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Abstract:

Ceramsite plays a significant role as a biological aerated filter (BAF) in the treatment
of wastewater. In this study, a mixture of goethite, sawdust and palygorskite clay was
thermally treated to form magnetic porous ceramsite (MPC). An_optimization
experiment was conducted to measure the compressive strength of the MPC. X-ray
diffraction (XRD), scanning electron microscopy (SEM), and polarizing microscopy
(PM) characterized the pore structure of the MPC. The results show that a
combination of goethite, sawdust and palygorskite clay with a mass ratio of 10:2:5 is
suitable for the formation of MPC. The compressive strength of MPC conforms to the
Chinese national industrial standard (CJ/T 299-2008) for wastewater treatment. The
SEM and PM results also show that the uniform and interconnected pores in MPC
were well suited for microbial growth. The MPC produced in this study can serve as a

biomedium for advanced wastewater treatment.
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1. Introduction

Porous ceramsite is an effective media used in biological aerated filters (BAFs)
for the treatment of wastewater [1]. The characteristics of porous ceramsite are related
to the initial capital outlay, process design, and operation mode of BAFs. These
characteristics also improve the efficiency and daily running costs such as
backwashing and air influx. Mineral supports for porous ceramsite include zeolite,

clay, sand, macadam, coke, anthracite coal, and plastic materials, such as polyethylene

and polystyrene [2, 3]. Studies in China during the late 1980s indicated that BAFs
which contained expanded clay as a biofilm support could achieve superior substrate

removal compared to sand and plastic media of similar dimensions [4].

Sawdust is a byproduct of timber processing and extraction. In China, the annual
production of sawdust amounts to nearly 180 million tons and is increasing by 6 to
8% per year [5]. The generation of sawdust in earlier years has resulted in huge
accumulations in many parts of China. The management of sawdust waste is a heavy
economic burden to industry [6], and it is important to utilize or add value to waste
sawdust. Lu et al. [7] reported that at high sintering temperatures the lignin and
cellulose in sawdust can be converted into a carbonaceous porous material which
could be used as a cellular material. However, to the best of our knowledge,_only a
small number of studies have reported the use of sawdust as a porous material [8].

Palygorskite is a natural magnesium-aluminum silicate clay mineral with a
diameter of 30-50 nm. It is known to contain continuous two-dimensional tetrahedral
sheets, but differs from other layered silicates due to its lack of continuous octahedral
sheets. The tetrahedral basal oxygen atoms invert apical directions at regular intervals

and thereby forming talc-like ribbons. It has a high surface area, viscosity, and

porosity as well as significant thermal resistance and chemical inertness. In China,
palygorskite resources are abundant in the eastern part of Anhui Province and western
part of Jiangsu Province. It is an excellent absorbent, and recent attention has focused

on the utilization of palygorskite [9-11
To the best of our knowledge, there is no study investigating palygorskite for
the production of ceramsite. The compositional and structural variations of ceramsite
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obtained in previous studies were attributed to many factors such as sintering
temperature, sintering time, and the ratio of palygorskite/goethite. However, no
studies have yet been conducted to investigate the impact of the specific and
important constituents on the characteristics of ceramsite. As one of these components,
palygorskite may strongly affect the bloating behavior and crystal formation of
ceramsite during the heat treatment process.

The application of magnetic materials to solve environmental problems has
received considerable attention in recent years due to their ability to separate
substances in a liquid medium after adsorption [12-16]. Although magnetite (Fe304)
has been used to precipitate heterogeneous calcium phosphate,_its use in the context of

environmental pollution has not received much attention. Scarce information is

available on the potential application of magnetite as a phosphate sorbent
[17].Magnetized BAF has been used in treating wastewater, mostly to separate solids
or attached microorganisms from effluent. Reports indicate that there was an increase
in bacterial activity during the separation process[18].

The selection of a suitable BAF medium is critical in process design and
operation if the required effluent standards are to be met. The characteristics of the
filter media can significantly affect the initial investment and operational costs. The
selection of the BAF media will depend on many factors, including its resistance to
microbial degradation, its mechanical strength, the type of fluid used, its surface
characteristics, and its cost. In this study, the MPC was prepared by sintering a
mixture of goethite, sawdust, and palygorskite. Sawdust was treated at 400-800 C to
produce a desirable porous material. During sintering, goethite is transformed into
magnetite in the presence of H, gas emitted during pyrolysis at 400 'C [19]. The
formation of an interior porosity improves microbial growth. This study may lead to a
promising new method for the preparation of biofilter carriers.

To validate this hypothesis, the present study has been conducted to: (i) utilize
palygorskite/goethite and sawdust for the production of ceramsite; (ii) investigate the
effect of palygorskite and sawdust on the physical characteristics (porosity) of
ceramsite; (iii) characterize the ceramsite within the optimal content ranges of

4



palygorskite/goethite and sawdust via thermal analysis, morphological structure

analysis, X-ray diffraction, and compressive strength: (iv) analyze the sintering
mechanisms; and (v) establish effective evaluation parameters.

2. Methods and Materials
2.1. Material

The raw palygorskite came from Crown Hill located in the city of Mingguang ,

Anhui province, China. Sawdust was sampled_from the city of Hefei, Anhui province,

China. Goethite was obtained from_the city of Zhenjiang, Jiangsu province, China.
The particle size after extrusion, cutting, and crushing was less than 0.074 mm.

Commercial ceramsite (CC) was obtained from the city of Ma'anshan, Anhui Province,
China. The characteristics of MPC and CC are specified in Table 5. MPC were

superior to CC in many ways. including porosity, specific surface area, and apparent
density (Table 5).

2.2. Preparation of magnetic porous ceramsite (MPC)

The preparation of MPC includes the following steps:

1). The mixture of goethite, sawdust, and palygorskite with the experimental
mass ratio was placed in a small coating machine which produced round granules
with a diameter of 7-13 mm.

2). The products were dried at 110 C.

3). The composite iron oxide particles were put in a 2 L quartz tube reactor and
heated at 500, 600, 700, and 800 "C. Each of these temperatures was maintained for
0.5-4 h under a N, atmosphere at a flow rate of 30 mL/min.

4). The annealed MPC was cooled to room temperature over 12 h.

5). The synthesized MPC was stored in a vacuum desiccator for future analysis.

2.3. The application of MPC in biological aerated filters (BAF)

Backwashing is_a very important step in BAF operation. BAFs need to be

optimized to reduce the water consumption and energy cost of backwashing. To
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achieve this, the current methods attempt to reduce the apparent density of biofilter
carriers. The increase in apparent density facilitates the merger of well-developed

microbial membranes with biofilter carriers in _the BAF. This increases the

inefficiency of BAF backwashing and may result in significant BAF short-circuited
current. In addition, it will create to excessive BAF backwashing. These effects can

lead to excessive biofilm detachment which can result in deterioration of effluent

water quality.

In_this research, maanetic _porous ceramsite (MPC) is attracted to the

electromagnetic__iron-separator _(Fig. 1). The experiments showed that the

electromadgnetic iron-separator can shift the MPC in the BAF. The MPC is moved to a

certain_height _and then the electricity supply is switched off and the MPC sheds

biofilm. At the same time, the MPC collide into each other and accumulate to form

voids that facilitates regeneration ability. This method of making MPC voids obviates
the need for backwashing, and the restoration process is much faster than combined
action gas-water backwashing.

2.4. Characterization

The multi-point Brunauer—Emmett—Teller (BET) surface area of MPC was

measured using a Quantachrome Nova 3000e automated surface area analyzer. X-ray
fluorescence (XRF) chemical composition was measured on a Shimadzu XRF-1800

with Rh radiation._X-ray diffraction (XRD) was performed using a Rigaku powder

diffractometer with Cu Ko radiation. The tube voltage was 40 kV and the current was
100 mA. The XRD diffraction patterns were taken in the range of 5-70 °C at a scan
speed of 4° min™!. Phase identification (Search-Match) was carried out by comparison
with those included in the Joint Committee of Powder Diffraction Standards (JCPDS)
database. Elemental analyses of the sample were carried out by a VARIO ELIII
analyzer (Elemental analysis system Co. Ltd., Germany). Maanetic susceptibilit
analyses of the samples were carried out via a Bartinton MS2 analyzer.

The thermal_behavior of samples was examined by DTA-TGA7300 using an
EXSTAR simultaneous DTA-TGA7300 analyzer while the samples were heated at a
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rate of 8 °C/min from 20 to 700 °C with nitrogen atmosphere at 100 mL/min. Samples
ranged from 4 to 10 mg in mass, and they were compacted into a Pt-Rh crucible with
20 taps.

In the biological structures analysis, selected MPC were sputter coated with gold
and its surface morphology was examined using a Scanning Electron Microscope
(SEM, Philips XL30 ESEM). Biofilm determination was performed as previously
described [20]. The growth of biofilm was determined according methods in the
available literature [21]. The physical characteristics of the MPC samples were
measured in accordance with the sandstone pore structure method of image analysis.
Archimedes law_(i.e., any object placed in a fluid displaces its weight and an
immersed object displaces its volume) is an accurate method for porosity

measurement that we utilized [22].

3 Results and discussion
3.1 Effects of magnetic porous ceramsite (MPC) preparation
3.1.1 Effect of palygorskite
Figure 2 shows the effect of palygorskite on the compressive strength and
porosity of MPC. Our study shows that: 1) when the content of palygorskite increases

from 10 wt% to 50 wt%, the compressive strength increases from 2 N to 18 N and the

porosity decreases from 84% to 76%;_and 2)_when the content of palygorskite

increases from 50 wt% to 70 wt%, the compressive strength increases from 18 N to 61
N and the porosity decreases from 76% to 53%.

It should be noted that the effect of palygorskite content on the compressive

strength is significant when the content is 50 wt% to 70 wt%. This result indicates that
the increasing content of palygorskite improves the mechanical strength of MPC. The
densification and melting of the MPC surface are possible reasons for the increase in
the compressive strength of MPC  with higher palygorskite
(MgsSigO,0(0H)2(H20)4-5H,0) contents ( SiO;, contents>56.96%). This implies

that the texture of MPC may play an important role in determining the compressive

strength [23,24]. A study by Park and Heo indicated that as the content of palygorskite




increases, the bonding strength of metal ions increases which can enhance the
compressive strength [25]. It should be noted that the effect of palygorskite contents

on the porosity is significant when the content of palygorskite is 50 wt% to 70 wt%.

This result indicates that the increase in palygorskite and sawdust (porosity) accounts

for the decrease in porosity [26,27].

3.1.2 Effect of sawdust
Figure 3 shows the effect of sawdust on the compressive strength and porosity of

MPC. Our study shows that there is a clear tendency for MPC to_decrease in
compressive strength as the amount of sawdust increases. When sawdust is raised
from 0 wt% to 20 wt%, the compressive strength_decreases from 59 to 45 N and the

porosity increases from 3% to 67%._When sawdust is raised from 20 wt% to 50 wt%,

the increased sawdust has a large effect on the compressive strength. Compressive
strength decrease from 45 to 2 N, and the porosity increases from 67% to 90%.
Reports indicate that sawdust could react with carbon to generate CO, [28]. The CO,
product may diffuse or expand through the interior of the MPC particles, reducing the
compressive strength [29]. This may explain the decreasing compressive strength with

increasing sawdust when sawdust is a major component in MPC materials (Figure 2).

3.1.3 Effect of calcination temperature
Figure 4 shows the effects of calcination temperature on compressive strength

and porosity of MPC. With an increase of calcination temperature from 400 “C to
800 'C, the compressive strength increases linearly from 20 N to 60 N. The
compressive strength increased by 8 N with increases in calcination temperature from
700 "C to 800 "C. This indicates that MPC consolidation mechanisms like solid state
and liquid phase sintering are not effective when the sintering temperature is below
500 C.

Figure 4 shows the porosity of MPC treated at different temperatures
(400-800 "C). The relationship between the sintering temperature and the porosity of
MPC (25%-75%) is clear. After sintering at 400-800 'C, a continuous increase in the

porosity is observed. The MPC sintered at 700 "C has the highest porosity (74%) and



compressive strength (52 N). At 800 C there is a slight decrease in the porosity
(74%-76%). In addition, the porosity of MPC after sintering is maximal._This implies
that the adsorption and crystallization of water as well as the other adsorbed volatile

compounds vanish from the as-received MPC (Fiq. 7).

During sintering, the Si**is solidified in tectosilicate with a tetrahedron_network
of Si0,* (Si-O-Si). The raw materials with a proper content of SiO, can enhance the
formation of liquid phase at temperatures higher than 500 'C because the higher
temperature encloses the solid particles and packs the pores in the solid particles
[30-33]. Higher temperatures decrease the pores of MPC and improve the binding
forces between the solid particles through the capillary action. The variation in SiO,
contents can either_also reduce the liquid phase in the MPC bodies, and it can make
the MPC bodies denser with an increase in compressive strength that expands at
temperatures above 500 °C [34]. During the MPC sintering process, palygorskite
(Al,03 contents 9.60%) is a skeleton material. The Al,O3 (contents 9.60%) can react

with other components when temperatures are higher than 500 °C to form silicate

mineral groups_with relatively lower eutectic points, and the reaction effectively

lowers the sintering point of the MPC and enhances the formation of the liquid phase
[35]. The proper quantities of Al,03 (9.60%) are beneficial to the liquid phase
sintering at temperatures higher than 500 "C and improve the characteristics of MPC

[36]. Our tests show that the calcination temperature has a great impact on the

compressive strength from 500 °C to 700 °C.

3.1.4 Effect of calcination time
Figure 5 shows that the compressive strength increased by 10 N (from 48 N

increased to 58 N) when the calcination is performed at 700 °C for 0.5-4.0 h. After 1 h,

the MPC compressive strength reached 51 N. There are only slight increases as

calcination time is extended from 1.5 hto 4 h.

Figure 5 shows different porosity time curves for MPC. When the calcination
time increased (from 0.5 h to 3 h), the porosity of MPC increased from 50% to 69%.

When calcined at 500 °C, the main forces affecting the porosity of MPC are water
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molecules, sawdust, and decomposition of volatile substances. The effect of

temperature on MPC diffusion is not obvious, but_the effect of temperature on

sawdust [3Ce¢H100s5] is known. MPC dehydration during calcination causes water

evaporation. Thus, the space occupied by sawdust is emptied. This increases the
porosity.

Excessive calcination time (4 h) causes the internal gas pressure to increase
while the resistance is relatively low. The gases begin to escape more easily, and the

internal microporous structure might be destroyed (Fig. 7) [37,38]. Therefore, the

ideal calcination time should be 1 h to 3 h to achieve the ideal effects for compressive
strength.

3.1.5 Analysis of orthogonal experiments
Goethite was the main component of the MPC tested. The palygorskite clay

and sawdust were mixed with goethite to make the new type of MPC.

Five factors were considered in the MPC preparation: goethite dosage, ratio of
palygorskite clay added, ratio of sawdust added, calcination temperature, and
calcination time.

The ratio of palygorskite clay and sawdust added both depend on
the goethite dosage. Orthogonal tests analyzed the influence of the five factors on the
properties of MPC. The results show the optimized experimental conditions for
the preparation of MPC (Tables 1-4).

An orthogonal Lo4° test was used to optimize the particle preparation conditions.
The evaluation index was analyzed statistically. The orthogonal test designs are listed
in Table 2. Since we could not select the best preparation conditions based solely on
the outcomes in Table 3, a further orthogonal analysis was warranted. Thus, the K,
and R, values were calculated. We found that the influence on the comprehensive
index of MPC decreases in the following order: ratio of palygorskite clay added >
calcination time > calcination temperature > ratio of sawdust added according to the R
values (R1> R4> R3 >R;). The goethite dosage was found to be the most important

determinant of preparation. The optimal preparation conditions of goethite were 100
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a, palygorskite at 50 wt%, and sawdust added at 20 wt%. The calcination is optimized
at 700 °C for 2 h (Table 4).

3.2 Magnetic porous ceramsite (MPC) characterization evaluation

The best preparation formula for MPC was a ratio of 10:2:5 (mass
ratio) raw goethite, sawdust, and palygorskite clay. The optimal calcination
temperature and time for MPC are 700 °C and 2 h. This formula met the Chinese
national standards for MPC [22] (in Table 5). Contrast pictures of our synthesized
MPC (left) and MPC are shown in Figure 9). The photographs illustrate MPC after

magnetic separation, composite particles (Figure 9(a)). magnetic porous ceramsite
(Figure 9(b)). and magnetic separation of the MPC (Figure 9(c)).

3.3 X-ray diffraction (XRD)and magnetic susceptibility

Figure 6 shows the XRD patterns of as-synthesized MPC and MPC (700 °C, 2
h). The main minerals in our synthesized MPC include quartz (SiO,). palygorskite
and goethite (FeOOH) (see Figure 6a). In contrast, the main minerals in MPC (Fig. 6b
are_quartz (SiO,), hematite, palygorskite, and magnetite (Fe30,4). Comparing the
results in Figure 6b shows that goethite has transformed into magnetic particles after
sintering_procession. The reflections at 26=9.8. 22.3, 27. and 32° are found and
identified as MPC when compared with the standard JCPDS (89-6538). In addition, a

new reflection at 260=26° was also found and identified as quartz. [39-42].

In_this study, a mixture of goethite, sawdust, and palygorskite clay was

thermally treated (under a N, atmosphere) to form MPC. The magnetic susceptibility
of the MPC( X nass=11690*10°m?/kq ).

3.4 X-ray fluorescence (XRF) and Elemental analysis (EA)

The chemical compositions measured by EA indicate that the sawdust consisted

of C 46.09%, H 6.85%, O 35.09%, N 0.6%, S 0.1%, as well as small amounts of Cl, P,
K and Si. The chemical compositions measured by XRF indicate that the goethite
consists of Fe 66.07%, Si 15.80%, Al 5.74%, Ca 1.57%, Mg 0.68%, Cr 0.03%, K
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0.98%, P 0.07%, Na 0.24%, Pb 0.22%, Cu 0.46%, Mn 4.31%, as well as small
amounts of As, S, Ba, Zr, Sr, Zn, Ni, and Ti. The chemical compositions measured by
XRF_indicate that the palygorskite consisted of SiO; 55.10%, Al,03 9.60%, Fe,03
5.70%, Na,O 0.05%, K,0 0.96%, CaO 0.42%, MgO 10.70%, MnO 0.01%, and TiO
0.32%. No indication of heavy metals related to the analyzed material indicates that it
is appropriate for filter media and microbial growth. Therefore, it is speculated that

the presence of so many kinds of elements favors the growth of microorganism.

3.5 Composite particles morphological structures (SEM) analyses.
The SEM images of composite particles calcined at 700 °C for 4 h and

composite particles calcined at 800 °C for 4 h are shown in Figure 7. The SEM
observations show that the porous structures become more compact due to the
increasing calcination time (4 h). The observations clearly show that the particulate
nature of the crystals in the composite increases with calcination time. Bonding of
sintered crystals is evident by the cohesive necks growing at the composite particle
contact points (Fig. 7(a)). As seen in composite particles with calcination time of
700 °C for_4 h, there are abundant small pores with thin boundaries and_large cracks
with no boundary present on the surface. This is caused by the release of gases
(Figure 7(a)). In Figure 7(b), the microstructure of the composite particle interior is
seen after treatment at 700 °C for 4 h. The water absorption of the composite particles
at 700 °C for 4 h remains relatively low despite the increasing number of pore space
because the gas produced cannot create sufficient voids in the composite particle
bodies. The gases begin to escape more easily and the internal microporous structure
might be destroyed.

The surface of the composite particles treated at 800 °C for 4 h has few pores.
The micrograph of these particles clearly shows that some micropores (6.0 um pore
size 10.0 um) are irreqularly distributed in the microstructure and macropores (Figure
7(c)). Melting phenomena are also observed on the crystalline surface of the
composite particles treated at 800 °C for 4 h (Fig. 7(c)). The release of gases and

melting of raw materials allow the large pores to form. The water absorption of the
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composite particles treated at 800 °C for 4 h remains relatively low despite the larger

pores because the impervious skin layer of the pellets restricts water ingress. The
microstructure of these composite particles is also related to the lower viscosity of the
liquid phase produced at 800 °C and the consequent improvement in densification
during the natural cooling process. These results indicate that denser and lower porous
ceramsite can be obtained via treatment at 800 °C for 4 h.

The increasing densification and neck growth between the calcined composite
particles is seen in Figure 7(d) in the interior of the composite particles treated at
800 °C for 4 h. However, in Figure 7(d) the calcined composite particles samples
show a clear internal micropore structure between the composite particles that might
be destroyed, suggesting melted neck growth. The slight expansion of the composite

particles that occurs when sintered at 800 °C is clearly associated with the formation

of a significant number of approximately slit-shaped pores.

3.6 Magnetic porous ceramsite and commercial ceramsite under scanning
electron microscopy (SEM)

Several typical SEM images_of the ordered structure and biomass growth of
MPC/commercial ceramsite are shown in Figure 8. In Figure 8(a), the appearance of a
rough surface on MPC is a coral-like porosity structure providing shelter from

the wastewater shear forces. As observed from Figure 8(a),_plenty of macropores are

formed on the surface of the internal surface which may serve as excellent locations
for the colonization of microorganisms. In Figure 8(b), the microstructure of the

internal surface and a cross-section of the MPC is seen. This indicates that the

prepared MPC has a high number of pores with rectangular openings and pores

interconnected to each other through a ladder-like structure as shown in Figure 8(a)
and Figure 8(b). During sintering, macropores form inside the particles when sawdust
is_removed via combustion. MPC material with such porosity is suitable to serve as
the biomedium in a BAF reactor.

The SEM images of the MPC after operation in the BAF reactor are_provided in
Figure 8(c) and Figure 8(d). The biofilm overlays on the surface of the MPC. Four
kinds of bacteria can be observed: filamentous-shape, coral-shape, spherical, and
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chain-shape_(Fig. 8(c)). Obviously, the more diverse the bacterial community, the

more organic pollutants are able to be biodegraded. After the_growth of a bacterial
population, a biofilm can be observed clearly on the surface of the internal porosity in
Figure 8(d). At the start-up phase in the BAF reactor, the biofilms first develop when
some bacteriairreversibly attach to the MPC. After more metabolites accumulate on

the MPC surface, the MPC is completely covered by the biofilms, which are observed
randomly on the surface. Our MPC has a high capacity for bacterial growth.

In Figure 8(e) the micrograph of commercial ceramsite (CC) clearly shows_that

pores with diameters_ranging from 1.0 to 5.0 um are irregularly distributed on the

surface. There are some small pores and smooth surfaces. The microstructure in
Figure 8(f) suggests that a small number of microorganisms are immobilized to the
inside and outside surfaces of the pores in CC. The CC calcination temperature is

1200 °C. This will destroy the clay crystal structure of the main raw material, and the
CC surface in high temperature calcination conditions_is a crystalline glaze. The

biofilm biomass and adsorption performance is poor which impacts the overall

performance of this product [43].

3.7 Cast thin section of magnetic porous ceramsite (MPC)
In a BAF system, biofilter carriers_play a significant role in meeting effluent

quality requirements. The granular media is_employed in the biofilter bed for solid
interception and solid-liquid separation. The media is also the carrier of biofilm. The
characteristics of the biofilter carriers have significant impacts on the treatment
efficiency [44].

The roughness and porosity of the open MPC surface are beneficial for

microorganisms_fixed to the surface. The microbial biofilm attached to the MPC

surface is a highly hydrophilic substance under conditions of constant flow of sewage.
Environmental microorganisms can be_transferred through the MPC into the interior
pores (Fig. 10(a)), and the microbial biofilm can attach to the surface of the MPC.

Wastewater flow can be divided into_three layers: the aqueous adhesion layer, the

aerobic layer, and the anoxic layer (Fig. 10(b)). The actions of the microorganisms in
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the biofilm lead to this zonation and create the conditions for simultaneous
nitrification and denitrification.

In order to obtain direct evidence of environmental microorganisms in open
porosity of our MPC, rubber casting experiments were used to generate quantitative
size and shape data from a thin section of pores. Figure 11(a) shows the intergranular
pore textures observed in the thin section. The black sections denote calcined

palygorskite biomass residues caused by carbonization while gray areas represent the

intergranular pores of MPC. This demonstrates that MPC has a large volume of
internal porosity, in which guest microbes can be accommodated. The size of those
interconnected pores is approximately 40-65 um_(Fig. 11(A), 11(B), and 11(C)) and
most bacteria are 0.5 pum or less in diameter. Thus, environmental microorganisms
can achieve a sustained growth of population in the open porosity. When impregnated
with blue-dyed epoxy (part B), the fully interconnected porosity with a diameter of 60
um can be determined from the white section (part A). In fact, blue-dyed epoxy in the
porosity system must overcome the capillary resistance of the throat size before they

enter porosity space indicating the narrow composition of the pores.

3.8 Thermal Properties (DT-TG) Analyses.
Figure 12 presents the thermal analysis of the palygorskite

clay/goethite/sawdust mixture. The DTA curve has 5 exothermic valleys and an
exothermic peak. According to the crystal structure of the palygorskite clay and
crystal chemical formula, the water in palygorskite clay has four states including
water adsorbed to the outer surface, water adsorbed in tunnels, water contained in the

crystal structure, and structural water molecules coordinated to Mg(ll) cations at the

edge of the octahedral sheets [45]. The first endothermic valley is at 65 °C. This

belongs to the_water adsorbed to the outer surface and has a dehydrating effect. The
second endothermic valley is at 98 °C, the thermal effect of adsorbed water_in
channels emerge and the weight of the adsorbed water on the outer surface and in
pores is 5.87%. The third endothermic valley is at 230 °C and represents the crystal

water absorbing effect produced by extrusion. It has a small and narrow endothermic
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valley with 3.12% water loss. The fourth endothermic valley at 481 °C is wider and
corresponds to the crystal degradation under thermal effects. It is a 3.7% loss. The
fifth endothermic valley is at 595 °C, corresponding to the degradation of crystal

structure. The amount of dehydration is 5.3%.

3.9 Determination of biomass in media.

To investigate the performance of MPC and commercial ceramsite in the BAF
reactor, the biomass of grown biofilm was determined. The biofilm biomass was 54.1
mg TN/g for MPC and 2.2 mg TN/g for commercial ceramsite [46]. Also, the
structural and morphological characteristics of the porous media, seen in Figure 8 and

Figure 11, proved that the MPC surface and internal pores are advantageous to

microbial growth under the conditions tested.

4. Conclusions

(1) The MPC can be prepared from a mixture of goethite, sawdust, and palygorskite
by sintering at 700 °C for 120 min. The proper mass ratio of goethite, sawdust, and
palygorskite is 10:2:5. The results indicate that MPC has a larger specific surface area
(81 m?/g). It_has a porosity of 78% and a compressive strength range of 53-67 N.

compared to commercial ceramsite (CC), which is superior to the requlatory levels in

the Chinese National Standards.

(2) In the preparation of MPC, the goethite can be transformed into magnetite
particles. Thus, this kind of ceramsite is a magnetic material. Furthermore, SEM and
PM results suggest that the uniform and interconnected pores in MPC are suitable for
microbial growth. Experimental growth of biofilm in this material is superior to that
on CC. It is speculated that these observations will favor the utilization of MPC in the

biotreatment of BAF.
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Fig. 1 Schematic diagram of the BAE system
(A) MPC BAF; (B) Effluent pipe; (C) Air blower; (D) Wastewater pump; (E)
Switching mode power supply; (F) Electromagnetic iron-separator device; (G)

Wastewater tank
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Fig. 2 The effect of palygorskite clay addition on compressive strength and

porosity of MPC.
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Fig. 3 The effect of sawdust addition on compressive strength and porosity of

MPC.
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Fig. 4 MPC compressive strength and porosity as a function of calcination

temperature.
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Fig. 5 MPC compressive strength and porosity as a function of calcination time.
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Fig. 6 X-ray diffraction patterns of composite particles and MPC
(a) Composite particles; (b) MPC
(P: palygorskite; Q: quartz; M: magnetic; H: hematite)
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Fig. 7 SEM images of composite particles calcined at 700 °C for 4 h and
composite particles calcined at 800 °C for 4 h.

(a) raw external surface of composite particles calcined at 700 °C for 4 h

(b) raw internal surface of composite particles calcined at 700 °C for 4 h

(c) raw external surface of composite particles calcined at 800 °C for 4 h

(d) raw internal surface of composite particles calcined at 800 °C for 4 h
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Fig. 8 SEM images of MPC/commercial ceramsite
(a) raw external surface of MPC

(b) raw internal surface of MPC

(c) microbial load on external surface of MPC

(d) microbial load on internal surface of MPC

(e) raw external surface of CC

(f) microbial load on external surface of CC
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Fig. 9 Contrast pictures of composite particles (left) and MPC (right)
photographs after magnetic separation of the MPC

(a) composite particles; (b) MPC; (c) magnetic separation of the MPC,;
' v
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Fig. 10 Internal images of MPC.

(a) Internal porosity of MPC: (b) Layers of MPC when oxygen is introduced into

the system;

(1. aqueous adhesion layer; 2. aerobic layer; 3. anoxic layer)
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Fig. 11 Porosity of MPC.

(a) After calcination (gray — MPC) (b) Filled (dark blue — open pores)

(c) A higher resolution image illustrating the internal surface of MPC (dark blue

— open pores)
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Fig. 12 Differential thermal analysis and thermogravimetric analysis patterns of

MPC

. . — 60
o of Differential Thermal Analysis
108
< -200- 5
5 1402,
— -400k |
g 130<
3 600} 2
2 1208
Q?E -800} <
s 105
2-1000F 2
3 . . . do 5
¢3\=_ 1000l Y Thermogravimetric Analysis g
él 1 1 1 1 1 1 1 O

—
0 100 200 300 400 500 600 700 800 900
Temp(°C)

33



List of Tables

Table 1 Factors and levels of the orthogonal experimental design.

Table 2 Factors and levels of the experimental results.

Table 3 Design of orthogonal experiments.
Table 4 Results of orthogonal experiments.

Table 5 The regulatory levels of ceramics in MPC and CC as_well as

the corresponding Chinese National Standards.

34



Table 1 Factors and levels of the orthogonal_experimental design.
Note: the proportion of palygorskite and sawdust is accounted for in

goethite content percent.
(A), The level. (B), The amount of palygorskite (wt% GT). (C), Sawdust
dosage (wt% GT). (D), Calcination temperature (°C). (E), Calcination

time (h)
Aq Bn Cn Dy En
| B, C, D; Es
ii B, C, D, E>
iii Bg C3 D3 E3
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Table 2 Factors and levels_values for the orthogonal experiments.

A Bn Cn D, E,
[ 50 wt% GT 20 wt% GT 500°C 1h
ii 60 wt% GT 30 wt% GT 600°C 2h
ifi 70 wt% GT 40 wt% GT 700°C 3h
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Table 3 Design of orthogonal experiments.

Note: Ki indicates the level of compression strength, R is the difference between

the largest average effect and minimum average effect for every factor, A,_

is the Orthogonal experiment number, B, is Palygorskite (wt% GT), C,_is.

Sawdust (Wt% GT), D, is Calcination temperature (°C), E, is Calcination

time (h), and F,_is Compression strength (N).

An B, Cn Dy En Fn

i B; C, D, E. B,C:D.E;
ii B: C, D, E, B,C,D,E,
iii B, Cs D3 Ej B,C3D3E3
iv B, C, D, Ej B,CiD,E;
% B, C, Dj; = B,C,D3E;
Vi B, Cs D, E, B,Cs3DE,
Vii Bs C, D3 E, B;C.D3E,
viii Bs C, D, Es B;C,DE;
iX Bs Cs D, = B:C3D,E;

Kin K11 K12 Kis K14

F Kzn Ka1 K2z Kas Kas

Ksn Ka1 Ks2 Kas Kas

Rn R1 R2 R3 R,
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Table 4 Results of orthogonal experiments.

A Bn Cn Dy En Fn
1 50 wt% GT 20 wt% GT 500 °C 1h 49.40
2 50 wt% GT 30 wt% GT 600 °C 2h 51.13
3 50 wt% GT 40 wt% GT 700 °C 3h 52.14
4 60 wt% GT 20 wt% GT 600 °C 3h 45.12
5 60 wt% GT 30 wt% GT 700 °C 1h 40.15
6 60 wt% GT 40 wt% GT 500 °C 2h 38.27
7 70 wt% GT 20 wt% GT 700 °C 2h 58.65
8 70 wt% GT 30 wt% GT 500 °C 3h 40.23
9 70 wt% GT 40 wt% GT 600 °C 1h 34.78

Ky 50.89 51.06 42.63 41.32 -

F K, 41.18 43.84 43.68 49.35 -

Ks 44.55 43.55 50.31 45.83 -

Rn 9.71 7.51 7.68 8.03 -
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Table 5 The requlatory levels of ceramics in MPC and CC as well as the
corresponding Chinese National Standards.

ltem Chinese National Standard  \1pc experimental levels ~ CC experimental levels
Grain diameter, d/mm 0.5-9.0 3-5 4-6
Silt carrying capacity, Cs/% <1 0.17 <1
Solubility in hydrochloric acid, Cy,/% <2 1.15 <1.5
Void fraction, v/% >40 76.31 >42
Specific surface area, S,,/cm?/g >0.5%10° 8.1x10° >2x10*
Piled density, pp/glcm® e 0.617 <1.0
Apparent density, pp/glem® e 1.611 1.4-1.8
Compression strength, /N~ —ememeee 53-67 >87
Porosity, P/% e 78 -
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