
Introduction

Non-point source pollution, especially rural domestic
sewage, has a negative impact on the natural environment
and human life. Thus attention has been given to waste-
water processing technologies of high efficiency and low
consumption to promote water conservation and water pol-
lution control. Many technologies have been applied for the
removal of contaminants from rural domestic sewage.
Examples include the use of constructed wetland systems
planted with Typha orientalis and Phragmites  to treat rural
domestic wastewater in autumn [1]; a novel multistep bio-
ecological system consisting of a biological unit and an
ecological post-treatment unit for rural wastewater treat-

ment [2]; and a moving-bed sequencing batch reactor sys-
tem with held medium to dispose of sewage [3]. These
processes have their own advantages and are effective for
wastewater treatment in rural areas. According to the char-
acteristics of rural sewage, the treatment technologies must
be cost-effective and easy to adopt; they must also require
less energy input and maintenance costs, and be capable of
meeting effluent discharge standards. Therefore, the desired
method is one that performs well, has lower construction
and operational costs, and is easy to manage and maintain.

Vermifiltration (VF), a wastewater treatment technolo-
gy, is designed based on earthworm ecological functions to
improve soil permeability and promote organic matter
decomposition [4]. It is an environment-friendly and eco-
nomically feasible technology for domestic sewage treat-
ment in rural areas [5]. Previous studies focused on its
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application to remove suspended solids (SS), chemical oxy-
gen demand (COD), nitrogen (N), and phosphorus (P) of
domestic wastewater efficiently; and used an integrated
technology including VF for better nutrient removal [4, 6].
Aside from its application in domestic wastewater, VF’s
mechanism for N and P removal in synthetic domestic
wastewater treatment has also been studied [7, 8]. Although
sewage treatment by VF and some of its influencing factors
and pollutant removal mechanisms have been studied, the
organic matter (OM) and N distribution in filter and the
changes in the functional groups of the substrates have yet
to be determined or evaluated.

The objectives of the current study are as follows: 
(1) To compare OM distributions at different depths of

matrices
(2) To determine the N distribution of the earthworm pack-

ing bed and in situ solution
(3) To analyze the Fourier transform infrared (FTIR) spec-

tra of substrates at different substrates before and after
sewage treatment for an in-depth knowledge of OM and
N distribution in the VF.

Experimental Procedures

Experimental Design

The schematic diagram of the laboratory-scale experi-
mental apparatus is shown in Fig. 1. The VF apparatus is 30
cm × 30 cm in dimension, with 75 cm depth and 70 cm
packed padding. Three padding sampling holes 30 mm in
diameter are distributed on the lateral surface of the appa-
ratus. Cobblestone (5 cm thickness, 10 mm to 50 mm par-
ticle size), detritus (15 cm thickness, 3 mm to 10 mm parti-
cle size), silver sand (15 cm thickness, 100 μm to 800 μm
particle diameter), and earthworm packing bed (35 cm

thickness) were poured into the microbial-earthworm
ecofilter, respectively. An earthworm packing bed consist-
ing of artificial soil (AS) (mixed with soil and rice straws,
with a volume ratio of 4) and Eisenia fetida (Savigny) were
used in the experiments. Before all were installed into the
apparatus, the rice straws were pretreated using the method
by Shao et al. [9]. Synthetic wastewater was pumped into
the wastewater distributor, and then made to flow through
the VF. 

In the experiment, the surface loading of wastewater
was adjusted to 0.2 m3/m2·d. The influent quality of the lab-
oratory-scale experimental apparatus is shown in Table 1,
based on the method by Fang et al. [7]. Each running cycle
included 2 h of wastewater flow, 1 h of retention, water
emptying, and, finally, 21 h of drying. The device was in
motion to determine the OM, N distribution, and FTIR
spectra in the media. In addition, the test was conducted for
approximately 2 months.

Samples and Data Analysis

The water samples were collected from the influent and
in situ solution of the AS in VF at the end of the operational
period. All samples were stored at 4ºC for less than 24 h
before analysis, and three replicates were assessed for
every indicator in each sample. According to the Chinese
National Standard (CNS) methods (water and wastewater
monitoring and analysis methods, 2002) [10], which com-
ply with the standard methods of the American Public
Health Association/American Water Works Association/
Water Environment Federation, the COD, ammonia nitro-
gen (NH3-N), total nitrogen (TN), and total phosphorus
(TP) concentrations were determined via the potassium
dichromate method, Nessler’s reagent colorimetric
method, potassium persulfate oxidation-ultraviolet spec-
trophotometric method, and molybdenum-antimony anti-
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Fig. 1. Schematic diagram of the laboratory-scale experimental apparatus.
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spectrophotometric method, respectively. The spectropho-
tometric method was used to determine nitrate nitrogen
(NO3-N). Dissolved oxygen (DO) content was measured in
situ using a portable DO meter (YSI Model no. 550A,
USA) when water samples were examined. The pH was
detected using a PHS-2C pH meter (Shanghai Kangyi
Instrument Co. Ltd., China). 

AS, silver sand, and detritus were collected before and
after the operational period from padding sample holes at
the VF. Meanwhile, final AS at different depths in an earth-
worm packing bed were collected via intermittent destruc-
tion. Subsequently, plant roots, earthworms, and other
wastes were removed from the substrates. Table 2 presents
several physicochemical characteristics of the initial fill-
ings. All characteristics were air-dried at room temperature
and gently ground to pass through an 80-mesh sieve. The
porosity and bulk density were measured using standard
soil science methods [11]. By applying the penetration tube
method to detect the permeability coefficient, the pH value
was determined in a 1:5 solid-water mixture using a pH
meter. The OM was analyzed as the loss on ignition at
550ºC for 2 h [11]. The functional groups were tested using
a Nexus 870 infrared spectrometer (USA). The TN, NH3-N,
and NO3-N concentrations in the filters were determined
via the semi-microkelvin method, 10% of KCl extraction-
distillation method, and Cu-Cd reduction-colorimetry
method, respectively [11]. Three replicates were assessed
for each indicator in each sample.

All statistical analyses, including the control, were con-
ducted using Origin 8.0 software.

Results and Discussion

OM Content Distribution at Different Matrices

The OM contents in the initial AS were shown to be
higher than in the sand and detritus (Table 2). Comparing
the OM quantities in the three media before and after the
operational period, the OM in AS increased obviously (Fig.
2), whereas the changes in the sand and detritus were slight
(the following data were not included in the tables or fig-
ures: final sand, 6.3 g/kg; final detritus, 7.6 g/kg). The
results also showed that the OM concentrations in the AS
increased at first, and then decreased along the earthworm
packing bed depth, and the peak was from 10 cm to 20 cm. 

By comparison, soil is abundant in OM, composed of the
roots of plants, remains of small animals, residues of plants
and animals, humus, and microorganisms [12]. In addition,
Wang et al. [8] reported that soil, the main medium affecting
the processes in VF, is more beneficial for the removal of
organic contaminants via precipitation and adsorption than
silver sand and detritus. Thus most OM from the wastewater
entered the soil, resulting in a significant OM increase in
soil, but a slight variation occurred in other media. With
respect to the change in OM content along the depth gradi-
ent of the earthworm packing bed, sewage first passed
through the upper soil, and then moved to the subsoil due to
gravity. The contact time between the sufficient OM of
wastewater and topsoil was too short, and the gradual degra-
dation of OM at the influent resulted in an increase in AS
OM content followed by reduction. Meanwhile, the produc-
tion of OM-rich wormcast through the activity of E. fetida,
which mainly live within the depths of 10 cm to 25 cm,
caused the maximal OM content at middle-level AS.
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Table 1. Water quality of the synthetic domestic sewage at the influent.

Water quality
index

pH
Temperature 

(ºC)
DO 

(mg/L)
COD 

(mg/L)
TN 

(mg/L)
NH3-N 
(mg/L)

TP 
(mg/L)

Values* 7.68±0.32 28.65±1.56 4.67±0.48 256.78±10.86 51.82±5.31 46.27±7.69 3.16±0.25

*Values (mean±standard deviation) are averages of three replicates.

Table 2. Physicochemical characteristics of initial fillings*.

Items Unit
Artificial

soil
Sand Detritus

Porosity % 47.5±2.2 27.6±1.5 19.5±2.8

Bulk density g/cm3 1.14±0.06 1.86±0.23 2.03±0.02

Permeability
coefficient

cm/s 4.7×10-3±0 0.019±0.002 0.46±0.07

pH 7.04±0.12 8.53±0.23 9.24±0.45

OM g/kg 76.4±1.4 5.8±0.7 11.2±0.3

TN g/kg 5.3±0.6 —** —**

NH3-N g/kg 1.5±0.1 —** —**

NO3-N mg/kg 25.2±1.8 —** —**

*All data represent the average of triplicates (mean±standard
deviation).
**Data are negligibly small.

Fig. 2. Organic matter and nitrogen distribution in earthworm
packing bed (artificial soil).
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N Distribution of the Earthworm Packing Bed 
and in situ Solution

Nitrogen distribution in the final padding of the AS is
shown in Fig. 2, which indicates that NH3-N decreased with
increasing sampling depth. Initially when the wastewater
was distributed to the ecofilter, the NH3-N at the influent
was adsorbed by soil particles because of electrostatic
attraction and the lattice fixation of clay minerals [13];
hence the NH3-N content in the final AS was higher than
that in the initial AS (Table 2). Subsequently, the NH3-N
content dramatically decreased from the surface to the sam-
pling depth of 15 cm, and the NH3-N content slowly
decreased, reaching a relatively low level when the sam-
pling depth exceeded 15 cm. In the superstratum, the high
DO concentration from the influent (4.67 mg/L) provided
higher degrees of earthworm packing bed oxygenation and
consequent removal of AS ammonia via nitrification. The
slow decrease may be because NH3-N reached the adsorbed
equilibrium presented in the upper AS, which did not leach
along with the water flow, and the decreasing DO along
with the depth was not suitable for nitrification. 

Compared with TN and NH3-N, the NO3-N content was
relatively low in all AS, and its content was slightly higher
in every final soil than that in the initial soil. Similar to that
in constructed wetlands, negatively charged nitrates in
sewage is not easily trapped by soil particles, mostly staying
with the effluent [14]. The NO3-N content in the AS
increased after treatment because of rice straw introduction,
which has NO3-N adsorption ability, although its anion
adsorbtion capacity is limited [15]. Fig. 2 also presents the
slight decrease in NO3-N from 0 cm to 5 cm, and in TN from
0 cm to 10 cm; also shown is an obviously increasing trend
from 5 and 10 cm to 25 cm, following a sharp decline of 25
cm for both in the final padding. Clearly, the decrease in TN
and NO3-N in the topsoil was not caused by biological den-
itrification but by leaching from the padding. In previous
studies, earthworm activity is a major N determinant in soil
because earthworms mediate the conversion of organic N
into inorganic N, forming a nitrogen-rich wormcast mainly
in the form of organic N [16]. Therefore, this species of
earthworm action zone (10 cm to 25 cm), wormcast, and
nitrogen mineralization role contributed to the TN and NO3-
N variation at different depths. Moreover, the lower NO3-N
content in the underlying AS could also be ascribed to the
rice straw as carbon source and the anoxic environment of
this depth, which is conducive for denitrification. 

To understand the removal mechanism for N, the nitro-
gen distribution of the in situ solution was analyzed. As
shown in Fig. 3, the NH3-N concentration of the in situ
solution rapidly decreased in the upper 15 cm of the AS
because of the colloid adsorption in the AS and wormcast
[17]. However, the TN and NO3-N concentrations increased
with increasing depth. During the experimental process,
inflow was distributed to the ecofilter, and the DO concen-
tration was relatively high (mean value of 4.67 mg/L).
Therefore, denitrification was weak in the top 30 cm of the

AS. Most of the soil had a negative charge, and only a cer-
tain amount of acidic soil containing a high quantity of Fe
or Al oxides could accommodate a positive charge [18]. In
the present study, the pH value of the soil was 7.04, and its
chemical composition mainly consisted of silicon alumini-
um oxides [7]. Thus the soil particles were anions, similar
to NO3-N. A small amount of NO3-N was adsorbed by the
AS. Thus, the NO3-N concentration increased in the 25 cm
of padding because of the TN concentration. Consistent
with TN and NO3-N at the AS 25 cm to 35 cm depth, their
concentrations decreased because of denitrification.

From the above results, a thickness of 15 cm to 20 cm
was sufficient for the removal of NH3-N content from the
wastewater with approximately 56 mg/L of TN. However,
from the view of TN removal, the thickness of the AS
should be 35 cm to 40 cm to prevent the leaching of NO3-
N through the padding and provide good denitrification. 

FTIR Analysis of the Artificial Soil, Sand, 
and Detritus

As indicated in Fig. 4, the absorbance peak intensities in
the AS increased after wastewater treatment to 1,418.2,

Fig. 3. Nitrogen distribution in in situ solution in an earthworm
packing bed (artificial soil).

Fig. 4. FTIR spectra of the initial and final artificial soils.



1,636.5, 3,421.4, 3,622.5, and 3,697.0 cm-1. These results
were mainly caused by the roles of groups or bonds includ-
ed in the soil molecules. In the region from 3,400 cm-1 to
3,750 cm-1, absorbances are reported to correspond to
hydroxyl (OH) stretching vibrations (polysaccharide), and
amino peaks at 3,621 cm-1 [19]; the band position from
1,630 cm-1 to -1,650 cm-1 is assigned to the aromatic C=C,
C=O in amide (I) [20]; the absorbance peak situated from
1,340 cm-1 to 1,490 cm-1 might be associated with the bend-
ing vibration of aliphatic, OH deformations, symmetric car-
boxyl (COO¯) stretch, and stretching of phenolic OH [19].
However, the intensity at bands of 1,032.0 cm-1 and 468.1
cm-1 slightly decreased after the wastewater treatment, and
the absorbance of Si-O stretching vibrations was character-
istic for the 1,032 cm-1 region. Those of Si-O bending vibra-
tions are from 460 cm-1 to 475 cm-1 [21].

In Fig. 5, the increase in the relative intensity at the band
in 1,086.9 cm-1 nearby assigned to the combination C-O
stretching with O-H deformation of polysaccharides [22]
occurred in the final sand. The plot of the FTIR spectra of
detritus (Fig. 6) contained three obvious decreasing peaks
situated in the 795.4, 1,080.5, and 1,636.7 cm-1 regions. 
The broad absorption band at 795.4 cm-1 was caused by the

OH stretching vibration, and the 1,080.5 and 1,636.7 cm-1

assignments in the detritus could agree with those in
1,086.9 cm-1 in sand and 1636.5 cm-1 in AS, respectively.
Furthermore, the increasing intensity of the absorbance
peak at 3,450 cm-1 reflected the possible O-H stretching
vibration of phenols present in detritus [19].

Most intensity variations of the absorbance peaks
increased in AS, decreased in detritus, and changed slightly
in sand compared with those in different media before and
after wastewater treatment. This result indicated that AS
OM was in a state of accumulation, whereas the detritus was
in a state of decomposition. This phenomenon was present-
ed by the increase in polysaccharides (3,400 cm-1 to 3,475
cm-1), aromatic (C=C) component (1,630 cm to 1,650 cm-1),
and aliphatic moieties (1,340 cm-1 to 1,490 cm-1) in AS, as
well as the decrease in polysaccharides (1,080.5 cm-1) and
aromatic (C=C) component (1,630 cm-1 to 1650 cm-1) in
detritus. Furthermore, Fig. 5 shows that the OM content in
sand was less decomposed or accumulated than that in the
AS and detritus in VF. The spectral information of these
results reflects a critical change in the OM quality of the
media before and after sewage treatment, which has been
consistently observed in river sediments [23]. However, the
carboxylic signal (1,340 cm-1 to 1,490 cm-1 in AS and detri-
tus) exhibited the spectral features of OM-rich padding
enriched in carboxylic groups, which was contrary to a pre-
vious report on poor OM content following the increase in
carboxylic content [24]. This effect may be related to the
modification of the carboxylic group contents at AS by
earthworm activities. Certain functional chemical attributes
could evaluate the OM contents at the VF media. Thus, the
functional group changes probably can explain why the AS
served as the main filter, as well as why AS played an
important role in transforming the C cycle in the earthworm
packing bed.

Previous studies reported that amide N is the major form
of nitrogen in soil OM and that the absorbance intensity of
the amino groups is positively proportional to the TN con-
tents in the peat, as revealed via FTIR [24, 25]. As shown in
Figs. 4 and 6, the absorption peaks in AS (3,622.5 and
1,636.5 cm-1) and detritus (1,636.7 cm-1) were assigned to the
amino or amino-group, whereas the intensity of the varia-
tions at different media had no positive correlation with TN,
NH3-N, and NO3-N contents (Fig. 2). Unlike soil in a natur-
al environment, the N distribution in VF is complicated
because it is not only affected by adsorption, volatilization,
assimilation, nitrification, and denitrification functions, but
also by continuous wastewater addition and earthworm rein-
forcement roles. Therefore, TN changes in the VF media
cannot be indirectly reflected via FTIR analysis. 

Conclusion

This study showed how the OM, NH3-N, NO3-N, and
TN contents changed in AS at different earthworm packing
bed depths. The preferable earthworm packing bed thick-
ness was 35 cm to 40 cm, which was proven conducive for
both NH3-N and TN removal. The FTIR spectra in different
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Fig. 5. FTIR spectra of the initial and final sand.

Fig. 6. FTIR spectra of the initial and final detritus.



matrices suggested that the adsorption intensities of certain
functional groups were different before and after synthetic
wastewater treatment, and AS played a major role in trans-
forming C cycles in VF. Moreover, the aliphatic and aro-
matic groups might be related with the OM quantity in VF
media, but not with N contents.
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