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A green porous composite was prepared using two kinds of natural polysaccharides, konjac glucomannan
(KGM) and semen litchi (SL) in agueous medium under mild conditions. The effect of mass ratios of KGM : SL
on structures and denitrification was systematically investigated. The intermolecular hydrogen bonds and
other synergistic interactions between KGM and SL gave the composite an amorphous phase and
honeycomb network structure with a wide range of macropores. Its high porosity and biocompatibility

meant the composite had short acclimation time. Nitrate removal rate could reach up to 98.8% on the

iizzgti%é?;hMZ?zﬁrggf;zme first day and denitrification rate could reach up to 320.2 + 5.82 mg N (L™* d7Y). In particular, the
KGM : SL = 3: 3 composite exhibited better mechanical property and much longer lifetime during the

DOI: 10.1039/c6ra284479 denitrification reaction. The porous composite can be used as an economical and effective carbon
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1. Introduction

Increased nitrogen pollutants have caused serious eutrophica-
tion and algal blooms in most areas of the world." Additionally,
nitrate in drinking water has caused increasing meth-
aemoglobinaemia in infants and alimentary canal cancer in
human beings.> Consequently, strict regulations have been
imposed on nitrogen emission and drinking water quality
criteria. For environmental and human health, a reduction in
nitrate concentrations in wastewater and groundwater is vital.

Heterotrophic denitrification is an environmentally friendly
and economical process for removal of nitrate from wastewater.
In biological denitrification processes, an organic carbon
source is necessary as the electron donor for reduction of nitrate
and nitrite. Therefore, it is important to add organics to deni-
trifying systems, especially in wastewater with a lower C/N ratio.
Natural, organic substances such as rice husk,®> wood chips,*
wheat straw® and cotton® have been developed as cheap and safe
carbon sources to remove nitrate from low C/N wastewater.
Litchi (Litchi chinensis Sonn.) is a tropical fruit of high
commercial value in the international fruit market, with an
established production rate of 2 600 000 ton per a.””* As the
agricultural waste of litchi, the output of semen litchi is very
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source for denitrification in low C/N wastewater.

large. In our previous work,” we found that semen litchi con-
tained about 48.8% starch, which could be assimilated easily
and quickly by microorganisms. Compared with other cellulose
matrices, semen litchi exhibited a much higher nitrate removal
rate and denitrification rate. However, because of its poor
mechanical strength and low porosity, natural semen litchi has
a short lifetime and a negative effect on bacterial adhesion and
growth.

Konjac glucomannan (KGM) is a water-soluble non-ionic
polysaccharide of high molecular weight, and is extracted
from tubers of the Amorphophallus konjac plant in large quan-
tities.” KGM can form strong, elastic, heat-stable gels after
removal of the acetyl groups on molecular chains when heated
with mild alkali. It has been widely used in processed food, ink
and paint, and biomedical materials.****

In this paper, a green, cheap and efficient carbon source is
prepared from konjac glucomannan and semen litchi for
denitrification in low C/N wastewater. Compared with other
natural carbon sources, the green porous composite has high
porosity and biocompatibility, and can be used as both carbon
source and biofilm carrier for denitrifying bacteria. It possesses
unique capability to remove nitrate from low C/N salinity
wastewater. This kind of composite has good potential appli-
cations in denitrification for groundwater or other low C/N
wastewater.

2. Materials and methods
2.1 Materials

Semen litchi was collected in Guangzhou city, and washed with
tap water before air drying (50 °C). It was then crushed into
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granules of 200 mesh. The material was preserved in a moisture-
free container at room temperature (25 °C). Konjac gluco-
mannan was purchased from the market in Guangzhou and
used as received. Other analytical grade chemical reagents were
purchased from Sinopharm Group Chemical Reagent Co. Ltd.
(Shanghai, China).

2.2 Methods

Preparation of porous composite. Three grams of KGM
powder and 200 mL of deionized water were mixed in a 500 mL
beaker. The aqueous suspension was stirred at 55 °C in a water
bath for 1 h until the solution became uniformly dispersed.
Subsequently, different amounts of SL (1 g, 3 g, 5 g or 7 g) and
0.36 g of Na,CO; (12% (w/w) of KGM) were added to the KGM
solution and vigorously stirred for 10 min. Then the mixture
was covered by preservative film and placed in a thermostat
water bath at 90 °C for 3 h. After being cooled to room
temperature, the samples (KGM-SL) were placed into a refrig-
erator at —20 °C for 8 h, then cut to 1 cm x 1 cm x 1 cm and
lyophilized (FD-1A-50 lyophilizer, Hannuo Instruments Co., Ltd,
Shanghai, China).

Denitrification reactions. The denitrification reactions were
carried out in 250 mL Erlenmeyer flasks, which were placed on
a thermostatic shaking incubator with rotation speed of
120 rpm at 30 °C. Four grams of KGM-SL composite and 200 mL
of synthetic salinity wastewater were mixed with denitrifying
activated sludge (the final mixed liquor suspended solids
(MLSS) concentration was 1.5 ¢ L™ '). The denitrifying activated
sludge was collected from a recirculating aquaculture system
for marine fish. The pH of influent was kept at 7.0-7.5 and
salinity was kept at 25%,,. The dissolved oxygen (DO) level in the
reactor was less than 0.5 mg L™

The synthetic high salinity wastewater was prepared
according to a previous protocol.*® The concentrations of NO;-N
and PO,-P were about 60 mg L™ " and 10 mg L™, respectively.
The wastewater was replaced every day. Samples were taken and
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filtered through 0.45 pm membrane before analysis. The
concentrations of chemical oxygen demandy;, (CODy,), NOs—
N, NO,-N were measured according to standard methods"
every day. The pH was determined with a digital, portable pH
meter (OHAUS, ST10, Parsippany, USA). The DO level was
measured with a digital, portable DO meter (YSI, Model 55,
Yellow Springs, USA).

Characterization. The morphology of KGM-SL was examined
by scanning electron microscopy (SEM, EVO 10, Zeiss, Jena,
German). A Fourier transform infrared (FTIR) spectrum of
KGM-SL was recorded using a FTIR spectrometer (IRAffinity-1,
Shimadzu, Kyoto, Japan). The X-ray diffraction (XRD)
measurements were performed with a X-ray diffractometer (D8
ADVANCE, Bruker, Karlsruhe, German) with nickel filtered Cu-
Ka (1 = 1.541 A) radiation as the X-ray source. The pattern was
recorded in the 20 range of 5-50° with a scanning rate of 4°
min~'. The porosity of KGM-SL was tested using a mercury
porosimeter (AutoPore IV 9500 V1.09, Micromeritics Instrument
Corporation, America) at pressures ranging from 0.10 to
60 000.00 psia.

3. Results and discussion
3.1 Scanning electron microscopy (SEM)

Fig. 1 shows SEM images of 200 mesh semen litchi, KGM and
the KGM-SL composite with different ratios. The starch gran-
ules of 200 mesh semen litchi were almost monodispersed
(Fig. 1a). In Fig. 1b, KGM shows a clear layer structure. During
the freezing process, the formation of crystalline ice caused the
originally dispersed KGM to be expelled to the boundaries
between adjacent ice crystals.'»'” After lyophilization, this
formed a porous layer KGM.

All the KGM-SL composites exhibited a network structure
with macropores, and nitrogen adsorption measurements
demonstrated that the composites had almost no mesopores
(data not shown). As the initial content of KGM was constant,
the additive amount of SL influenced the microstructure of the

Fig.1 SEM images of KGM—-SL composites with different KGM : SL ratios. (a) 200 mesh SL, (b) KGM, (c) KGM : SL=3:1, (d) KGM : SL=3: 3, (e)

KGM:SL=3:5, (] KGM:SL=3:7.
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composite. Semen litchi particles were wrapped in the KGM,
causing the layer structure of KGM to gradually transform to
a honeycomb structure (Fig. 1b-f).

From Table 1, based on the mercury intrusion measure-
ments, it can be seen that compared with KGM-SL composite,
KGM had a small pore size and high porosity. In KGM : SL =
3:1 composite, addition of SL particles destroyed the clear
layer structure (Fig. 1b), increased the pore diameter, and
decreased the porosity of the KGM : SL = 3 : 1 composite. After
the layer structure was transformed to a honeycomb structure
(Fig. 1d-f), the KGM : SL = 3 : 3 composite exhibited a higher
porosity (90.76%) and a uniform pore size distribution.
However, as the amount of SL continued to increase, the excess
SL particles blocked the pores of the honeycomb structure, and
the porosity of KGM-SL composite began to decrease (Fig. 1le
and f). Compared with KGM : SL = 3 : 5 composite, in parts of
the KGM : SL = 3:7 composite, some large diameter pores
appeared, making the average pore diameter and porosity
higher than those of the KGM : SL = 3 : 5 composite. Mercury
intrusion measurements showed that the ratio of KGM to SL =
3 : 3 was a more appropriate ratio.

Moreover, the pore wall thickness also increased with the
increasing amount of SL. The higher precursor concentration
leads to a thicker pore wall because of retarded ice crystal
growth with increased mixture viscosity."” SEM results indicated
that addition of SL to KGM changed the structure of KGM and
improved the porosity and increased the pore wall thickness of
the KGM-SL composite.

3.2 Fourier transform infrared spectrum

FTIR spectra of KGM and KGM-SL composites are shown in
Fig. 2, with similar main characteristic absorptions. The peak at
approximately 1730 cm™ " of KGM, which was found to be
assigned to acetyl groups in previous work,'*** was eliminated
in all samples after addition of alkaline and heating. In the
KGM sample (e), the stretching and bending vibration of the
hydrogen bonding groups assigned to the intermolecular
hydrogen bonds and C-H of methyl in KGM occurred at 3404
em ™' and 2943 cm ™!, respectively. The peak at 1645 cm ™' in the
spectrum of KGM was assigned to the intramolecular hydrogen
bonds, and the characteristic peak bands of mannose in KGM
appeared at 807 cm™ ' and 752 cm ™ .2

In the typical spectrum of the KGM-SL composite, the
characteristic peaks of stretching vibration for both hydrogen-
bonded hydroxyl and C-O groups were broadened and
showed shifts with increasing SL content in the composite. For

Table 1 Average pore diameter and porosity of composites

Average pore diameter (um) Porosity (%)

KGM 9.64 86.37
KGM:SL=3:1 7.41 79.89
KGM:SL=3:3 79.2 90.76
KGM:SL=3:5 38.65 62.0
KGM:SL=3:7 42.25 70.2

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 FTIR spectra of different samples. (@) KGM:SL = 3:7, (b)
KGM:SL=3:5(c) KGM:SL=3:3,(d) KGM: SL = 3: 1, (e) KGM.

example, the stretching vibrations of hydrogen-bonded hydroxyl
groups were located at 3404 cm ™' in KGM. But with an increase
of SL from 1 g to 7 g, this peak broadened and shifted from 3400
em ' (KGM: SL = 3: 1) to 3371 cm ™' (KGM : SL = 3 : 7). This
indicated the number of intermolecular hydrogen bonds
between KGM and SL was increased. Furthermore, the stretch-
ing vibration for C-O located at 1026 cm ™" and the peak at 1645
em™ ' assigned to the intramolecular hydrogen bonds were
broadened and shifted to a lower wave number with increasing
SL content, suggesting that new hydrogen bonds between KGM
and SL molecules were formed in the composite.”* Based on
these results, it can be concluded that the good miscibility
between KGM and SL resulted from formation of synergistic
interaction and intermolecular hydrogen bonds during the
blending and forming processes.*

3.3 X-ray diffraction analysis

The X-ray diffraction patterns of KGM and KGM-SL composites
are shown in Fig. 3. The patterns of KGM displayed a broad peak
at 20 = 20.6° with a small and weak peak appearing at 11.7°,

IR

1 20 30 40 50

26 (degree)

Fig. 3 XRD curves of KGM and KGM : SL composites. (a) KGM : SL =
3:7,(b)KGM:SL=3:5,(c)KGM:SL=3:3,(d) KGM:SL=3:1, (e)
KGM.
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which indicated that the KGM was in the amorphous phase.*
Incorporation of SL had an effect on the crystalline structure of
the KGM. On the whole, the XRD patterns of the KGM-SL
composites still retained characteristic peaks of KGM. But the
diffraction peaks at 11.7° had disappeared and the diffraction
peak (20 = 20.6°) shifted to a lower angle as SL content
increased. This indicated that incorporation of SL starch into
KGM increased the distance between p-mannose and p-glucose
on the KGM chain and decreased the intermolecular force,
leading to increased movement of the KGM chain.?® Hence, the
composite displayed a more porous network structure as shown
in Fig. 1. Apparently, when SL content increased, the broad
hump located around 26 = 17.2° displayed ill-defined diffrac-
tion peaks which were attributed to the characteristic peaks of
starch.*

From the SEM, FTIR and XRD results, it was found that
intermolecular hydrogen bonds between SL and KGM induced
a high porosity network structure of KMG-SL, important prop-
erties required for bio-media to form a biofilm. Moreover,
KGM-SL consists of two kinds of natural nontoxic poly-
saccharides, which make it nontoxic, biodegradable and
biocompatible. Finally, the simple and environmental friendly
preparation process means that KGM-SL has good application
prospects for engineering.

3.4 Denitrification removal rate of KGM-SL

First, the lifetime and the denitrification removal rate of the
KGM-SL composites were investigated. The changes of COD in
effluent water during the denitrification reactions are shown in
Fig. 4. At the beginning, a significant amount of COD in effluent
water was observed because some organic matter in KGM-SL
had already been released during the blending process and had
been adsorbed on the surface of composite. When the
composites were put into the denitrification reactor, the
absorbed organic matter was released quickly and led to a high
concentration in effluent water. Days later, the concentration of
COD decreased rapidly because the number of microorganisms
was increased and more carbon source was used. From the 5th
to the 8th day, the COD in effluent water suddenly increased
except for the KGM:SL = 3:3 composite. This abnormal

550
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400 4
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300~
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100 +
50+

0
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Fig. 4 Variation of COD with time in effluent.
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phenomenon can be partly explained by the SEM images of
composites after 6 days denitrification (Fig. S11). Numbers of
bacteria were grown extensively on the backbone of KGM-SL,
resulting in collapse of the porous structure then most of the
soluble carbon was washed out and caused the sudden increase
of COD.* Although much more bacteria was grown on the
backbone of KGM : SL = 3 : 3 composite (Fig. S1b¥), the struc-
tural collapse of KGM : SL = 3 : 3 composite occurred on the
13th day, much later than the other composites. And the size of
KGM : SL = 3 :3 composite gradually became smaller unlike
the others which were broken within 2 days (Fig. S21). From the
results, it was concluded that the KGM : SL = 3 : 3 composite
had a much longer lifetime and better mechanical property in
denitrification.

The denitrification performance of KGM-SL is presented in
Fig. 5 and S3.1 A high denitrification performance was achieved
on the first day. During the whole denitrification, nitrate
removal rate was kept between 98.8% and 100% and the nitrite
was lower than 0.15 mg L™ (Fig. S31), indicating that KGM-SL
had short acclimation time and salinity did not negatively affect
denitrification. After exhaustion of the carbon sources, nitrate
removal rate less than 50% occurred on the 21st, 29th, 23rd and
24th days for KGM : SL = 3:1, KGM : SL = 3:3, KGM : SL =
3:5 and KGM:SL = 3:7 composites, respectively. The
KGM : SL = 3 : 3 composite exhibited a much longer lifetime,
which would be advantageous for engineering applications.
During the experiment, it was found that after the 17th day,
when the NO;-N removal rate started to decrease, there was
a transient increase in NO;-N removal rate. This is because near
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S 80%
<
S
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£ —o— KGM:SL=3:3
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Fig. 5 Denitrification performance of KGM-SL.
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the end of the experiment, the composite appeared to thor-
oughly collapse and some carbon source was released. However,
this carbon source was used quickly by denitrifying bacteria, the
COD in effluent was not changed but a transient increase of
NO;-N removal rate occurred. Then the carbon source was
totally exhausted, and the NO;-N removal rate decreased
quickly.

Table 2 lists the denitrification rate of different solid carbon
sources as reported in other literature. Compared with the rice
husk (90.6-97.8%),> corncobs (90%)" and starch-PCL (93.53-
99.13%)* in fresh water, the nitrate removal rate of KGM-SL
(98.8-100%) was much higher even in high salinity water,
especially on the first day. Compared with the listed natural

Table 2 Comparison of denitrification rate of different solid carbon
sources

Nitrate Denitrification rate

Carbon source removal rate  (mg N (L™'d™1) Reference
Corncobs 90% — 1

Rice husk 90.6-97.8% 96 3

Cotton — 81 3

Wheat straw — 53 5
Starch-PCL 93.5-99.1% — 25

G. verrucosa — 13 28
Liquorice — 6.2 28

Giant reed — 3.3 28
KGM:SL=3:3 98.8-100% 320.2 + 5.82 This study
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Fig. 6 Variation of NO3s—N and NO,—N with time in effluent.
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carbon source, KGM-SL composite had a better structure and
higher assimilation rate by denitrifying bacteria, giving the
composite a higher denitrification rate than the other natural
carbon sources.

3.5 Denitrification rate of KGM-SL

Fig. 6 shows the changes in NO;-N and NO,-N concentrations
over time when stable nitrate removal rate was achieved. It can
be seen that NO;-N could be removed completely after 6 h.
Nitrite concentration ranged from 0.03 to 0.28 mg L™ in the
first 6 h and then decreased to 0 after 6 h. The linear correlation
between the concentration of NO;-N and time was investigated
and the degrees of correlation > were 0.956, 0.962, 0.97 and
0.976 for KGM :SL =3:1, KGM:SL=3:3,KGM:SL=3:5
and KGM : SL = 3:7 composites, respectively. Results indi-
cated that the denitrification process supported by KGM-SL
followed a zero-order reaction.”®* The denitrification rate of
KGM : SL = 3 : 3 was calculated to be about 320.2 £ 5.82 mg N
(L7" d"), which was much higher than the liquorice (6.2 mg N
(L7 d "), wheat straw (53 mg N (L~ " d ")) and cotton (81 mg
N (L' d™ ) (Table 2).

4. Conclusions

In this paper, porous composites were prepared from KGM
and semen litchi and used as a solid carbon source for
denitrification in low C/N wastewater. The synergistic inter-
action and intermolecular hydrogen bonds between KGM
and SL gave the composite a porous network structure with
macropores. During the denitrification reaction, because of
the high porosity and biocompatibility the KGM-SL
composite showed short acclimation time, high nitrate
removal rate, and fast denitrification rate compared with
other solid carbon sources. In particular, the KGM : SL=3: 3
composite exhibited higher porosity (90.76%), better
mechanical property, and much longer lifetime. Nitrate
removal rate could reach up to 98.8% on the first day and
denitrification rate could reach up to 320.2 + 5.82 mg N (L™*
d™"). This porous composite could be used as an economical
and environmentally friendly carbon source for denitrifica-
tion in high salinity low C/N wastewater.
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