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ABSTRACT

This study investigated a palygorskite porous ceramsite (PC) and commercially available ceramsite
(CAC) as filter media in biological aerated filters (BAFs) for city wastewater treatment. We studied
the difference between the two materials in terms of the removal of ammonia nitrogen (NH-N), total
nitrogen (TN)), total organic carbon (TOC), and phosphorus at a hydraulic retention time of 7 h and air-
to-water ratios (A/W) of 1:1, 3:1, and 6:1. Results showed that PC-BAF was more efficient than CAC-
BAF in removing the above-mentioned substances. For example, at the A/W of 3:1, the PO,>” removal
was 77.71% with PC compared with 33.97% with CAC. Furthermore, TN removal was 45.70% with PC
and 15.64% with CAC. The properties of PC were also analyzed through scanning electron microscopy,
thermogravimetry, micro-computed tomography, and porosimetry. Given its well-developed porous
structures, PC can promote the growth of microbial communities, improve the permeable capacity
of microbial biofilm layers, and increase the removal efficiency of pollutants. Morphological analysis
of the microbial biofilm also revealed that several microorganisms were successfully loaded on the
surface of PC. These findings were further evaluated through polymerase chain reaction-denaturing
gradient gel electrophoresis and sequence analysis of 165 rRNA gene fragments. Flavobacterium sp.,
Sphaerotillus sp., and Nitrospira sp. were primarily detected in PC-BAF. These microorganisms promote
simultaneous nitrification and denitrification. Therefore, PC could be potentially used as a novel filter
medium in BAFs to remove nitrogen and phosphorus simultaneously.

Keywords: Palygorskite; Porous ceramsite; Micro-computed tomography; Simultaneous removal of
nitrogen and phosphorus; Microbial biofilm

1. Introduction
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With rapid agricultural development, the treatment, rec-
lamation, and utilization of agricultural wastes, which are
essential for environmental maintenance and human sur-
vival, have been extensively investigated. If improperly used,
agricultural wastes, such as sawdust, rice husk, and straw,
would likely harm human safety and health [1]. Hence,

* Corresponding author.

developing a novel and effective agricultural waste manage-
ment system is a critical environmental challenge. In agricul-
tural waste treatment, filter media are used as highly porous
materials containing rough surfaces, which contribute to the
creation of additional pores. This property improves micro-
bial biofilm growth. Through calcination, sawdust can pro-
duce large pores in filter media [2,3]. This study aimed to
develop a novel approach to solve problems related to agri-
cultural wastes.
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Palygorskite, a naturally abundant clay mineral, is
an excellent adsorbent employed in various conventional
applications because of its large specific area [4]. The appli-
cation of this clay mineral as an environmental adsorbent
has been extensively investigated. It can naturally and effi-
ciently adsorb colored components from vegetable oils and
metal cations from cationic dyes and wastewater [5]. The
adsorption capacity of palygorskite can be increased through
chemical and/or thermal treatments without the loss of other
physicochemical properties [6]. Xie et al. [7,8] reported that
calcinated palygorskite was used as an adsorbent to remove
phosphate from wastewater. Ye et al. [9] demonstrated that
modified and natural palygorskite was used to remove phos-
phate ions from wastewater. Furthermore, modified and
calcinated palygorskite can be used to remove phosphate
efficiently.

Biological aerated filters (BAFs) are aerobic bioreactors
that reduce energy consumption and maintain high organic
load; these bioreactors have been widely used in advanced
wastewater treatment [2]. Filter media are often used to
load microbial biofilms; these media are necessary to treat
wastewater during BAF operation. Dissolved oxygen (DO)
concentration also affects the performance of BAF. DO in
BAFs positively influences nitrification but negatively influ-
ences biological denitrification. DO can prevent denitrifi-
cation because of its function as an electron acceptor from
nitrate, and aerobic conditions inhibit denitrification-related
enzymes [1,2]. A high DO concentration is also necessary to
improve the activity of nitrifying bacteria in BAF; as a con-
sequence, denitrification is repressed by DO. Denitrification
is also suppressed by accumulated nitrite; thus, the quality
of effluent from BAF decreases. Moreover, DO and nitrite
are limiting factors of denitrification [1,2]. In China, com-
mercially available ceramsite (CAC) has been commonly
used as a filter medium in city wastewater treatment
plants. However, CAC is composed of untreated clay as a
raw material and exposed to high calcination temperatures
(>1,200°C), which may destroy the crystal structure of clay
[10,11]. As a result, CAC loses hydroxyl water; the micro-
structure of CAC collapses; and micropores are destroyed
[12]. These events cause main problems related to BAFs; for
instance, microbial biofilms are difficult to immobilize on
CAC. The bioactivity and contaminant removal efficiencies
of CAC-BAF are often low because the affinity of CAC to
microbial biofilms is very poor as a result of poor surface
biocompatibility and hydrophilicity [10,11]. Therefore,
appropriate filter media that can serve as alternatives to
CAC should be developed.

Novel filter media have been prepared for BAFs to
enhance the latter’s biodegradation capability [10,11]. For
example, F. Sun and W.L. Sun [13] demonstrated the simulta-
neous removal of beryllium and ammonia nitrogen (NH,-N)
from smelting wastewater by using BAF. Zhang et al. [14]
investigated the feasibility of an immobilized microbial bio-
film containing anaerobic filters and BAFs as a novel mate-
rial to treat 2,4,6-trinitrotoluene (TNT) red water. These filter
media can efficiently remove nitrogen, beryllium, and TNT.
However, the simultaneous removal of nitrogen and phos-
phorus (SNP) in BAF has been rarely reported [15].

Palygorskite porous ceramsite (PC) was developed in
our previous research by using palygorskite clay mixed

with sodium silicate and sawdust as filter media in BAF
[6]. The present study aims to: (1) analyze the appar-
ent properties of CAC and PC through scanning elec-
tron microscopy (SEM), porosimetry, thermogravimetry,
X-ray fluorescence, and micro-computed tomography
(micro-CT); (2) investigate the effects of air-water ratio
(A/W) on the removal of total organic carbon (TOC),
NH_-N, total nitrogen (TN), and phosphorus in CAC and
PC BAFs; and (3) evaluate the samples from CAC and
PC BAFs. The filter media were covered with a growing
microbial biomass collected from the top layer of the
biofilter (1,500 mm), the middle layer of the biofilter
(900 mm), and the bottom layer of the biofilter (300 mm).
The present study also aims (4) to evaluate the charac-
teristics of the microbial community in PC BAF through
polymerase chain reaction (PCR)-denaturing gradient
gel electrophoresis (PCR-DGGE).

2. Materials and methods
2.1. Materials

CAC, sawdust, sodium silicate, and palygorskite were
obtained from Ma’anshan city, Hefei city, and Mingguang,
Anhui Province, China.

2.2. Characterization and analytical methods

The multipoint Brunauer-Emmett-Teller surface area of
PC and CAC was measured using a Quantachrome Nova
3000e automated surface area analyzer. X-ray fluorescence
(XRF) chemical compositions of CAC and palygorskite were
measured on a Shimadzu XRF-1800 with Rh target radia-
tion. Elemental analysis (EA) of the sawdust was performed
using a VARIO ELIII analyzer (Elemental Analysis System
Co. Ltd., Germany). Surface morphologies were obtained
with a Philips XL30 environmental scanning electron
microscope at an accelerating voltage of 40 kV. The micro-
scopic observation for the morphology of microbial bio-
film was carried out using a U-RFL-T Olympus Biological
Microscope (Japan). The growth of microbial biofilm bio-
mass was determined according to the methods available
in literature [6,16-18]. The thermal behavior of compos-
ite particles was measured in accordance with a previous
study [19]. The physical characteristics of PC and CAC were
measured in accordance with the sandstone pore structure
method of image analysis [20]. The porosities of PC spec-
imens were determined using micro-CT (uCT 40; Scanco
Medical, Briittisellen, Switzerland). The PC specimens
were scanned in air at 70 kV and 57 pA, with an isotropic
voxel size of 12 um. A stack of 509 gray scale images was
obtained, and a region of interest, which matches the exact
circumference of the sample, was defined. A binary thresh-
old was applied to each image, and Scanco built-in recon-
struction algorithms were used to derive the porosity and to
construct the 3-dimensional (3D) image [21-23]. The micro-
bial populations in selected PC BAF were analyzed using
domain-specific F341 R907 and PCR amplification of 16S
rRNA gene fragments for genomic DNA from bacteria. The
specific measures for the implementation were determined
according to methods in literature [24,25].
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2.3. Analysis of wastewater quality and characteristics

The wastewater samples were collected from the outlet
and inlet pipes of CAC and PC BAFs. Chinese Environmental
Protection Agency (EPA) standard methods were used to ana-
lyze TOC, NH-N, TN, and phosphorus [26]. Each experiment
was divided into three stages. Ateach experimental test stage, the
operating conditions of CAC BAF and PC BAF were recorded
and summarized, as shown in Table 1. A stable hydraulic reten-
tion time of 7 h was used. The DO concentration was measured
with a portable digital DO meter (Oxi-315, China).

2.4. Chemical composition of raw materials

The chemical compositions measured by EA indicated
that the sawdust consisted of 46.09% C, 6.85% H, 35.09%
0O, 0.6% N, and 0.1% S, as well as small amounts of Cl, P, K,
and Si. The majority of palygorskite clay consisted of SiO,
(55.10%) and ALO, (9.60%), followed by FeO, (5.70%) and
MgO (10.70%). In addition to a few transition metal oxides
(such as TiO,, CaO, and MnO), a small amount of alkali-metal
and alkaline-earth metal oxides that involve Na,O and K,0
(1.01% in total) were present. SiO, and AL O, were the main
components of ceramsite, and they constituted the glassy
structure of ceramsite materials. The majority of CC con-
sisted of SiO, (60.24%) and ALO, (17.94%), followed by Fe O,
(13.16%) and minimal amounts of Cr,0,, MnO, CaO, MgO,
K,O, and Na,O.
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2.5. Preparation and sintering of PC

The preparation of PC includes the following steps
(Figs. S1 and S2):

® The mixture of palygorskite clay, sodium silicate, and
sawdust in the specified experimental mass ratio was
placed in a small coating machine, which produced
round granules with 7-13 mm diameter. The composite
particles were dried at 110°C in the furnace.

Table 1
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e The composite particles were placed in a muffle furnace
and heated at 700°C; afterward, the temperature was
maintained for 3 h in an O, atmosphere.

e The calcinated composite particles were cooled to room
temperature for 12 h. The synthesized composite particles
were stored in a vacuum desiccator for future analysis.

3. Results and discussion

3.1. Differential thermal analysis (DTA) and thermogravimetric
analysis

Fig. 1 shows the thermal analysis results of the compos-
ite particle (palygorskite/sodium silicate/sawdust). The DTA
curve displays four endothermic valleys and three exother-
mic peaks. According to the crystal structure and chemical
formula of palygorskite, four types of water exist: water

10
105}
346.93 °C
100} 45
0,

o5k 779.94°C 3
X 0 40 £
= 90l 651.37°C §71.97°C 3
o) =
= % =]

85} 4.5

DTA|
8.0F 2.823%
75F 110
0 200 400 600 800 1000
Temp (Cel)

Fig. 1. Differential thermal analysis and thermogravimetric
analysis patterns of composite particles.

Operating conditions and average rate removals for PC and CAC in BAFs at different A/W

Sample Operating conditions Water quality indexes?

pH T (°C) A/W TOC NH-N PO
Stage one 6.7 (£0.5) 27°C-30°C 1:1 25.81-26.22 9.63-10.31 0.51-0.58
Stage two 6.6 (£0.5) 28°C-30°C 3:1 25.56-26.47 9.15-10.31 0.45-0.51
Stage three 7.1 (£0.5) 23°C-30°C 6:1 24.45-25.76 9.47-10.04 0.45-0.51
Average rate removals® for PC and CAC in BAF at different A/W
A/W 1:1 3:1 6:1 1:1 3:1 6:1
Material

TOC (%) NH,-N (%)
PC 18.07 52.87 74.40 17.64 76.10 86.15
CAC 16.70 35.06 50.77 15.33 52.27 79.81

TN (%) PO, (%)
PC 17.44 45.70 28.57 72.33 77.71 75.49
CAC 8.09 15.64 14.95 34.21 33.97 32.55

‘TOC, NH,-N, and PO 43’ values are given as influent concentrations in mg/L.

All values are given as average removal rates in %.
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adsorbed on the outer surface, water adsorbed in tunnels,
water contained in the crystal structure, and structural water
molecules coordinated with Mg(Il) cations at the edge of
octahedral sheets [8,27]. The first endothermic valley is found
at 95.29°C. It represents the removal of the water adsorbed
on the outer surface and in channels. This valley has a weight
loss of 6.831%. The second endothermic valley is detected
at 221.41°C. It represents the crystal water-absorbing effect
produced by extrusion. This small and narrow endothermic
valley exhibits 2.026% water loss. The third endothermic val-
ley at 504.12°C is wide. It corresponds to the crystal degra-
dation under thermal effects. This valley has 8.084% water
loss. The fourth endothermic valley is located at 651.37°C.
It corresponds to the degradation of the crystal structure.
The amount of dehydration is 2.823%. The exothermic peaks
detected at 779.94°C and 871.97°C are attributed to silicate
hydrates, which are gradually dehydrated over a wide tem-
perature range of up to 1,000°C [28]. The exothermic peak
at 346.93°C indicates the release of CO, with 7.313% weight
loss. This loss, which is caused by dehydration, is attributed
to the decomposition of carbon materials: C + O, - CO, [19].
The eutectic point of the composite particle can be reduced
by the reaction of sodium silicate and CO, (Na,0-nSiO,xH,0O
+ CO, > Na,CO, + nSiO, + xH,0T) and by the dispersion
of alkali metal oxide (such as Na,0O) originating from the
decomposition of Na,CO, (Na,CO, - Na,0 + COZT) in the
heating process [28].

3(C,H,,0,) »8H,0 + C,H,0+2CO T

1
+2CO, T+CH, T+H, T+7C W

3.2. Micro-CT-based pore characterization of PC

The structural and porosity features of PC are analyzed
and imaged with micro-CT. Micro-CT is used extensively
to study porous materials, such as rocks or bones, and the
applications of this technique in different areas are increas-
ing [29-31]. Its popularity can be attributed to its ability to
provide precise quantitative and qualitative information
on the 3D morphology of porous materials. The interior
of porous materials can be studied in great detail without
resorting to physical sectioning [29-31]. Fig. 2(A) shows the
3D micro-CT reconstruction of PC. Fig. 2(A) also shows that
PC has a rough surface, which is suitable for microbial bio-
film growth. Sawdust, which is required to make the PC
porous and rough, can produce tiny apertures inside the
PC after being sintered [1,6]. Figs. 2(B)—(D) show the cross-
sections of PC. These figures show that the pores are large,
with diameters of approximately 500-1,000 um (yellow
arrows). The micro-CT analysis of PC shows a porosity of
25.25% with many unevenly distributed pores that is suit-
able for the growth of attached microorganisms. Porosity is
an important factor to ensure successful simultaneous nitri-
fication and denitrification (SND) in a given PC BAF pro-
cess. The uneven distribution of DO and nutrient substances
inside the pores of PC allows the simultaneous proliferation
of nitrifying and denitrifying bacteria [1,6]. Thus, the struc-
ture of PC, including the dimension and morphology of the
pores, is critical to allow nutrition and oxygen conduction

Fig. 2. Micro-CT of PC: (A) 3-dimensional reconstruction of PC;
(B) horizontal cross-section of PC; (C) vertical cross-section of
PC; and (D) 20 slices (0.72 mm) cross-section of PC.

and microbial biofilm growth into the pores. The microbial
biofilm loaded into the pores of PC can maintain a high bio-
film biomass concentration [1,6]. Micro-CT analysis shows
that PC has spherical pores, which are interconnected with
one another by window-like openings (Fig. 2). These inter-
connected spherical pores result in a large surface area; they
also tend to result in a high biofilm biomass, thereby induc-
ing high bioactivity [1,17].

3.3. Casting of thin sections of PC

BAFs, as a fixed microbial biofilm wastewater treatment
process, generally promote an effective and SND process to
remove nitrogen; this phenomenon is possible because the
established oxygen gradient across the microbial biomass
tends to induce SND that naturally occurs inside micro-
bial biofilms [1,17]. Fig. 3 shows that the microbial biofilm
loaded on the PC surface is a highly hydrophilic substance
during the BAF operation [1,17]. Microbial biofilms can reach
deep into the interior pores of PC (Figs. 3(A) and (B)), and
microbial biofilms can be immobilized on the PC surface.
Wastewater flow can be divided into three layers: aqueous
adhesion layer, aerobic layer, and anoxic layer (Fig. 3(B)).
Microbial biofilm contributes to the creation of these layers
and favorite conditions for SND [1,17].

In a previous report, stained epoxy resin is used to
impregnate the pore space of rock samples; this method
effectively introduces pore spaces to rock samples. Although
this method can be highly efficient in pore formation, few
researchers use this method in porous filter media [32]. In
this work, PC is prepared from palygorskite, sodium sil-
icate, and sawdust. Stained epoxy resin is used to gener-
ate quantitative size and shape data from pores in the thin
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Fig. 3. Internal model and the porosity of PC: (A) models of the
internal pores of PC; (B) filled of PC; (C) micrographs of PC after
calcination (gray, PC); and (D) filled PC (dark blue, open pores).

section [32] and to obtain direct evidence supporting that
microbial biofilm can be transferred via the PC structure.
Fig. 3(C) reveals the intergranular pore textures in the thin
section; the creamy white sections denote the molded PC,
whereas the gray sections represent the intergranular pores
of PC. This difference demonstrates that PC is characterized
by alarge volume of internal porosity accommodating guest
microbial biofilm. The sizes of the interconnected pores and
open pores are approximately 100-1,000 um (Figs. 3(C) and
(D)). The majority of bacteria are <0.5 um in diameter; thus,
the maximum amount of microbial biofilms can achieve
sustained population growth in open pores. Impregnated
with blue-dyed epoxy, the fully interconnected pores with
500 um diameter can be determined from the white section.
The results indicate that microbial biofilms can grow in
the pores of PC and can participate for several processes.
Microbial biofilm is first formed when some cells or bac-
teria are immobilized on the PC surface. After adhering
to the substratum for some time, the cells or bacteria may
consume nutrients and may begin to reproduce, grow, and
produce extracellular polymers. Microbial biofilms rapidly
develop in BAFs with adequate nutrients. Microbial bio-
films can transform and degrade nitrogen, phosphorus, and
organic compounds in wastewater. Furthermore, biofilms
can be beneficial or detrimental depending on their location
and biotransformation [17].

3.4. Comparison of the influence of A/W on TOC, TN, NH,'-N,
and PO " removal using PC and CAC BAFs

In this work, the characteristics of BAFs with A/W of 1:1,
3:1, and 6:1 are determined. The influences of A/W on TOC
and NH,~N removal are shown in Fig. 4 and Table 1. A/W
is closely related to the removal of TOC and NH,*-N when

the A/W increases from 1:1 to 6:1. This increase favors the
biodegradation in PC and CAC BAFs. In addition, a suitable
DO concentration favors the growth of nitrifying bacteria to
enhance nitrification. This trend is attributed to the increase
in TOC and NH,*-N removal as the A/W increases from 1:1
to 6:1. In addition, a suitable A/W can effectively remove the
aged biomass growing on the PC and CAC surfaces; conse-
quently, the proliferation of denitrifying and nitrifying bacte-
ria increases to achieve highly effective SND activity [33,34].
Nitrifying bacteria grow in the inner layer of the microbial
biofilm. DO is mainly consumed by heterotrophic bacteria in
the outer layer of the microbial biofilm with low A/W (1:1) that
restricts the growth of nitrifying bacteria [33-35]. As the A/W
increases, the increase in DO in the upper space of the reactor
promotes the growth of nitrifying bacteria in the upper layer
of BAF; as a result, NH,*-N accumulation decreases, and the
NH,—N removal rate increases. The concentrations of TOC
and NH,*-N are higher in the effluent from PC BAF than in
the effluent from CAC BAF. This difference can be attributed
to the internal and surface pore structures of the PC. These
structures are relatively well developed and uniform; conse-
quently, the water-soluble organic substances, nutrients, and
small suspended particles can reach deep in the pores of the
PC. The available space for microbial biofilm growth, which
is affected by the mass transfer rate of DO, and the dispersion
of biofilm biomass are also improved by the extended ability
of soluble pollutants to reach the pores in the PC; thus, the
application of the filter layer increases the effectiveness of
biofiltration [17].

The TN removal efficiencies initially improve but subse-
quently decrease as the DO concentrations increase (A/W),
as shown in Fig. 4. The results imply that TN removal is
remarkably affected by the DO concentrations in the two
BAFs because oxygen respiration produces more energy
than denitrification. As a consequence, a bacterial cell grow-
ing under aerobic conditions prefers to use oxygen as a
terminal electron acceptor [36,37]. In addition to this com-
petitive effect, oxygen controls denitrification in two levels:
the regulation of gene expression and the reversible inhi-
bition of denitrification enzyme activity [36,37]. The DO in
the wastewater increases as the A/W is enhanced; thus, the
degradation of organic substances is promoted by aerobic
heterotrophic bacteria [36,37].

In PO removal, the removal rates at different A/W
values are listed and shown in Table 1 and Fig. 4; PC BAF
displays a higher PO,* removal than CAC BAF. In our pre-
vious reports, the highest phosphate removal capacity of pal-
ygorskite is achieved after calcination at 700°C. This trend is
explained by the coordination of Al in palygorskite, which
is transformed from six coordinates to four coordinates after
calcination is completed. Moreover, the structure is trans-
formed from crystalline to amorphous. The adsorbent yields
the maximum adsorption capacity, and the coordination
change in Al is closely related to the increased phosphate
adsorption. Si-OH and Al-OH on the palygorskite surface
are considered active sorption sites. The changes in Al coor-
dination may alter the bond length and Al-O angle and may
improve the binding activity between the AI-OH group and
phosphate in wastewater [4,6-9]. Dolomite is present in pal-
ygorskite clay; naturally occurring dolomite (CaMg(CO,),) is
a double salt of calcium and magnesium carbonate. Dolomite
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Fig. 4. Changes in the influent and effluent concentrations and removal efficiency of TOC, NH,-N, TN, and PO 43’ over time.

decomposes into CaO and MgO with increasing calcina-
tion temperature to 700°C. Therefore, phosphate should be
adsorbed by Ca and Mg in natural and activated palygor-
skite [4,6-9]. As shown in the supplementary material (sec-
tion 1.3), palygorskite is composed of Si, Mg, Al, and a small
amount of Fe. CAC is mainly composed of 60.24% SiO, and
0.41% CaO. The CAC is high in SiO,, but SiO, exhibits low
PO, retention efficiency [38].

3.5. Microbial biofilm morphology by SEM

The surface morphologies of PC and CAC are observed
with an SEM. Fig. 5(A) shows that the microbial biofilm is
directly attached to the PC surface, and the microbial biofilm
is apparently spread on the PC surface as indicated by the
connections of extracellular secretions [17]. The microbial
biofilm is relatively thick with aggregates. The good struc-
ture of the microbial biofilm can be maintained over time.
The microstructure in Fig. 5(B) suggests that a large amount
of microorganisms are immobilized on the outer and inner
surfaces of the pores in the PC. PC is porous, and the size
range, which facilitates the development of several microbial
species, permits the efficient transfer of gas and liquids to the
microorganisms via the pore canals. Figs. 5(C) and (D) show
that the attached microbial biofilm is morphologically similar
to the bacilli observed on the surface. Certain types of cocci

can be observed to be the dominant microbes in the biomass
(Figs. 5(E), (I), and (J)). In Fig. 5(H), the micrograph of PC
clearly shows that some pores and coarse regions are irregu-
larly distributed on the surface; these features are caused by
the release of the accumulated gases that can be generated
by the decomposition of sawdust matter in the composite
particles during the sintering process [6,17]. Fig. 5(F) clearly
shows that some pores with diameters of 6-10 um are irreg-
ularly distributed on the smooth surface of the CAC. The
microstructure in Fig. 5(G) suggests that a few microorgan-
isms are immobilized onto the pore surfaces in CAC.

3.6. Two BAFs with different packing heights of biofilm biomass
and microscopy of biofilm growth

The microbial biofilm morphology and biofilm biomass
of two BAFs at different biological filler heights can be
observed in Fig. 6 and summarized in Table 2. The biofilm
biomass content quickly decreased when the media height
was 0-1,500 cm in CAC-BAF and PC-BAF (Fig. 6(I)). The
main reason for this trend is that the DO concentration at the
bottom of the two BAFs was high and that the organic matter
was abundant, thereby providing conducive conditions for
the heterotrophic bacteria to grow in an optimum biomass
concentration. Therefore, the biofilm thickness was high
[33]. As shown in Figs. 6(II)(A) and (B), the microorganisms
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Fig. 5. SEM micrographs of the external surfaces of the PC and
CAC after microbial loading. Microbial loaded on external sur-
face of PC (A-E, I, J) and CAC (G). Raw external surface of (F)
CAC and (H) PC.

immobilized on PC in the BAFs included numerous glob-
ular microorganisms. Consequently, the biofilm biomass
was greater at the 0-300 cm media height in the two BAFs.
However, the DO concentration decreased with increasing
media heights of the two BAFs, and the biomass concentra-
tion was also affected. Thus, the microbial biofilm became
thinner, and the biofilm biomass lowered in the upper
300-900 cm of the filter media in the two BAFs. Numerous
microorganisms continued growing in the system (Figs. 6(II)
(C) and (D)). A large number of bacilli were immobilized on
the surface of PC-BAF; these microorganisms may play a key
role in the reduction of TN and other organic compounds
in city wastewater. The biofilm biomass was lower in the
upper 900-1,500 cm of the media in the two BAFs. Figs. 6(II)
(E) and (F) show the abundance of microorganisms, such as
Cyanobacteria, which are members of Cyanophyta. Cyanophyta
is a phylum of bacteria that obtain energy through photosyn-
thesis. The name “Cyanobacteria” originates from the color
of the bacteria, which are often called blue-green algae [39].

3.7. Bacterial community analysis

PCR-DGGE is a well-known technology for biodiversity
assessment in wastewater treatment [14]. In this study, PCR-
DGGE is used to identify the bacterial community structure
in PC BAF. The DGGE profiles of the amplified 16S rRNA

Microbial Biofilm

Wastewater Flow sy
A
SR
SN O\ I
300 mm 900 mm 1500 mm

Fig. 6. PC BAF microbial biofilm morphology at different filler
heights: (A) and (B) at the bottom (300 mm); (C) (D) in the middle
(900 mm); and (E)—(G) on the top (1,500 mm).

Table 2
Microbial biofilm morphology and biofilm biomass in two BAFs
at different biological filler heights

Microbial biofilm morphology

Sample height (mm) PC BAF Characteristics

0-300 Deep brown; obvious fishy odor
600-900 Light brown; no fishy odor
900-1,500 Dust-colored; obvious aroma
Biofilm biomass

Media height, i (mm) 300 900 1,500
Material®

PC 29.59 6.26 471
CAC 9.45 431 1.22

“Biofilm biomass values are given as concentrations in mg TN/g.

fragments from the PC samples are shown in Fig. 7. Each
of the distinguishable bands in the separation pattern rep-
resents an individual bacterial species [14]. Fig. 7 shows that
certain bands (i.e., NO1, NO2, NO3, NO4, NO5, NO6, NO7,
NOS8, and NO9) are simultaneously found in Lanes 1, 2, and
3, thereby demonstrating the presence of several dominant
bacterial groups for the treatment of city wastewater. The
bands are excised from the gel, sequenced, and compared
with those in the GenBank database to identify the dom-
inant species in the bacterial community. The phylogenetic
tree for the partial bacterial 165 rRNA sequences is presented
in Fig. 8. Sequence NO?2 is similar to Flavobacterium sp. 165
rRNA (JN679209.1). Sequence NO4 is similar to Oscillatoriales
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cyanobacterium 165 rRNA (GQ324967.1). In addition,
sequence NO5 is most closely related to Sphaerotillus sp. 16S
rRNA (JQ945995.1). Sequence NO9 is similar to Nitrospira sp.
16S rRNA (LC055988.1). Nitrospira sp. can live in marine or
nonmarine habitats. This genus is isolated from ocean water,
freshwater, aquarium water, deltaic sediment, deep-sea

Line 1 Line 2 Line 3

NO1

NO3

NO5
NO§

NOT

NOg8

Fig. 7. DGGE profiles of bacteria and archaea 16S rRNA genes
from the PC BAF.
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sediments, soils, and an iron pipe of a heating system [40].
Nitrospira sp. is part of a nitrification process that is import-
ant in the biogeochemical nitrogen cycle; nitrification
involves the oxidation of ammonia to nitrite by the autotro-
phic bacteria of the genus Nitrosomonas and the oxidation of
nitrite to nitrate by the bacteria of the genus Nitrospira [40].
Sphaerotilus natans is an aquatic periphyton organism associ-
ated with polluted water. This species forms colonies that are
commonly known as sewage fungus. These colonies are later
identified as tightly sheathed filamentous bacteria. S. natans
requires dissolved simple sugars or organic acids as its food
supply, but it needs less phosphorus than the majority of
other competing organisms; it can also tolerate low oxygen
concentrations [41]. O. cyanobacterium belongs to the cyano-
bacterial genus Limnothrix Meffert, which is classified to the
order Oscillatoriales of the family Pseudanabaenaceae and
the subfamily Pseudanabaenoideae under the current botan-
ical taxonomic system [39]. Flavobacterium sp. is found in
soil and fresh water in various environments. This genus of
gram-negative rod-shaped bacteria, which can be nonmotile
or motile, consists of 130 recognized species. Flavobacterium
sp. is capable of denitrification as a heterotroph or an auto-
troph; the genus includes facultative aerobic organisms with
the ability to use oxygen as well as nitrate or nitrite; some
species can also undergo fermentation in the absence of
nitrate or oxygen [42-44].

4. Conclusions

* SEM, micro-CT, and porosimetry results suggest that the
uniform and interconnected pores in PC are suitable for
microbial growth. This conclusion is confirmed by the
higher biofilm biomass obtained from the PC BAF than

that from the CAC BAF after wastewater treatment is

o— GQ106653. 1NO1 96 Uncultured bacterium

NOo1

99
JX2T1958. IN06 99 Uncultured badterium
81 100 L N06
0 |LC055988.1 NO9 100 Nitrospira sp.
100 | NO9
[ GQ324967. IN0499 Oscifatonales cyanobactenum
100 100 L_ xos
100 — NS91929. INO 7 98 Uncultured bacterium
I: Nor
o 100 | Q245995 INO3 99 Sphaerotius sp.
JF922503. INO8 99 Uncultured bacteriuwm
NO3
™y — JN398135 1NO3 99 Uncultured bacterum
97 _|——JWW 1NO296 Flavobactenwn sp.
2 NO2
|
0.02

Fig. 8. Neighbor-joining tree showing the phylogenetic identity of the 165 rRNA of DGGE sequences obtained from DGGE bands.
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completed under various A/W values of 1:1, 3:1, and 6:1.
The results show that the efficiency of PC BAF is higher
than that of CAC BAF in terms of TOC, TN, NH.-N, and
phosphorus removal. Therefore, PC is a novel and viable
material to treat wastewater and to provide a promising
use of sawdust waste material.

The microbial biofilm pattern, color, and thickness of the
BAFs gradually changed with wastewater flow. However,
the microbial biofilm density was not evenly distributed
vertically upward, and the portions near the PC surface
exhibited a greater porosity than the other portions. The
biofilm biomass decreased gradually with wastewater
flow in the two BAFs. The composition of the microor-
ganism population varied. The substances in the bottom
layer were largely utilized. The dominant microbial pop-
ulation with different metabolism types may form along
the wastewater flow. In addition, the optimum bacteria
for the removal of city wastewater may be generated, as
identified through PCR-DGGE. The combined species
of nitrifying and denitrifying bacteria contribute sig-
nificantly to the action of PC-BAF for city wastewater
treatment.
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Supplementary material

1. Reactor description

Two laboratory-scale biofilter columns were constructed
from polyvinylchloride pipes, as shown in Fig. S3, The pipes
were 6 cm in diameter with a depth capable of approximately
150 cm of commercially available ceramsite (CAC) and
porous ceramsite (PC). Of the two biological aerated filters
(BAFs), one was packed with PC, and the other was com-
posed of CAC. Horizontal sampling ports were installed at
three depths (300, 900, and 1500 mm from the upper surface
of the carriers) to allow the collection of samples for water
quality analysis.
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Fig. S1. Schematic of PC preparation: (A) drying, pulverizing,
sieving, mixing, and pelleting; (B) sintering at 700°C 180 min;
and (C) cooling down.

Fig. 52. Comparison of CAC and PC. Micrographs of: (A) CAC
and (B) PC.
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Fig. S3. Schematic of the BAF system: (A) CAC BAF; (B) PC
BAF; (C) air blower; (D) water pump; (E) wastewater tank; and
(F) effluent pipe.

Table S1
Regulatory levels of ceramics in PC and CAC

[tem PC experimental CAC experimental
levels levels

Grain diameter, d (mm) 5-8 4-6

Silt carrying capacity, 0.27 <1

C. (%)

Solubility in hydrochloric 0.434 <1.5

acid, C, (%)

Void fraction, 69 >42

v (%)

Specific surface area, S, 6.1 x 10° >2 = 10

(cm?/g)

Piled density, p, 0.53 <1.0

(g/cm’)

Apparent density, p,, 171 14-18

(g/cm’)

Compression strength, N 50-58 >87

Porosity, 25.25 3.46

P (%)




