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poly-caprolactone, i.e. CPSP) was prepared using corn cob (CC) and poly-caprolactone with
polyvinyl alcohol sodium alginate as hybrid scaffold. The physical properties and carbon
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the total released acids respectively. The start-up period of CPSP was shorter than that of
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the other carbon sources in denitrification experiment, and no COD pollution was observed
in the start-up phase (25–72 h) and stable phase (73–240 hr). The composition and structure
of the dissolved organic compounds released by CPSP and other carbon sources were analyzed by UV-Vis absorption spectroscopy and three-dimensional fluorescence spectroscopy,
which indicated that CPSP was more suitable for denitrification than the other studied carbon sources.
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Introduction
Nitrogen pollution becomes a severe issue due to the excessive fertilizer application and domestic and industrial activities, which discharges large amount of nitrogen compounds
into the water body (Wang and Chu, 2016). Excessive nitrogen can cause serious environmental problems as eutrophication of rivers and lakes, deterioration of water sources and
decrease of aquatic biodiversity, and then influence human
health (Li et al., 2021). Nitrogen removal from the wastewater
is essential to prevent the contamination of receiving water
bodies.
Nitrate is the final product of aerobic ammonia oxidation process, which often exists in the effluent of ammoniacontaining biological treatment plant. Nitrate removal can be
achieved by physical, chemical and biological methods, and
biological treatment is usually more economical than other
methods in terms of maintenance and operation costs. Biological denitrification is an important step of nitrogen cycle
in nature and nitrogen removal systems. Heterotrophic denitrification, which utilizes organic carbon as electron donors,
has higher denitrification rate than autotrophic denitrification. However, during the heterotrophic denitrification of the
wastewater with low carbon to nitrogen ratio (C/N) such as
wastewater treatment plants (WWTP) effluent (Sun et al.,
2010), etc. the lack of available carbon sources is a worldwide
problem.
External carbon source (e.g., acetic acid, sodium acetate,
glucose ethanol methanol, etc.) addition is an effective measure to improve the nitrogen removal efficiency under low
carbon conditions but the dosage requires complex control
and continuous monitoring equipment, and thus increases
the operation cost (Zhang et al., 2016). Compared with the
fast-release liquid carbon source, the slow-release solid carbon source is more conducive to denitrification for its unnecessary of the complex dosing equipment (Li et al., 2017a).
The promotion of nitrogen pollutant transformation by slowrelease carbon sources both in natural environment and denitrification systems attracts more and more attention in recent years (Li et al., 2017a). Natural ligno cellulosic materials as barley straw and corncobs (CC) are widely used as
natural slow-release carbon sources for denitrification process (Li et al., 2017b), and synthetic biodegradable polymers
starch or poly caprolactone (PCL) blenders are also supplied
as slow-release carbon to enhance nitrate removal efficiency
(Shen et al., 2015). Synthetic biodegradable polymers are more
expensive than agricultural wastes, and PCL is cheaper than
other synthetic biodegradable polymers (Wang and Chu, 2016).
Natural cellulose is extensively studied due to its low cost,
high availability, more abundance, slow carbon release and
large specific surface area (Wang and Chu, 2016). Compared
with other agricultural wastes, corn cob (CC) is a better carbon source for denitrification (Ling et al., 2021). The cellulosic
plant carbon sources have some disadvantages, i.e., the stable
and firm crystal structure formed by lignin and cellulose will
affect the decomposition and utilization rate of microorganisms (Yang et al., 2008), the carbon release in the initial stage
is very high (Hang et al., 2016), the excessive small molecular
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organic matter released at initial stage influences the effluent
quality, etc.
Solid carbon sources such as agricultural wastes are often
mixed with carrier materials to improve the slow-release performance. Polyvinyl alcohol (PVA), which is biodegradable, biocompatible, water soluble and non-toxic, is usually served as
carrier material in wastewater treatment. PVA-based hydrogels or frame work are prepared by physical-chemical or radiation crosslinking techniques such as freeze-thawing and
PVA-boric acid chemical crosslinking (Bai et al., 2010). PVA has
high elasticity, sodium alginate (SA) addition can improve its
strength, and the PVA-SA material has fibrous porous structure with high water uptake capacity and thermal stability.
Although PVA-SA can release carbon as scaffold material, it
can’t be served as carbon source for its high cost and low denitrification efficiency (Kumar et al., 2017).
It is urgent to find slow-release solid carbon source with
high release capacity and low initial release rate, thus to improve the denitrification efficiency and effluent quality.
In this study, a new solid carbon source, i.e. corncobpolyvinyl alcohol sodium alginate-polycaprolactone (CPSP)
was prepared by PCL, CC and PVA-SA based hybrid scaffolds
through freeze casting and boric acid crosslinking method.
The carbon release characteristics and denitrification performance of CPSP were extensively investigated and compared
with those of CC, PCL and PVA-SA, which provides theoretical
support for the CPSP utilization as carbon source for denitrification.

1.

Materials and methods

1.1.

Materials preparation

CC with 3-4 mm diameter was collected from Lianyungang
(Jiangsu, China). PCL with 3-4 mm diameter and 200 mesh was
purchased from Perstorp co., LTD (Sweden). Some of CC and
PCL were washed with tap water, oven-dried (40 centigrade)
and then smashed into small size (300 mesh and 200 mesh
respectively), i.e. CC and PCL powders. CC, PCL, and their powders were dried at 40 centigrade for 8 h, and the raw materials
were preserved in moisture-free container at room temperature (25 centigrade) after pretreatment.
PVA (99% saponification degree, 1750 ± 50 polymerization
degree) and SA (Viscosity of 1.0% aqueous solution at 20 centigrade) were purchased from Sinopharm Chemical Reagent co.,
LTD (China). 32 g PVA and 4 g SA were mixed in distilled water
and diluted to 400 mL, reacted at 90 centigrade for 2 hr, cooled
to room temperature, extruded with injector (inner diameter 270 mm) as droplets into saturated H3 BO3 and 4% CaCl2
(H3 BO3 -CaCl2 ) solution, immersed at 4 centigrade for 24 hr,
and PVA-SA with 3-4 mm diameter was obtained.

1.2.

CPSP Preparation

Aqueous solution of PVA and SA were mixed and reacted at
95 centigrade for 2 hr, cooled to room temperature, and 8%
(W/V) PVA and 1% (W/V) SA suspension were obtained. PCL
(200 mesh) and CC (300 mesh) powder were added into the
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Fig. 1 – Structure diagram of CPSP after molding.

suspension to attain 8% and 10% (W/V) concentration, respectively, which were attached to the PVA-SA hybrid scaffolds.
The mixture was transferred into 1 cm3 cubic module, froze at
-20 centigrade for 12 hr, decanted and immersed into H3 BO3 CaCl2 solution at 4 centigrade for 24 hr, and then the experimental CPSPs were achieved by physical-chemical crosslinking. The structure of prepared CPSP was shown in Fig. 1.

1.3.

where Mt is the accumulated TOC in time t, mg/(g•L); M∞ is
the ultimate accumulated TOC, mg/(g•L); k is the constant of
carbon release; n is the carbon release index, which could reflect the mechanism of carbon release. The diffusion process
is dominant when n is less than 0.45, the diffusion and disintegration processes are dominant when n ranges from 0.45
to 0.89, and the disintegration process is dominant when n is
higher than 0.89 (Ritger et al., 1987).

Release performance experiment
1.4.

Five grams of the solid carbon sources, i.e. CC, PCL, PVA-SA
and CPSP were added into 500 mL Erlenmeyer flasks with
500 mL ultra-pure water respectively. Parallel leach solution
samples were taken from the flasks at 1, 2, 4, 8, 12, 24, 36, 48,
72, 96, 120, 144 and 168 hr and then the leach solution was
totally substituted by 500 mL ultra-pure water. COD and TOC
were measured to study the release characteristics of carbon
sources. Dissolved organic matters (DOM) were analyzed by
UV-Vis absorption spectroscopy and three-dimensional fluorescence spectroscopy. Infrared ray (IR) spectra of the solid
carbon sources were measured before and after the release
experiment.
The second-order reaction kinetic equation and Ritger–
Peppas release equation were fitted to the carbon release process. The second-order reaction kinetics can be expressed as:
dc/dt = kc2

(1)

Rearrangement of Eq. (1) yields:
1/c − 1/cm = k/t

(2)

Let K=1/k, K is the mass transfer coefficient, mg/ (h.L.g)
K = cm /t1/2

(3)

where c is the accumulated TOC in time t, mg/(g•L); cm is the
ultimate accumulated TOC, mg/(g•L); k is the constant of carbon release; t is time, hr; t1/2 is the time needed for the carbon
release to the half of its maximum concentration.
The Ritger–Peppas equation is:
Mt /M∞ = kt n

(4)

Denitrification Experiment

Five grams of carbon source, 100 mL 7500 mg/L mixed liquid suspended sludge (MLSS) activated sludge obtained from
the anoxic tank of Beijing Xiaojiahe WWTP with three times
ultra-pure water washing and double dilution, and 400 mL
synthetic wastewater were put into 500 mL flasks and then
inoculated. Meanwhile, the flask without carbon source addition was set as control group (CG). The initial condition of the
experiment systems was 1500 mg/L MLSS and 20 mg/L NO3 − N, which were cultivated in incubator at 25 centigrade and
100 r/min. Samples were taken every 24 hr for the measurement of COD, NO3 − -N, NO2 − -N, and NH4 + -N, thus to investigate the enhancement of denitrification process by the experimental carbon source. 400 mL supernatant including sample in each flask was replaced by synthetic wastewater with
20 mg /L NO3 − -N after each sampling, i.e. the total amount of
replaced water and sample was 400 mL, and the dissolved oxygen was reduced to 0.5 mg/L by N2 flushing. Additional 20 ml
was sampled without changing the water at 12 hr for measurement the water quality indices. The hydraulic retention
time was 30 hr. All the experiments were conducted in two
parallel groups for 240 hr.

1.5.

Characterization and analytical methods

In order to reduce the influence of internal filtration effect and concentration saturation quenching, TOC concentration of all samples was diluted to less than 10 mg/L with
ultra-pure water before UV-Vis absorption spectra and threedimensional fluorescence spectra measurement, thus to enhance the comparability between different samples. UV-Vis
absorption spectra were determined by UV-Vis spectropho-
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tometer (UV-1700, Kyoto, Japan) with Mill Q water as reference,
200∼700 nm wavelength range, 1 nm interval, and medium
speed scanning. Three-dimensional fluorescence spectra, i.e.
three-dimensional excitation-emission matrix fluorescence
(3DEEM) were measured by fluorescence spectrophotometer
(F7000, Hitachi Co., Tokyo, Japan) with xenon lamp source,
700 V PMT voltage, 200 to 450 nm excitation (Ex) wavelength,
280 to 550 nm emission (Em) wavelength, 5 nm scanning interval, and 2400 nm/min scanning speed.
TOC was measured by total organic carbon analyzer (TOCVCPH, Shimadzu, Kyoto, Japan) after 0.45 μm syringe tip-filter
filtration. Short chain fatty acids (SCFAs) were measured using high performance liquid chromatography (G1322A-B, Agilent Co., USA). Morphology was observed through scanning
electron microscope (SEM) (SU8020, Hitachi Co., Tokyo, Japan).
Carbon distribution on the surface of solid carbon source was
analyzed by SEM- Energy Disperse Spectroscopy (EDS) (XFlash
6l100, Bruker Co., Germany). IR spectra were measured by
Fourier Transform Infrared Spectrometer (FT-IR) (iS50 FT-IR,
Nicolet Co., USA) running at 2 cm−1 resolutions.
Origin 2018 and Excel software were used for data analysis, dynamic formula fitting and graph drawing. MATLAB 2018
software and DOMfluor toolkit were used for parallel factor
analysis (PARAFAC) and graph drawing. Spearman analysis
was performed by R 4.0.3 for correlation analysis between
DOM and UV-vis, and corrplot package was used to draw the
heat map.

2.

Results and discussion

2.1.

Surface structure properties

The surface structure of the biofilm carriers has a significant
impact on the attachment and growth of functional microbial
communities (Yang et al., 2015). As shown in Fig. 2a, CPSP surface was rough and covered with small granular protrusions,
which provided large attachment area for microbes and was
beneficial for microbial adhesion. CC had rough surface, and
its dense lignocellulosic structure were arranged in stripes,
with convex structure on surface (Fig. 2b). After microbial attachment, all the experimental carbon sources were covered
with coccus and rod-shaped microorganisms to some extent.
Like the fibrous structure of CC (Fig. 2f and j), the crosslinking structure of CPSP was very beneficial for the attachment
of coccus and rod-shaped bacteria (Fig. 2e and i), and large
number of pore structure can be seen from these agricultural
wastes, which provided more space for the bacterial attachment and growth (Yang et al., 2015). Both PCL and PVA-SA
had smooth surface (Fig. 2c and d), and pits and holes appeared on the PCL carrier surface after microbial degradation (Fig. 2g and k), which was consistent with the reports of
Zhang et al. (2016).The biofilms on the PVA-SA surface were
comparatively loose, and susceptible to detachment, which indicated that PVA-SA was not conducive to microbial attachment (Fig. 2h and l). As a whole, CPSP is more suitable for microbial attachment after modification than other experimental carbon sources.
Carbon distribution on the surface of different carbon
sources is shown in Fig. 3. The higher the carbon content of
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the carbon sources, the greater the carbon release potential.
It can be seen from Fig. 3 that the carbon element distribution on the CPSP and PCL surface was denser, and that on the
CC and PVA-SA surface was relatively sparse, which indicated
that quite some of the released organic matter was attached
on the CPSP surface and could be easily used by microorganisms as carbon source for denitrification.

2.2.
Chemical structure before and after the release
experiment
Carbon release is strongly related to the intermolecular bond.
FTIR spectroscopy was carried out to study the chemical structure variation before and after the release experiment, and the
spectra change of CPSP, CC and PVA-SA was greater than that
of PCL (Fig. 4). Minor spectra variation of the PCL before and after the experiment had the highest similarity, which indicated
that its chemical structure was stable.
The FTIR spectra of CC are shown in Fig. 4a. The 898 cm−1
characteristic band was attributed to C-C stretching absorption (Xiong et al., 2020), 1044 cm−1 , 1163 cm−1 and
1427 cm−1 bands were caused by C-O stretching (Zou et al.,
2012), 2924 cm−1 band was resulted from C-H stretching
(Ma et al., 2010), and 3348 cm−1 band was due to H-O stretching
(Qiao et al., 2016). After release experiment, the transmittance
below 900 cm−1 was slightly increased, which meant that no
obvious broken down of the ring structures was not obvious
during the carbon release process.
Synthetic biodegradable polymers as PCL, PBS, PLA, and
PVA are formed by polymerization of monomers (Xiong et al.,
2020). C-C, C-O, C-H, C=O, and O-H bands exist inside PCL
and PVA-SA monomers, which can be seen from Fig. 4b and
c, and C-O and C-C are the most common chemical bonds
(Zhang and Ye, 2014). No obvious spectra variation was observed for PCL before and after the release experiment (Fig. 4b),
which indicated that release process did not significantly
change its chemical structure.
As shown in Fig. 4d, there is a wide absorption region
around the 3355 cm−1 peak for CPSP, which belongs to the
stretching vibration mode of O-H (Wang et al., 2009). The peak
in the range of 3200 cm−1 to 3600 cm−1 might be caused by
the absorption overlap of N-H bond of amino group and OH bond of hydroxyl group, which meant that the CPSP surface combined great amount of bound water (Qiao et al., 2016).
The great enhancement of vibration peak around 1160 cm−1
might be resulted from the vibration of molecules and C-O
bond (Xiong et al., 2020), which indicated that the content of
hydrophilic functional groups in CPSP was significantly increased. In conclusion, CPSP is more hydrophilic and combines functional groups of CC, PCL and PVA-SA.

2.3.

Release Kinetics

As shown in Table 1, all the solid carbon sources exhibited
similar release behavior, which could be classified into the
initial fast stage (<24 hr) and the later slow and stable stage
(>24 hr). The carbon released in the initial stage accounted
for 42.3%-94.1%, while that in the later stage (24 hr–168 hr)
accounted for 5.9%-57.7% of the total released amount. The
ascending order of the fast stage duration was CC > CPSP >
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Fig. 2 – SEM of CPSP (a, e and i), CC (b, f and j), PCL (c, g and k) and PVA-SA (d, h and l).

Fig. 3 – Carbon distribution on the surface of CPSP (a), CC(b), PCL(c) and PVA-SA (d) solid carbon sources.
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Fig. 4 – FT-IR spectra of (a)CC, (b)PCL, (c) PVA-SA, and (d) CPSP before and after the release experiment.

Table 1 – The proportion of carbon source release in different stages.
Proportion of the total release (%)

CPSP
CC
PCL
PVA-SA

Initial fast stage
(<24 hr)

Later slow stable stage
(24 hr-–168 hr)

49.8
94.1
42.3
47.5

50.2
5.9
57.7
52.5

PVA-SA > PCL, and that of the accumulated carbon was CC
> PVA-SA > CPSP > PCL(Fig. 5a). During the initial stage, the
accumulated carbon of CC was the highest because of the released small molecular organic matters and led to the high
TOC (Xiong et al., 2020; Yang et al., 2015), while that of PCL
was the lowest because of its slow carbon release rate and low
TOC release (Wang and Chu, 2016). The PCL and PVA-SA components of CPSP slowed down its carbon release rate in the
initial stage, and the CC component of CPSP led to its higher
carbon release capacity than PCL in later stage. CPSP combined the advantages of CC, PCL and PVA-SA, i.e., avoidance
of excessive carbon release in the initial stage and guarantee
of enough carbon release in later stage.
It can be seen from Table 2 that the carbon release processes were highly in accord with the second-order reaction
and the Ritger–Peppas equation. Small t1/2 values of CC indicated that it could release a large amount of carbon in a short
time. High cm value of CC meant that it contained more soluble and small molecular organics, which could result in carbon
source waste and excessive effluent TOC in the initial stage of
denitrification On the contrary, PCL with low cm might not release sufficient carbon for the utilization of denitrifiers, which

might lead to slow growth of biofilms, bad nitrogen removal
performance, and long start-up period, etc. PVA-SA and CPSP
had moderate cm and higher t1/2 values, which indicated that
the quantity and velocity of their carbon release might alleviate the defects of CC and PCLs mentioned above. The Ritger–
Peppas calculation release index n (0.43 and 0.44) of CPSP and
PCL were less than 0.45, which suggested that the diffusion
process was dominant and the framework was stable in CPSP
and PCL carbon release. Diffusion process was also dominant
in carbon release of CC (n = 0.06), which indicated that the
lignocellulosic framework of CC was also stable in the later
stage. The release indexes of PVA-SA were between 0.45 and
0.89, which meant that the diffusion and disintegration processes occurred simultaneously (Ritger et al., 1987), and such
phenomenon was consistent with the SEM photos.
TOC release profiles were shown in Fig. 5. from which it
can be seen that the average COD/TOC ratios were 2.78, 2.34,
3.21 and 4.15 for CPSP, CC, PCL and PVA-SA, respectively. Since
TOC was measured after 0.45 μm syringe tip-filter filtration,
it could reflect the total soluble organic matters. COD/TOC ratio can be used to evaluate the solubility and degradation of
organic matter, and 1 g TOC is equal to 2.67 g COD if all of
the organic matter are soluble (Xiong et al., 2019). Compared
with other experimental carbon sources, the COD/TOC ratio
of CPSP (2.78) was the closest to 2.67, which indicated that the
organic matter released from CPSP had the best solubility and
degradability.
SCFAs are commonly used carbon source for denitrification, which could be recovered from sewage sludge by acidogenic fermentation (Atasoy et al., 2018). Acetic acid is the
easiest-to-use type in SCFAs. The SCFAs released from each
solid carbon source included formic, acetic, propionic and butyric acids (Fig. 5c). The ratio of formic, acetic, propionic and
butyric acids released from CPSP were stable at 8.27% ± 1.66%,
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Fig. 5 – Carbon release characteristics of (a) TOC, (b) COD/TOC, and (c) SCFAs for different carbon sources.

Table 2 – Kinetic fitting results of carbon release process
Second-Order Reaction
Materials
CPSP
CC
PCL
PVA-SA

Ritger-Peppas
2

Equation

R

cm

K

t1/2

Equation

1/c = 0.6865/t + 0.0469
1/c = 0.0128/t +0.0008
1/c = 0.6919/t + 0.0426
1/c = 2.3258/t + 0.0228

0.9241
0.9721
0.9239
0.9752

11.819
38.088
3.282
19.200

1.457
78.125
1.445
0.43

8.114
0.488
2.271
44.656

Mt /M∞
Mt /M∞
Mt /M∞
Mt /M∞

56.48% ± 3.71%, 18.46% ± 2.69% and 16.79% ± 3.02% respectively. In the SCFAs released from CPSP, acetic and formic acids
were mainly from the CC component, and propionic and butyric acids were mainly from PVA-SA and PCL component. The
results mentioned above were consistent with the reported
discoveries (Xiong et al., 2019).

2.4.

UV-Vis absorption spectrum of the leachate

The ultraviolet absorbance at 254 nm wavelength, i.e. UV254 ,
is always applied to reflect the organic matter composition
related to the unsaturated structures and high-molecularweight humic-like substances. The ratio of UV254 to TOC concentration, i.e. SUVA254 , illustrates the organic matter composition with regard to the hydrophilicity, molecular weight and
aromaticity of the organic matters (Shao et al., 2009). SUVA254
can be used to reflect the treatability of natural organic mat-

= 0.1179t0.4301
= 0.739t0.0645
= 0.1038t0.4415
= 0.0245t0.7872

R2

n

0.9943
0.8774
0.9918
0.9712

0.43
0.06
0.44
0.78

ter (NOM) during wastewater treatment (Ritson et al., 2014).
According to previous studies, the increase of SUVA254 means
more aromatic carbon, which is less bioavailable in lakes
(Weishaar et al., 2003).
It can be seen from (Fig. 6a) that the SUVA254 of CC increased sharply at the beginning, followed by slow increase till
144 hr, and then slight decline was observed. The SUVA254 of
other experimental carbon sources increased fast at the beginning and then decreased to low and stable stage, which
might be resulted from the utilization of aromatic substances
with oxygen-containing functional groups by microorganisms
in the later period (Wei et al., 2017). Therefore, it can be concluded that the organic matter released from CPSP (with CC
component) has higher and more stable bioavailability, which
lead to higher denitrification efficiency (Shao et al., 2009).
E2 /E3 represents the ratio of light absorption coefficient at
250 nm and 365 nm, which is generally used to characterize
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Fig. 6 – UV-vis spectroscopy variation for different leachates.

the molecular weight of DOM, and the larger the value, the
smaller the molecular weight (Zhang et al., 2011). As shown
in Fig. 6b, the E2 /E3 of CPSP leachate was higher than that
of other carbon sources, which suggested that the carbon released from CPSP has smaller molecular weight and is easier
to be consumed by micro-organisms. The E2 /E3 variation of
CPSP and CC leachate was significantly smaller than that of
PCL and PVA-SA leachate, which indicated that the DOM released of CPSP and CC was more stable.
E3 /E4 is the ratio of light absorption coefficient at 300 nm
and 400 nm, which reflects the humification degree of DOM.
E3 /E4 > 3.5 means low unification, and E3 /E4 <3.5 means high
humification (Li et al., 2017c). It can be seen from Fig. 6c that
the E3 /E4 of PCL and PVA-SA leachates were much less than
3.5, which reflected their high humification degree. The E3 /E4
of CPSP and CC leachates were relatively high, which indicated
that they had good solubility and degradability.
A253/203 is the ratio of light absorbance at 253 nm and
203 nm, which reflects the type and degree of substituents
on the aromatic ring (Kumke et al., 2001). The A253/203 of CC
leachate, i.e. ranged from 0.23 to 0.26, was higher than that of
other leachates during almost the whole experiment period,
which meant that the content of carboxyl, carbonyl and ester groups of aromatic ring substituents in its DOM was relatively high. The A253/203 of PCL and PVA-SA leachates had
an increasing trend with time, which suggested the decrease
of aliphatic chain of aromatic ring substituents in the DOM
of leachates and the increase of carboxyl, carbonyl and ester groups. The A253/203 of CPSP leachate ranged from 0.1 to
0.15, which was relatively stable compared with other carbon
sources, which indicated that the DOM in CPSP leachate had
relatively low aromaticity, small molecule and low degree of
humification.

2.5.

3DEEM of the leachate

PARAFAC was applied to analyze the leachates of different
solid carbon sources, and five kinds of fluorescence components were separated (Fig. 7 ), i.e., tyrosine and protein like
component C1, aromatic protein component C2, C3, C4 and
tryptophan component C5. Table 3 lists the peak positions
of each fluorescence component, which are in accordance
with the reported wavelength range (Bridgeman et al., 2011;
Chen et al., 2012; Fellman et al., 2010; Stedmon et al., 2003).
C5 had three obvious excitation peaks at the emission wavelength of 335 nm, and its fluorescence peak at 205 nm had a
slight red shift compared with the tyrosine-like range reported
by Bridgeman et al. (2011).
DOM in water has high reactivity and is easily affected
by physical, chemical and biological processes, which provides nutrients for the growth of microorganisms and changes
the structural composition, properties and ecological risks of
pollutants (Chu et al., 2016a). Fig. 8 illustrates the variation
of the maximum fluorescence intensity of each component,
which was analyzed by PARAFAC. The fluorescence intensity
of the components released by CPSP and CC changed significantly with time, while those of PCL and PVA-SA kept relatively stable. The whole DOM fluorescence intensity of the
components released by CPSP and CC increased obviously,
and those of PCL and PVA-SA only had slight variation. In the
leachate of CPSP, C5 was mainly originated from CC while C2
from PCL and PVA-SA. The DOM released by all carbon sources
were mainly protein-like substances, which had relatively low
humic acids and thus indicated low degree of humification.
These results were in consistent with the analysis of UV-Vis
absorption spectrum in Section 2.4. CPSP combined the ad-
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Fig. 7 – 3DEEM of five components identified by PARAFAC.
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Table 3 – Component characteristics of DOM in leachates.
Component

Ex /Em (nm)

Substance

Wavelength in reference (nm)

C1

290/280

Tyrosine and protein like

C2

235(295)/350

Aromatic protein ⅡTryptophan
and protein like

C3

230/360

Aromatic protein Ⅱ

C4

200(275)/305

Aromatic protein ⅠTyrosine and
protein like

C5

220(255,290)/335

Aromatic protein ⅡTryptophan
Tryptophan and protein like

270-280 /300-320
(Chen et al., 2012)
230 /330
(Stedmon et al., 2003)
280 /350
(Stedmon et al., 2003)
230 /330
(Stedmon et al., 2003)
270-280/300-320
(Chen et al., 2012)
270-275/304-312
(Fellman et al., 2010)
230 /330
(Stedmon et al., 2003)
225-237/309-321,270-280/305-320
(Bridgeman et al., 2011)

Table 4 – Economic cost and biological nitrate removal capacity of different carbon sources.

Substrate

Price of substrate (€ /kg)

Consumption of
substrate (kg/kg
NO3 − -N)

Acetic acid
Ethanol
Methanol

2.4
1.2
0.4–1.0

3.5
2.0
2.08–3.98

8.0
2.4
1.0–4.0

PCL
CC
PVA-SA
CPSP

4.1–5.0
0.16–0.22
0.29
0.57–0.63

1.3–1.8
8.3
-

5.4–8.9
1.33–1.83
-

vantages of different carbon sources, and the components in
its leachate were more suitable for denitrification compared
with the other experimental carbon sources.

2.6.
Correlation analysis between DOM and UV-vis
parameters
Correlation between UV-Vis spectrum and 3DEEM was analyzed to study the characteristics of the DOM in leachate. As
shown in Fig. 9, the negative correlation between E2 /E3 and C1
was significant, and the correlation coefficient of CPSP and CC
reached -0.59 and -0.61 (p < 0.05), which indicated that the humification degree of C1 was low. The correlation coefficients of
C4 and C5 were 0.38, 0.63 (p < 0.05), 0.73(p < 0.01), and 0.2 for
CPSP, CC, PCL, and PVA-SA respectively, which meant that C4
and C5 had similar composition and sources. It can be concluded from the correlation analysis that CPSP and CC had
relatively similar characteristics.

2.7.

Denitrification Performance

The denitrification performance of different carbon sources
are shown in (Fig. 10a). The intermediates as NO2 − -N and

Cost of denitrification
(€/kg NO3 − -N)

References
(Boley et al., 2000)
(Boley et al., 2000)
(Boley et al., 2000;
Chu et al., 2016b)
(Boley et al., 2000)
(Li et al., 2019)
(Wang et al., 2021)
-

NH4 + -N were less than 0.5 mg/L throughout the whole denitrification process (data not shown), which indicated that released organic matters could be used for denitrification and
were appropriate for WWTP effluent treatment. Compared
with CG, carbon resource addition obviously enhanced the
denitrification capability. It can be seen from Fig. 10a that the
denitrification process could be divided into three phases, i.e.,
the fast release phase (phase I, 0–24 hr), the start-up phase
(phase II, 25–72 hr), and the stable phase (phase III 73–240 hr).
In the start-up and stable phases, the COD released from the
experimental carbon sources could meet the Discharge Standard (First class A) of Pollutants for Municipal Wastewater
Treatment Plant in China (GB18918-2002) except for PVA-SA
(Fig. 10b).
In phase I, the nitrate removal mainly depended on COD
utilization, so CC had the best performance because of its fast
and high COD release (Fig. 10b). After the first sampling and
supernatant replacement, sharp COD decline of CC occurred
for the decrease of small molecular organic carbon, and slight
COD increase of CPSP and PVA-SA was observed, which indicated that their carbon release was slower compared with
CC in the denitrification system (Fig. 10b). These phenomena
were consistent with the results discussed in Section 2.3.
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Fig. 8 – Fluorescence intensity and components of DOM in leachates (the number in X-axis on behalf of the release time).

In phase II, the nitrate removal fluctuated due to the acclimation of microorganisms except for CPSP, which was similar to the research of Ling et al. (2021). Abundant soluble and
small molecular organics were released in this phase except
for PCL, and the nitrate removal performance was influenced
by the quantity and biodegradability of the released materials. PVA-SA had relatively high COD release, and its denitrification efficiency was low before 48 hr and increased to
higher than PCL at 72 hr, which meant that the COD released
from PVA-SA could be used through the microbial acclimation. Therefore, less PVA-SA should be used as long as it can
ensure the mechanical strength when served as scaffold material for CPSP. CPSP had short start-up period, and its denitrification performance kept stable in both phase II and III.
Kumar et al. (2009) reported that physical smash could enhance the bioavailability of plant carbon sources, so the enhanced nitrate removal of CPSP might be resulted from the

higher degradability of the CC powders on the framework of
CPSP.
In phase III, the denitrification entered the stable phase
with the gradual maturation of biofilms and the stable utilization of carbon sources, and the average NO3 − -N removal of
CPSP, CC, PCL and PVA-SA were 4.32, 4.24, 1.43 and 1.21 mg
respectively for every 24 hr. The average NO3 − -N removal
rate were 43.03%, 42.35%, 14.24% and 12.11% for CPSP, CC, PCL
and PVA-SA, respectively. The higher nitrate removal ability of
CPSP and CC might be caused by the rough surface and high
proportion of degradable hemicellulose and cellulose. The surface of PCL and PVA-SA was too smooth to attach the hydrolysis and denitrification bacteria, thus led to unsatisfactory denitrification performance. CPSP released more COD (12.71 mg/L)
than CC (7.33 mg/L) and PCL (3.06 mg/L) in phase III, which
could facilitate the denitrification in the anoxic tank of moving bed biofilm reactor or anaerobic-anoxic-oxic process used
CPSP as carriers. CPSP released less COD (12.71 mg/L) than

journal of environmental sciences 118 (2022) 32–45
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Fig. 9 – Correlations of spectral characteristics of DOM in the leachates of (a) CPSP, (b) CC, (c) PCL and (d) PVA-SA (based on
UV-vis and 3DEEM).
 means significant correlation at 0.01 level (bilateral);
 means significant correlation at 0.05 level (bilateral).

Fig. 10 – Denitrification performance (a) and effluent COD (b) of different carbon sources.
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PVA-SA (15.69 mg/L) but it had higher nitrate removal rate
(43.03%) than PVA-SA (12.11%), which meant that the COD released from CPSP has the better biodegradability.
The denitrification performance of CC is comparable to
that of CPSP in the phase III, but the denitrification performance of CC plant carbon source may be deteriorated after long period operation, which was supported by the denitrification deterioration using Vallisneria pieces as carbon
source after 118 day’s operation (Hang et al., 2016). The PCL
still had better denitrification performance (95% ± 2% TN removal efficiency) during 207-277d’s operation stage (Chu and
Wang, 2013), which indicated that CPSP including PCL ingredient had continuous carbon release in rather longer period
than CC. CPSP can also avoid the problems of excessive organic matter release and secondary pollution in the initial
stage, which is common when CC supplied as carbon source
(Ling et al., 2021). Moreover, PVA-SA framework of CPSP can
effectively prevent agricultural waste crushing in practical application.
The estimated cost for nitrate removal using different carbon sources was shown in Table 4, which was calculated according to the required amount of substrate and its unit price.
The denitrification cost of agricultural waste was rather low,
which was less than that of most biodegradable polymers and
soluble carbon sources. PVA-SA was rarely used as a carbon
source alone, and the immobilization material cost of PVA-SA
embedded balls is approximately € 0.29/kg which covers the
raw material (70%) and manufacturing cost (30%) (Wang et al.,
2021). Therefore, based on the above-mentioned cost of PVASA, CC and PCL in Table 4, the estimated cost of CPSP is about
€ 0.57–0.63/ kg, which has competitive application potential.

3.

Conclusions

A novel solid slow-release carbon source (i.e., CPSP) was prepared using CC and PCL with PVA-SA as hybrid scaffolds for
denitrification. The stable organic carbon release and high
biodegradability of CPSP in aqueous medium indicated that
it was appropriate for biological denitrification as external
carbon source. CPSP could also be used as biological carrier
for its physical characteristics. The NO3 − -N removal rate of
the experimental carbon sources was 43.03% (CPSP), 42.35%
(CC), 14.24% (PCL) and 12.11% (PVA-SA), which suggested that
CPSP was the best carbon source for denitrification. The carbon release process of CPSP followed the second order release equation, and the ratio of formic, acetic, propionic and
butyric acid to the total acids released from CPSP kept stable at 8.27% ± 1.66%, 56.48% ± 3.71%, 18.46% ± 2.69 and
16.79% ± 3.02%, respectively. UV-Vis absorption spectrum
and 3DEEM analysis indicated that the organic matters released from CPSP had low degree of humification and small
molecules, which led to its better performance in the denitrification experiment. Therefore, the composition of synthetic
polymers and agricultural waste of CPSP is more advantageous than other experimental carbon sources, and it will
have the good perspective application in the future.
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