnace. The
temperature was ramped up from ambient to preheating temperature, and then to a �nal temperature with a retention time at an
increase rate of 3 ℃ min-1. The resultant material was cooled naturally, and the �lter was obtained.

Phosphorus and organic carbon removal properties of the �lter were conducted: 300 g �lter was added in 1 L miscellaneous drainage,
and the sample was collected for analysis of TP and TOC concentrations after 12 h. TP and TOC concentrations of the raw sewage
were 4-10, and 10-45 mg L-1, separately.

Characterization of the �lter

The speci�c surface area and pore structure were measured using an accelerated surface area and porosimetry system (USA,
Micromeritics ASAP 2010) using N2 gas as adsorbate at 77.37K. A �eld emission SEM was used to observe the physical morphology
and micro-structure. The element composition was identi�ed and quanti�ed by the EDS. The crystal structure was analyzed with the
XRD. Leaching of potentially toxic metals in the �lter was conducted according to Chinese standard methods (GB5085.3-2007).

Dynamic puri�cation test for polluted river water

The test was conducted in the bio�lter (FB, 45 cm*30 cm*45 cm) system (Fig. 1). Initially, the river water was equalized in the storage
tank (120 cm*70 cm*60 cm), and fed to the bottom of FB continuously using a diaphragm metering pump. Four parallel FBs were
adopted: 1. Control; 2. Aeration with no �lter; 3. Filter only; 4. Aeration with �lter. The hydraulic retention time was 4 h. The packing
height of the �lter was 20 cm. Air compressor was used to provide air to BFs 2 and 4 at a �ow rate of 300 ml min-1. Samples were
collected for analysis, each with three sampling replicates. 

Analytical methods

Temperature, pH, ORP, and DO were estimated using a portable DO meter (HQ40d, Hatch Company) multi-parameter monitor. NH4
+-N,

NO3
--N, NO2

--N and TP were measured according to the Chinese SEPA standard methods (SEPA, 2002). TN and TOC were determined by
a simultaneous TOC/TN analyser (TOV-VCPH, Shimadzu Japan). Breaking and wear rate, void fraction, water absorption, and porosity
were determined according to Chinese Standard Methods: Lightweight aggregates and its test methods (GB/T 17431.2-2010), and
arti�cial ceramsite �lter material for water treatment (CJ/T 229-2008). Metal ions were detected using inductively coupled plasma
optical emission spectroscopy (ICP-OES, Optima 8000, Perkin Elmer).
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Results And Discussion
Preparation of Fe-C porous �lter

Optimization of operational parameters

Based on one-factor pre-experiment, an orthogonal experimental design of four factors (preheating temperature, preheating time,
sintering temperature, sintering time) and three levels were conducted to optimize the process parameters, and removals of TP and TOC
were employed as the evaluation index. Table 1 summarizes the results of L9 (34). The range analysis indicated that sintering
temperature was the most important factor for TP removal, while the preheating temperature was the most important for TOC removal.
Appropriate process parameters were preheating temperature 280 ℃, preheating time 15 min, sintering temperature 1080 ℃, and
sintering time 11 min, separately. The corresponding TOC and TP removals were 44.4% and 75.2%, and physical properties including
breaking and wear rate, porosity, water absorption, and void fraction of the �lter obtained were 2.63%, 31.2%, 22.7%, and 56.5%,
respectively, satisfying the Chinese Standard of CJ/T 229–2008 and GB/T 17431.2–2010.

Table 1
Performance indexes values of orthogonal test

Test case Horizontal
combination

Breaking
and wear
rate /%

Void fraction/% Porosity/% Water
absorption/%

TP
removal/%

TOC removal/%

1 A1B1C1D1 2.63 56.5 31.2 22.7 44.4 75.2

2 A1B2C2D2 3.56 57.4 30.8 25.6 37.0 75.9

3 A1B3C3D3 2.84 55.6 33.6 23.3 29.6 75.4

4 A2B1C2D3 2.28 55.9 35.6 28.8 34.6 75.0

5 A2B2C3D1 2.19 55.5 32.4 21.7 26.4 74.6

6 A2B3C1D2 2.26 56.6 32.0 24.7 29.7 70.0

7 A3B1C3D2 1.65 53.1 27.4 17.2 28.4 75.4

8 A3B2C1D3 1.22 51.9 36.0 30.9 25.7 75.5

9 A3B3C2D1 1.50 49.8 37.1 29.0 39.5 74.9

Breaking
and wear
rate /%

K1 3.01 2.19 2.04 2.11 Void
fraction/%

K1 56.5 55.2 55.0 53.9

K2 2.24 2.32 2.45 2.49 K2 56.0 54.9 54.4 55.7

K3 1.46 2.20 2.23 2.11 K3 51.6 54.0 54.7 54.5

R 1.55 0.14 0.41 0.38 R 4.88 1.15 0.63 1.78

Porosity
/%

K1 31.9 31.4 33.1 33.6 Water
absorption/%

K1 23.9 22.9 26.1 24.5

K2 33.4 33.1 34.5 30.1 K2 25.0 26.0 27.8 22.5

K3 33.5 34.2 31.1 35.1 K3 25.7 25.6 20.7 27.6

R 1.64 2.80 3.40 4.99 R 1.81 3.15 7.04 5.17

TP
removal/%

K1 37.0 35.8 33.3 36.8 TOC
removal/%

K1 75.5 75.2 73.6 74.9

K2 30.2 29.7 37.0 31.7 K2 73.2 75.3 75.3 73.8

K3 31.2 32.9 28.1 30.0 K3 75.3 73.4 75.1 75.3

R 6.81 6.08 8.89 6.79 R 2.34 1.90 1.70 1.51
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Additive content

Effects of additive including straw, starch, iron powder, and foam on physical characteristics, TOC and TP removals of the �lter were
investigated based on the optimal operational condition and results were shown in Table 2. Physical characteristics of all �lter satis�ed
the standard of CJ/T 299–2008 and GB/T 17431.2–2010. TOC removal increased by 9.1% as the content of straw increased from 5–
10%. During the pyrolysis process, the hemicellulose and cellulose in the straw were thermally decomposed and produce condensable
vapors, and gas, which improved the pore structure of the �lter. Besides, it yields biochar, which could form ICME with iron in the �lter,
enhancing the removal of organic carbon. However, TP removal did not change signi�cantly. It may be attributed to the phosphorus
content in the straw.

Table 2  Effect of mixing ratio of raw material on characteristics of the �lter 

  Sediment:straw:starch:iron powder:
foam

Physical
characteristics

Pelletization TP
removal/%

TOC
removal/%

straw 78.5:5:10:5:1.5 Standard easy 49.2 66.2

76:7.5:10:5:1.5 Standard easy 48.1 72.4

73.5:10:10:5:1.5 Standard easy 48.9 75.3

starch 78.5:10:5:5:1.5 Standard easy 45.3 76.6

76:10:7.5:5:1.5 Standard easy 54.7 78.5

73.5:10:10:5:1.5 Standard easy 48.9 75.3

iron
powder

78.5:10:7.5:2.5:1.5 Standard easy 58.2 73.5

76:10:7.5:5:1.5 Standard easy 62.0 64.8

73.5:10:7.5:7.5:1.5 Standard easy 68.0 55.8

71:10:7.5:10:1.5 Standard easy 69.4 47.2

foam 76:10:7.5:5:1.5 Standard easy 54.3 56.0

75.5:10:7.5:5:2 Standard easy 65.1 64.2

74.5:10:7.5:5:3 Standard easy 67.8 83.8

74:10:7.5:5:3.5 Standard di�cult 65.5 58.1

Both TOC and TP removals showed a trend of increase followed by a decrease with the increase of starch or foam. The maximum TOC
and TP removals were obtained at starch 7.5% and foam 3%. The values were 78.5% and 54.7%, and 83.8% and 67.8%, separately.
Starch and foam were versatile binder and pore-forming materials, favorable for the information of abundant pores. However, too much
starch may lead to the enlargement of the pore diameter and decline of surface area due to the aggregation of starch-water mixture.
The overabundant of foam in the raw materials would reduce the mechanical strength. The raw body was hard to form the expected
shape at foam content 4% in the experiment.

Phosphorus removal increased gradually with the increase of iron powder, with the maximum value of 69.4% at iron content of 10%. It
may be described to the combination of iron ion and phosphorus. However, TOC removal decreased when iron increased from 2.5–10%.
This result was completely contrary to our expectation that increase of iron could enhance the ICME process in the �lter. The probable
reason for this was the eutectic temperature property of iron and iron oxide. They promoted the �ux of liquid phase, and subsequently
prevented the volatile gas from releasing and formed a denser sinter body with low porous structure. Shih et al. (2006) and Xu et al.
(2009) reported that melting point of samples was lowered by the presence of higher Fe2O3 contents, enhancing the formation of liquid
phases and FeO with higher viscosity. During the sintering process, we also found the leakage of iron at high iron amount, consequently
reducing the iron content in the �lter.

Characterization of the �lter

Textural morphological characteristics
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The surface of the �lter was rough and irregular. Abundant pores, small grooves and cracks were observed on the surface of the
material (Fig. 2). The SEM on the cross section showed pores of different sizes and shapes, and agglomerated crystals. BET surface
area was 3.32 m2 g-1, and total volume of mesopore and macropore was 0.00662 cm3 g-1, with average pore diameter of 10.05 nm.
Pore distribution showed that the mesopore accounted for 85.2% of whole pores.

EDS analyses

Element composition analysis by EDS revealed that the �lter was essentially an association of O, Si, Al, Fe, Zn, K, Ca, C, S, and Mg
atoms (Fig. 3a). The Si and Al made up the whole skeleton structure, supporting the mechanical strength of the �lter. Metal ions
including Fe, Zn, K, Ca, Al were effective to combine with phosphate to remove the phosphorus from the wastewater. The Fe and C may
inform the ICME, consequently enhancing the degradation of organic matter.

Crystalline phase (XRD) analyses

Figure 3b shows the XRD pattern of the �lter. The main minerals included quartz (SiO2), magnetite (Fe3O4), hematite (Fe2O3) and a new
crystallized muscovite (KAl2(Si3Al)O10(OH)2). The muscovite was a member of the mica group of silicate minerals with strongly layered
sheet like structure, thus enhancing the mechanical strength and breaking tenacity of the �lter.

Leaching of potential toxic metals

In order to investigate the environmental safety of the �lter, heavy metal leaching test was performed. The highest concentrations of Zn
and Cu were 1.890 and 0.160 mg L− 1 among pH 2–10, separately, much lower than the standard values (Cu 100 mg L− 1, Zn 100 mg L− 

1). Both Pb and Cr were not detected in the leachate.

Dynamic puri�cation test for polluted river water

P removal

Total phosphorus concentrations in the e�uents of 3# and 4# were signi�cantly lower than those of 1# and 2#, suggesting the �lter
effectively improved P removal from the polluted river water. During the test, the in�uent TP concentration was 0.16–0.80 mg L− 1, TP
concentrations in e�uents of 3# and 4# were decreased to among 0-0.14 mg L− 1, respectively. Aeration could not enhance P removal
effectively as e�uent TP concentration difference either between 3# and 4#, or between 1# and 2# was not distinct signi�cantly. The
result indicated that P was removed mainly via adsorption by the �lter. E�uent TP concentrations both in 3# and 4# did not change
greatly in the test, demonstrating the �lter was effective yet to remove P after 35 days of continuous operation.

Organic carbon removal
As shown in Fig. 5, e�uent TOC concentrations in e�uents of 3# and 4# were lower than 1# and 2#, and the differences were
signi�cant at higher in�uent TOC concentration. Aeration enhanced TOC removal by the �lter. When in�uent TOC concentration was
3.41–6.89 mg L− 1, average e�uent TOC concentration of 4# was 11.4% lower than 3#. This results might indicate that the organic
matter removal by the �lter was attributed to the degradation by microorganism adhered to the surface of the �lter, and the ICME
process. Furthermore, the aeration was favorable to the micro-electrolysis process. This was consistent with observations of Han et al.
(2016). They reported that the aeration not only improved the micro-electrolysis process, but also protected the �lter from harden and
desactivation. Therefore, the aerated bio�lter with the �lter might be a feasible alternative for removing organic carbon matter.

N removal

The differences in concentration variations of NH4
+-N, and TN in 1#, 2#, 3#, and 4# were similar with TOC (Fig. 6). E�uent NH4

+-N

concentrations in four treatments were 3.54–7.30, 3.32–7.08, 1.99–6.92, and 1.60–6.80 mg L− 1 separately, at in�uent NH4
+-N

concentration 3.65–8.19 mg L− 1. While e�uent TN concentrations were 4.30–7.46, 3.43–7.24, 2.30–7.05, and 1.81–6.94 respectively.
Thus, the �lter was effective to remove nitrogen in the waters, and aeration could enhance the process. However, nitrate concentrations
in all treatments were not distinct between e�uent and in�uent, and the values were less than 0.3 mg L− 1. It may indicate that nitrogen
in the water was removed mainly through adsorption by the �lter. Nitri�cation and denitri�cation process were little. The reason for this
may be ascribed to the low microorganism content in the raw river water, and low propagation rate of the microorganism for insu�cient
nutrient in the water.
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Environmental safety evaluation

During the operation, e�uent pH of 3# and 4# was similar with the in�uent, and the value was among 7.0-8.4. Concentrations of Cu, Zn,
and Fe were 0.001–0.003, 0.002–0.003, 0.002–0.011 mg L− 1, separately, much lower than the class 1 standard value of environmental
quality standards for surface water. Both Pb and Cr were not detected in the e�uents.

Conclusions
In the present study, a Fe-C porous �lter material was prepared with dredged sediment as main raw material, and straw, starch, foam
and waste iron powder as additive. The optimal conditions were preheating 280 ℃, preheating 15 min, sintering temperature 1080 ℃,
sintering time 11 min at sediment: straw: starch: foam: iron 74.5:10:7.5:3:5. The BET surface area of the �lter obtained was 3.32 m2 g-1,
with average diameter 10.05 nm. The �lter consisted of Si Al S K Ca Mg Fe Zn, and C elements. When in�uent concentrations of TP,
TOC, NH4-N, and TN were 0.16-0.80, 3.41-6.89, 3.65-8.19, and 3.79-8.29 mg L-1, average e�uent TP, TOC, NH4-N, and TN concentrations

of the bio�lter system �lled with the �lter were 0.08, 3.43, 3.61, and 3.76 mg L-1 separately at HRT 4 h. Aeration enhanced organic
carbon and nitrogen removals. Heavy metals concentrations in the e�uent were much lower than class 1 standard of environmental
quality standards for surface water during the continuous operation process. Therefore, the �lter is a potential material for the bio�lter
system.
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Figure 1

Schematic diagram of the bio�lter system.
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Figure 2

SEM of surface and cross section of the �lter.

Figure 3
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EDS (a) and XRD (b) spectrum of the �lter.

Figure 4

Total phosphorus concentration variations in the in�uent and e�uent of the bio�lter system.

Figure 5

TOC concentration variations in the in�uent and e�uent of the bio�lter system.
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Figure 6

Concentration variations of ammonium nitrogen (a) and total nitrogen (b) in the in�uent and e�uent of the bio�lter system.


