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ABSTRACT

Novel filter Palygorskite porous ceramsite (PC) was prepared using Palygorskite clay, pore-
forming material sawdust, and sodium silicate with a mass ratio of 10:2:1 after sintering at
700˚C for 180 min. PC was characterized with X-ray diffraction, X-ray fluorescence, scanning
electron microscopy, elemental, and porosimetry. PC had a total porosity of 67% and spe-
cific surface area of 61 m2/g. In order to assess the usefulness of PC as a medium for bio-
logical aerated filters (BAF), PC and (commercially available ceramsite) CAC were used to
treat wastewater city in two laboratory-scale upflow BAFs. The results showed that the reac-
tor containing PC was more efficient than the reactor containing CAC in terms of total
organic carbon (TOC), ammonia nitrogen (NH3-N), and the removal of total nitrogen (TN)
and phosphorus (P). This system was found to be more efficient at water temperatures
ranging from 20 to 26˚C, an air–water (A/W) ratio of 3:1, dissolved oxygen concentra-
tion >4.00 mg/L, and hydraulic retention time (HRT) ranging from 0.5 to 7 h. The intercon-
nected porous structure produced for PC was suitable for microbial growth, and primarily
protozoan and metazoan organisms were found in the biofilm. Microorganism growth also
showed that, under the same submerged culture conditions, the biological mass in PC was
significantly higher than in CAC (34.1 and 2.2 mg TN/g, respectively). In this way, PC
media can be considered suitable for the use as a medium in novel biological aerated filters
for the simultaneous removal of nitrogen and phosphorus.

Keywords: Palygorskite porous ceramsite; Simultaneous nitrification and denitrification;
Simultaneous removal of nitrogen and phosphorus; Biofilm

1. Introduction

The accumulation of nutrients in surface waters,
especially nitrogen and phosphorus, can lead to the
deterioration of water quality, such as the formation
of algal bloom, which can in turn cause blooms of

aquatic plants and depletion of dissolved oxygen from
eutrophication [1,2]. Phosphorus is an important nutri-
ent. It is a nonrenewable resource and contributes to
eutrophication. Phosphorus removal from wastewater
has been widely studied during the past decades [3].
There is a need to develop wastewater treatment
processes that allow the reuse of phosphorus. In order
to control the nutrient enrichment in watersheds,*Corresponding author.
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various types of operational systems have been tested
by wastewater treatment plants. These methods focus
on the simultaneous removal of nitrogen and phos-
phorus from municipal wastewater [4,5].

A biological aerated filter (BAF) is a flexible biore-
actor that provides a small-footprint option for the
processing of wastewater at various stages [6–10].
Media selection is critical to the design and operation
of BAFs that meet effluent quality requirements [11–
14]. The selection of granular media plays an impor-
tant role in the maintenance of large amounts of active
biomass and diverse microbial populations. So far, the
most frequently studied BAF support media have
been clay-, schist-, and plastic-based varieties such as
polyethylene and polystyrene [15,16]. However, the
bioactivity and contaminant removal efficiencies of
BAF are usually low because most medium materials
have poor affinity for biofilm growth and low surface
hydrophilicity and biocompatibility. Several new med-
ium materials have been developed for the use in BAF
systems to enhance their biodegradation capability
[17,18]. For example, Liu et al. investigated the perfor-
mance of the BAF in an oyster shell and a plastic ball
as a carrier media [19]. They reported that the average
removal rates of COD and ammonia increased up to
over 80% and 94%, respectively, when (hydraulic
retention time) HRT exceeded 4 h. Han et al. investi-
gated the performance of a BAF with fly ash ceramic
particles and commercial ceramic particles (CCP) [20].
They reported that SFCP reactor was more effective
than the CCP reactor in terms of total nitrogen (TN)
removal at the optimum C/N ratio of 4.03 when volu-
metric loading rates (VLRs) ranged from 0.33 to
3.69 kg TN (m3/d). Both materials achieved good
results for nitrogen removal but did not focus on
phosphorus removal. There is a need to investigate
the simultaneous removal of both nutrients.

In chemical treatment, a divalent or trivalent metal
salt is added to wastewater. This causes precipitation
of an insoluble metal phosphate, which settles out by
sedimentation. The salts most commonly used in the
presence of chlorides and sulfates are iron and alumi-
num. Lime is also used because of the formation of
calcium phosphate. However, those methods generally
produce a large amount of excess sludge with a high
water content. This sludge is hard to dispose of and
causes secondary contamination [21,22].

Palygorskite is an aluminum-magnesium silicate
with a fibrous morphology. Its structure was first
reported by Bradlely [23]. Its physicochemical charac-
teristics make it an attractive adsorbent. Recently, its
use as an environmental adsorbent has gained atten-
tion. Its adsorption capacity can be increased by modi-
fying its texture by means of chemical or thermal

treatments. This does not cause the loss of any other
physicochemical property [24–26]. However, there
have been few studies on the removal of phosphate
ions from water using Palygorskite.

In this study, Palygorskite was selected as one of
the raw materials for the synthesis of a novel particle-
Palygorskite porous ceramsite (PC) filter medium for
the simultaneous removal of nitrogen and phosphorus
filter media. Sawdust is a by-product of timber pro-
cessing and extraction. In China, the annual produc-
tion of has reached nearly 180 million tons and is
increasing at an annual rate of 6-8%. The generation of
sawdust has resulted in considerable accumulation in
many places throughout China. The management of
sawdust waste places a heavy economic burden on
industry [27,28]. Finding a use for waste sawdust
would have a considerable impact. Lu et al. have
reported that, at high sintering temperatures, the lig-
nin and cellulose in sawdust can be converted into a
porous, carbonaceous material that can be used as a
cellular material [29]. To the best of our knowledge,
only a few studies have been conducted on the use of
sawdust as a porous material. The fact that some
waste materials, such as ceramsite and polyethylene
plastic, have been successfully used as filter media for
BAFs suggests a new approach to the reuse of saw-
dust [30].

In this study, Palygorskite, sawdust, and sodium
silicate were used as the main materials for the fabrica-
tion of a novel of PC for the simultaneous removal of
nitrogen and phosphorus. These particles were used as
biofilm supports in a BAF, and their effectiveness in
wastewater treatment was compared to that of com-
mercially available ceramsite (CAC). The optimal prep-
aration conditions of PC were determined through
orthogonal testing. The objective of this paper was to
investigate the effect of hydraulic retention time (HRT)
on the removal of total organic carbon (TOC), ammo-
nia nitrogen (NH3-N), total nitrogen (TN), and phos-
phorus (P) in the two BAF systems. The apparent
properties of PC and CAC, and the microbial charac-
teristics of the two systems were analyzed using vari-
ous characterization and analytical techniques. The
feasibility of using PC as filter medium is discussed
according to the experimental results.

2. Materials and methods

2.1. Materials

Raw Palygorskite was obtained from Crown Hill,
Mingguang City, Anhui Province, China. Sawdust was
obtained from Hefei City, Anhui Province, China.
Commercially available ceramsite was obtained from
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Ma’anshan City, Anhui Province, China. Sodium sili-
cate (solid content 70%) was obtained from Hefei
Chemical Reagent Corporation (China).

Palygorskite clay was the main component of the
PC tested. Sodium silicate and sawdust were used as
additives and mixed with Palygorskite clay to make
the new type filter media.

Five factors were considered in the PC preparation:
Palygorskite clay dosage, ratio of sodium silicate
added, ratio of sawdust added, calcination tempera-
ture, and calcination time.

The ratio of sodium silicate added and sawdust
added both depended on the Palygorskite clay dosage.
Orthogonal tests were used to analyze the influence of
the five factors on the properties of PC. The experi-
mental conditions for the preparation of PC are shown
in Tables 1 and 2.

An orthogonal L94
3 test was used for optimiza-

tion of the particle preparation conditions. The eval-
uation index was analyzed statistically. The
orthogonal test designs are listed in Table 1. Because
we could not select the best preparation conditions
based only on the outcomes in Table 2(a) further
orthogonal analysis was warranted. The Kmn and Rn

values were calculated and are listed in Table 2.
The influence on the comprehensive index of PC
was in the following order, from the greatest to the
least: ratio of sodium silicate added > ratio of saw-
dust added > calcination temperature > calcination
time. The Palygorskite clay was found to be the
most important determinant of effectiveness. The
optimal preparation conditions of Palygorskite were
100 g of sodium silicate added in an amount of 10
wt%, sawdust added in an amount of 20wt%, a cal-
cination temperature of 700˚C and a calcination time
of 3 h. This formula met the Chinese national stan-
dards for PC and CAC (Table 3) [31]. Images of as-
synthesized PC (left) and calcined (right) PC photo-
graphs are shown in Fig. 2.

2.2. Applicability of PC in a BAF relative to that of CAC

2.2.1. Reactor design and start-up of BAFs

Two laboratory-scale biofilter columns were con-
structed from polyvinylchloride pipes that were 6 cm
in diameter with a depth capable of holding 150 cm of
carrier. The setups are shown in Fig. 1. Air was intro-
duced into the reactor with an air diffuser and the air
flow rate was monitored with an air flow meter.
Under optimum conditions, the air flow rate was set
at 2.0 L/min. The interior walls of the columns were
coated with glass cement to prevent edge effects
resulting from preferential flow paths down the sides
of the column. The influent wastewater (including
municipal wastewater) was evenly filled into a net-
work of distribution holes at the bottom of the biofilter
column. The treated effluent was collected through
pipes at the top of the column.

There were two BAFs, of which one was packed
with PC and the other with CAC. The raw wastewater
was pumped into the two BAFs with peristaltic pumps
and flowed upward through the filter media layer.

2.2.2. Operating conditions

Each test was divided into four stages. During
each test stage, the operating conditions of two BAFs
were identical. They are summarized in Table 4. The
air–water ratio was (A/W):3:1 (DO > 4.00 mg/L).

Table 1
Factors and levels of the design of orthogonal experiments

A B C D E

1 10 20 500 1
2 11 30 600 2
3 12 40 700 3

Notes: The proportion of sodium silicate and sawdust is

accounted for in the relative palygorskite content.(A) Level; (B)

amount of sodium silicate (wt%Pg); (C) amount of sawdust (wt%

Pg); (D) calcination temperature (˚C); (E) Calcination time (h).

Table 2
Results of orthogonal experiments

A B C D E F

1 1 1 1 1 57.40
2 1 2 2 2 52.58
3 1 3 3 3 59.46
4 2 1 2 3 48.32
5 2 2 3 1 28.72
6 2 3 1 2 33.40
7 3 1 3 2 54.00
8 3 2 1 3 46.12
9 3 3 2 1 23.00
K1 56.48 53.24 45.64 36.37 –
K2 36.81 42.47 41.30 46.66 –
K3 41.4 38.62 47.39 51.30 –
R 19.67 14.62 6.09 14.39 –

Notes: Ki here refers to levels of compression strength and R is

the difference between the largest average effect and minimum

average effect for every factor. A) Orthogonal experiment ID num-

ber; B) sodium silicate (wt%Pg); C) sawdust (wt% Pg); D) calcina-

tion temperature (˚C); E) calcination time (h); F) compression

strength (N).
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2.2.3. Characterization methods

The multipoint BET (Brunauer, Emmett and
Teller) surface area of PC was measured using a
Quantachrome Nova 3000e automated surface area
analyzer. X-ray fluorescence (XRF) chemical composi-
tion was measured on a Shimadzu XRF-1800 with
Rh radiation. X-ray diffraction was performed using
a Rigaku powder diffractometer with Cu Kα radia-
tion. 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−1. Phase identification (Search-Match) was car-
ried out by comparison with those included in the
Joint Committee of Powder Diffraction Standards
(JCPDS) database.

Elemental analyses of the sample were carried out
using a VARIO ELIII analyzer (Elemental Analysis
System Co. Ltd, Germany). Compressive strength
analyses of the sample were carried out using a KC-2a
Analyzer (China).

Table 3
Regulatory levels of ceramics in PC and CAC and corresponding Chinese National Standards

Item Chinese National Standard PC experimental levels CAC experimental levels

Grain diameter (d, mm) 0.5–9.0 5–8 4–6
Silt carrying capacity (Cs, %) ≤ 1 0.27 ≤ 1
Solubility in hydrochloric acid (Cha, %) ≤ 2 0.434 ≤ 1.5
Void fraction (υ, %) ≥ 40 71.48 > 42
Specific surface area (Sw, cm

2/g) ≥ 0.5×104 6.1×105 ≥ 2×104

Piled density (ρp, g/cm
3) – 0.53 ≤ 1.0

Apparent density (ρap, g/cm
3) – 1.71 1.4–1.8

Compression strength (N) – 50–58 ≥ 87
Porosity (P, %) – 67 –

Fig. 1. Schematic diagram of the BAF system. (A) CAC BAF; (B) PC BAF; (C) air blower; (D) water pump; (E) wastewater
tank; (F)effluent pipe.
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The growth of biofilm was determined according
methods available in the literature [32–34]. The physi-
cal characteristics of the PC samples were measured
in accordance with the sandstone pore structure
method of image analysis [35].

2.2.4. Wastewater characteristics and analysis of water
quality

Water samples were collected from the inlet and
outlet pipes of the BAF. All the samples were stored
at 0˚C for less than 24 h before the water quality was
measured. Chinese EPA standard methods were used
for chemical determinations [36]. The potassium
dichromate method was used to measure total organic
carbon (TOC). A colorimetric method was used for
ammonia nitrogen (NH3-N), total nitrogen (TN), nitrite
(NO2-N), and nitrate (NO3-N) analysis. The dissolved
oxygen (DO) concentration was measured with a por-
table digital DO meter (Oxi-315, China). All chemical
reagents were of analytical grade and purchased from
the Hefei Chemical Reagent Corporation (China).

2.2.5. Analysis of microbial diversity

PC and CAC samples were individually taken
from the biofilters and treated with glutaraldehyde 3%

solution buffered with 0.1 M sodium phosphate to fix
the cells. This was followed by dehydration in ethanol
using a critical point dryer mounted on aluminum
stubs using double-sided tape and then sputter-coat-
ing with Au [37,38]. Micrographs were also obtained
using a Philips XL30 environmental scanning electron
microscope (ESEM) at an accelerating voltage of
40 kV. Biofilm communities in the biofilter systems
were determined by removing the PC and CAC at a
determined depth (75 cm from the top surface of the
PC and CAC) and then diluting these samples with
0.45 μm filtered water to a final volume of 20 mL.
Twenty-five microliter doses of these solutions were
placed on slide glass. The microscopic observation of
protozoan and metazoan population development was
carried out using a U-RFL-T Olympus Biological
Microscope (Japan). Species identification was accom-
plished by referencing the work of Shen and Zhang
[39]. A method that combines the dilution plate
method and the streak plate method was used for the
separation and purification of culture in the biofilm
samples. The identification of bacterial strains was first
conducted using Gram staining. Further identification
was done by observing the morphology (shape, size,
color, luster, visibility, and edge status) of a colony.
Replicate biofilm samples were also collected from the
systems to achieve statistical soundness [40].

3. Results and discussion

3.1. X-ray diffraction

Fig. 3 shows the X-ray diffraction (XRD) patterns of
as-synthesized PC and calcined PC at 700˚C. The main
minerals in the as-synthesized PC include quartz
(SiO2), Palygorskite, and dolomite (Fig. 3(A)). In con-
trast, the main minerals of calcined PC (Fig. 3(B)) are
quartz (SiO2) and Palygorskite. The reflections at
2θ = 9.8, 22.3, 27, and 32˚ were identified as PC relative
to the standard JCPDS (89-6538). A new reflection at
2θ = 26˚ was also found and identified as quartz. This
may indicate that heat treatment led to a decrease in
the concentration of impurities and higher crystallinity

Fig. 2. Composite particles (left) and PC (right). (a) Com-
posite particles; (b) Palygorskite porous ceramsite (PC).

Table 4
Operating conditions

Sample

Operating conditions Water quality indexes

pH T (˚C) HRT (h) TOC (mg/L) NHþ
4 -N (mg/L) P (mg/L)

Stage one 6.5 ( ± 0.5) 25–30˚C 7 ( ± 0.5) 26–31 9.91–10.05 0.51–0.58
Stage two 6.1 ( ± 0.5) 25–30˚C 3.5 ( ± 0.8) 27–33 9.82–10.32 0.49–0.60
Stage three 6.7 ( ± 0.5) 20–25˚C 1.75 ( ± 0.5) 25–30 9.67–10.23 0.46–0.53
Stage four 6.9 ( ± 0.5) 18–23˚C 0.5 ( ± 0.1) 24–38 9.65–10.45 0.53–0.58
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of the material because heat treatment is also a key
parameter in the improvement of specific surface area.

The characteristic diffraction peaks of dolomite and
Palygorskite completely disappeared in the sample cal-
cinated at 700˚C, but not in the as-synthesized PC.
Most dolomite disappeared after thermal treatment,
and the dehydroxylation of Palygorskite at 700˚C
caused pore structure to collapse and destroyed the
crystal structure, rendering the substance amorphous.
Because dolomite was not removed completely during
thermal treatment, reactions between Palygorskite and
dolomite residue produced new components of MgO
and Ca2SiO4 when calcinated at 700˚C [41].

3.2. X-ray fluorescence (XRF) and elemental analysis (EA)

The chemical compositions measured by EA indi-
cated that the sawdust consisted of C 46.09%, H
6.85%, O 35.09%, N 0.6%, and S 0.1% and small
amounts of Cl, P, K, and Si. The chemical composi-
tions measured by XRF indicate that the Palygorskite
consists of SiO2 55.10%, Al2O3 9.60%, Fe2O3 5.70%,
Na2O 0.05%, K2O 0.96%, CaO 0.42%, MgO 10.70%,
MnO 0.01%, and TiO2 0.32%. Even small amounts of
these compounds were found to be usable by microor-
ganisms. There was no indication that heavy metals
were related to the material analyzed here, indicating
that heavy metals are appropriate for filter media and
microbial growth.

3.3. Casting of thin section of PC

In a BAF system, packing media plays a significant
role in effluent quality requirements. The granular
medium is used in the composition of the biofilter beds
for solid retention and solid–liquid separation. It is

also the carrier of the biofilm. The characteristics of the
filter media have significant impacts on the efficiency
of wastewater treatment [42,43].

In order to obtain direct evidence of environmental
microorganisms in porous structure of the PC, rubber
casting experiments were used to generate quantita-
tive size and shape data from pores in thin sections
[35]. Fig. 4(a) shows the intergranular pore textures
observed in the thin section. In Fig. 4(a), the black sec-
tions denote the calcined molded composite particles
(calcined Palygorskite, calcined sawdust, and calcined
sodium silicate) and gray ones represent the intergran-
ular pores of PC. This demonstrates that PC has con-
siderable internal porosity by volume. Guest microbes
can be accommodated in these pores. The sizes of
those interconnected pores are approximately
40–65 μm (Fig. 4(a) and 4(b)) and most bacteria are
0.5 μm or less in diameter. This allows these environ-
mental microorganisms to achieve sustained popula-
tion growth of population in the open porosity. When
impregnated with blue-dyed epoxy (part d), fully
interconnected porosity with a diameter of 60 μm can
be determined from the white section (part c). In fact,
blue-dyed epoxy in the porosity system must over-
come the capillary resistance of the throat size before
they enter porosity space indicating the narrow
composition of the pores.

3.4. Applicability of PC and CAC in a BAF for municipal
wastewater treatment

The two BAFs were monitored for 6 months after
the start-up of the biofilters. Throughout the study,
the two BAFs were operated at water temperatures
ranging from 20 to 26˚C and DO > 4.00 mg/L. Four
HRTs of 0.5, 1.75, 3.5, and 7 h were used.

3.5. Performance of TOC removal in the two BAFs

The average removal rates for TOC at different
HRTs are shown in Table 5. These results suggest that
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HRT has an impact on the overall TOC removal effi-
ciency of PC media. One proposed explanation is that
organic substrates were not fully degraded before
being discharged from the BAF with shorter HRT.
Shorter HRTs led to higher hydraulic loading and thus
to stronger scouring on the surface of the medium.
This causes lower biomass on the surface of the med-
ium and thus lower TOC removal. Also, the increase
in TOC load (i.e. HRT decreases) from the influent
increases the rate of adsorption of the soluble organics
into the microorganisms, which accelerates the first
step in the removal organic matter by transporting
these microorganisms from wastewater to the biofilm.
The driving forces of biosorption have been reported
to be electrostatic or hydrophobic interactions, which
are greatly affected by the organic matter characteris-
tics and mass transfer efficiencies [44–46]. As shown in
Fig. 5, PC BAF showed a slightly higher TOC removal
than CAC BAF. The main reason for this was that the
surface and internal pore structure of PC is uniform
and well developed. This allows soluble organic mat-
ter, nutrient substances, and suspended particles to
reach the deep pores and increase the efficiency of
mass transfer. The available space for microorganism
growth, mass transfer of DO, and the opportunity for
even dispersion of biomass were also increased by the
extended infiltration of soluble pollutants into the deep
holes in PC, which improved the effectiveness of biofil-
tration using the proposed material.

3.6. Performance of NH3-N removal in the two BAFs

As shown in Fig. 6, both BAFs had excellent
NH3-N removal when HRT was 7 h. From Table 5, it
can be seen that when HRT was 0.5 h, NH3-N was not
fully nitrified before being discharged from the BAFs

compared with longer HRTs. With a HRT of 0.5 h, the
nitrobacteria did not have sufficient time to nitrify
NH3-N. The DO in the effluent at 0.5 h was slightly
lower than that in systems with HRT longer than
1.75 h. Low DO in effluent could cause a slight
decrease in the efficiency of the removal of NH3-N.
Finally, possible competition between heterotrophic
bacteria and autotrophic bacteria in BAFs for the sub-
strates, DO and inhabitation area could decrease its
efficiency. A higher organic loading induced by the
increase in hydraulic loading could favor heterotro-
phic bacteria over autotrophic bacteria [47,48]. As a
result, nitrification was inhibited and NH3-N removal
decreased rapidly. As shown in Fig. 6, the PC BAF
had a slightly higher rate of NH3-N than CAC BAF.
This could be due to the longer period of exposure

Table 5
Average removal rates of PC and CAC in BAF at different HRT

TOC NH3-N TN

HRT (h) 0.5 1.75 3.5 7 0.5 1.75 3.5 7 0.5 1.75 3.5 7
Material
PC 31.3 59.7 65.5 77.6 76.6 93 93 95.3 24.9 34.3 35.6 48.7
CAC 27.2 50.1 68 63.9 50.5 53.9 49.4 91.2 24.4 23.5 25.6 39.3

NO2-N NO3-N PO3�
4

HRT (h) 0.5 1.75 3.5 7 0.5 1.75 3.5 7 0.5 1.75 3.5 7
Material
PC 0.04 0.02 0.05 0.03 3.15 4.18 3.89 6.33 24.3 52.1 56.9 76.4
CAC 0.08 0.06 0.02 0.01 4.1 7.28 6.71 5.38 13.1 33 42.8 44.3

Notes: All values are average removal rates in %. NO2-N and NO3-N values are average effluent concentrations in mg/L.
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from the HRT (7 h) where there was sufficient contact
time to allow biomass to degrade NH3-N in the BAFs.
H+ generated during nitrification in the PC BAF was
easily removed due to the buffer capacity of PC,
which produced a higher reduction of NH3-N.

3.7. Performance of TN reduction in the two BAFs

As shown in Fig. 7 and Table 5, the removal effi-
ciencies of TN increased in both biofilters as the HRT
increased. The denitrification at HRT of 0.5 and 1.75 h
was less efficient because denitrifying bacteria did not
have sufficient time to denitrify NO3-N.

As shown in Table 5, a high HRT (7 h) was neces-
sary for efficient simultaneous nitrification and denitri-
fication (SND). The TN removal performance of the
PC BAF was slightly higher than that of CAC BAF.
These results show that, under the same conditions,
carrier biofilm layers with different levels of perme-
ability (which is greatly affected by the porous struc-
ture of the PC), the contact-reaction potential of the
microorganisms (nitrifiers and denitrifiers), and pollu-
tants under anoxic conditions can affect nitrification
and denitrification. These differences affect the micro-
bial populations and activity levels in the biomass and
adversely affect the efficiency of SND of the systems
[49,50].

3.8. Concentration of NOx-N at different HRT

As shown in Fig. 8, the overall concentration of
NO3-N was slightly higher in the PC effluent at HRT
of 7 than in that of 3.5, 1.75, and 0.5 h. For CAC efflu-
ent, it was lower only with HRT of 0.5 h. NO2-N in
CAC effluent decreased slightly as HRT increased

(lowest at 3.5 h), but PC effluent varied for each HRT.
This is consistent with values given in Table 5. This
indicates that nitrification, which is one of the limiting
steps of the process, and oxidation of nitrite to nitrate
were successful during the short contact time. How-
ever, limited denitrification was observed. This can be
attributed to the overall removal of TN, which was
less complete than removal of NH3-N. Because denitri-
fiers use biological organic substrate as electron
donors and NO3-N as electron acceptors, a reduction
in the NO3-N concentration was expected, but it
instead had an increasing trend in the HRT tested
[51,52]. The limited denitrification can be attributed to
the lower alkalinity, which was due to the release of
H+ ions during the nitrification phase [53].
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3.9. Performance of PO3�
4 reduction in the two BAFs

In terms of PO3�
4 removal, the rates at different

HRT can be seen in Table 5 and Fig. 9, where the PC
BAF displayed more efficient PO3�

4 removal than CAC
BAF. One proposed explanation is that higher phos-
phate sorption capacity can be achieved on PC from
thermal activation. Major changes in the crystal struc-
ture of Palygorskite, including more calcium, iron,
and aluminum can be released from the crystal matrix
at 700˚C, which promoted phosphorus sorption. Pre-
cipitation of calcium/iron/aluminum phosphate pro-
duced in the PC BAF during the process could be a
indicative of phosphate removal although these three
precipitate solubility products have very small: Ksp
(Ca3(PO4)2 = 1.40 × 10−37, Ksp(FePO4) = 9.91 × 10−16,
Ksp(AlPO4) = 6.3 × 10−19 . Another proposed explana-
tion is that some of the microbial nutrient require-
ments necessary to maintaining life and growth were
met with the removal of phosphorous. Nutrients
required by microorganisms include the following:
CO2, HCO�

3 , trace elements, and organic compounds
required for the synthesis of the cytoplasm and
organic and inorganic compounds for cell growth and

biosynthetic reactions. In this case, the phosphorus
was removed mainly nutritional consumption by
microorganisms. The biofilm biomass was 34.1 mg
TN/g for PC and 2.2 mg TN/g for CAC. A higher bio-
mass value indicates more bacteria being produced
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Fig. 10. SEM images of internal and external surface in PC/CAC. (a), raw external surface of PC; (b), raw internal surface
of PC; (c), raw external surface of CAC; (d), raw internal surface of CAC.
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from phosphate removal, although its absorption is
small. This leads to a third proposed explanation, in
which the PC has more specific surface area (61 m2/g)
than CAC (2 m2/g). This can lead to a greater rate of
phosphate removal via media adsorption. When the
as-synthesized PC was heated above 700˚C, most of
the hydroxyls were removed and aluminum was acti-
vated and exposed at the surface. Activated Al atoms
showed considerable affinity for phosphate and may
provide active sites for phosphate adsorption [26,41].

Based on the analysis described above, the adsorp-
tion of phosphate in the PC was the most likely expla-
nation because the microbial phosphorus absorption
and precipitation of calcium/iron/aluminum phos-
phate produced in the PC was very small.

4. Scanning electron microscopy (SEM) analysis.

Several SEM images for the ordered structure and
biomass growth of PC and CAC are shown in Fig. 10.
In Fig. 10(a), the appearance of rough surface on PC is

described as the coral-like porosity structure that pro-
vides shelter from the wastewater shear forces. The
microstructure of the internal cross section of the PC
is shown in Fig. 10(b). It also indicates that the pre-
pared PC has a high porosity with open, rectangular
pores, as shown in Fig. 10(a) and (b). Macropores form
inside the particles when sawdust is calcined during
sintering. High porosity from PC media is suitable for
the use as biomedium in BAF reactors. The micro-
graph of CAC clearly shows pores with diameters
ranging 6.0–10.0 μm irregularly distributed on the sur-
face (Fig. 10(c)). There are some small pores and
smooth surfaces visible in Fig. 10(d).

The SEM images of the PC after use in the BAF
reactor are illustrated in Fig. 11(a) and (b). The biofilm
was found to overlay the surface of the PC. As shown
in Fig. 11(a), there were two kinds of biological bacte-
ria, filamentous and chain shaped. After the growth of
bacterial population, a biofilm was clearly visible on
the surface of internal pores (Fig. 11(b)). At the
start-up phase of the BAF reactor, the biofilms first

Fig. 11. SEM images of internal and external surface in PC/CAC after microbial load. (a), microbial load on external sur-
face of PC; (b), microbial load on internal surface of PC; (c), microbial load on external surface of CAC; (d), microbial
load on internal surface of CAC.
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developed when some bacteria became irreversibly
attached to the PC. Until more metabolite grew the PC
surface, the PC was completely covered with biofilms
distributed randomly on the surface. The microstruc-
ture in Fig. 11(c) and (d) suggests that a small number
of microorganisms were immobilized on the inner and
outer surfaces of pores in CAC.

4.1. Microscopic observation for protozoan and metazoan
populations in biofilm

The optical microscopic observation (conducted at
HRT of 7 h) in Fig. 12 shows that protozoan and meta-
zoan organisms were visible in the biofilm. These
mainly included Opercularia sp., Paramecium sp., and
nematodes. Protozoa are well-known indicators of the
good performance of biological wastewater treatment
systems. The stable existence of protozoans and meta-
zoans can also contribute to CAC and PC reduction
[54,55]. The dominant species in the CAC and PC bio-
filters are nematodes, Paramecium sp., Epistylis sp. (or

Opercularia sp.), and Aeolosoma hemprichi (big body).
The differences in the predominant populations in the
two systems indicated a relationship between the CAC
and PC characteristics and the growth state of protozoa
and metazoan in the biofilm. Accumulation of abun-
dant micro-animals on the surface and pores of PC
indicated that the gradual filling of organic matter and
other substrates to the pore spaces was efficient and
speedy [56]. This can be attributed to the intercon-
nected porous structures of PC compared to CAC.

4.2. Determination of biomass in media.

The biomass of grown biofilm was determined to
assess the performance of PC and CAC in the BAF
reactor [32]. The biofilm biomass was 34.1 mg TN/g
for PC and 2.2 mg TN/g for CAC. A higher biomass
indicates more bacteria available to perform TOC,
NH3-N, TN, and phosphate removal. The structural
and morphological characteristics of the porous media,
as shown in Figs. 10 and 11, proved that PC surface

Fig. 12. Microscopic observation of protozoans and metazoans in the systems. (a–CAC; b–PC; c–PC; d–PC).
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and internal pores were advantageous to microbial
growth under the conditions tested.

5. Conclusions

Based on the results obtained, the following con-
clusions can be drawn:

The optimum mass ratio of Palygorskite, sawdust,
and sodium silicate for the preparation of PC is 10:2:1
with sintering at 700˚C for 180 min. The specific sur-
face area of PC was 61 m2/g, with a porosity of 67%
and a compressive strength range of 50–58 N. The spe-
cific surface area of CAC was 2 m2/g. The parameters
obtained with PC were higher than those obtained for
CAC. SEM and porosimetry results suggest that the
uniform and interconnected pores in PC are suitable
for microbial growth. This was confirmed when more
biomass was produced using PC media than using
CAC. The efficiency of the BAF reactor was higher
with PC than with CAC in terms of TOC, TN, P, and
NH3-N removal under the conditions tested.

A more favorable environment for nitrifying bacte-
ria was provided in the biofilter with PC. PC BAFs
can therefore be considered a novel and viable process
for treating wastes with wastes and provide a promis-
ing use for sawdust waste material.

The results indicate that PC BAF had the highest
adsorption capacity. Results showed that the PC BAF
had a slightly higher P removal rate than CAC BAF.
This was due to changes in the crystal structure of PC
after thermal treatment at 700˚C where activated Al
from the dehydroxylation process became exposed.
All of these structural changes increased the adsorp-
tion capacity of PC, in particular, for phosphate
removal.
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