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Abstract Denitrification of groundwater was studied
using a laboratory-scale reactor packed with biodegradable
snack ware served as both carbon source and biofilm
support for microorganisms. The complete removal of 50
mg/L of nitrate-nitrogen was achieved in a 23-day-old
reactor with 2.1 h of hydraulic retention time without
inoculating with any external microorganisms, which
indicates that indigenous microorganisms in groundwater
proliferate readily and result in stable biofilm formation
onto biodegradable snack ware. Accumulation of nitrite
and nitrate residue was detected when hydraulic retention
time was lower than 2.1 h. The breakthrough of nitrate-
nitrogen up to over 10 mg/L in the effluent water was
observed with nitrate removal efficiency reducing to about
75 % when hydraulic retention time was lowered to 1.4 h.
The highest rate of denitrification was observed with 1.5 h
of hydraulic retention time. Dissolved organic carbon
concentration in the effluent water ranged between 10 and
20 mg/L during the stable operation of the reactor, and
nitrite-nitrogen concentration was never higher than
0.09 mg/L. Considering its relatively low price and high
denitrification rate, biodegradable snack ware can become
a good alternative for denitrification process.
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Introduction

In the past decades, considerable increase in nitrate con-
centration in groundwater has been observed in many
countries, including China (Ovez 2006; Rocca et al. 2007,
Sierra-Alvarez et al. 2007; Wang and Wang 2009). Con-
cern over nitrate contamination is due to health problems
related to methemoglobinemia in infants (blue baby syn-
drome) because nitrate converts to nitrite in the body and
reacts with Fe(II) in hemoglobin to oxidize it to Fe(IIl),
which limits the oxygen carrying capacity of blood. In
addition, consuming nitrate-contaminated water can result
in cancer of the alimentary canal (Vosoughifar et al. 2005;
Aslan and Turkman 2006). As a result, relevant standards
have been set for nitrate content in drinking water by
various agencies. The United States Environmental Pro-
tection Agency (USEPA) has set maximum contaminant
levels (MCLs) of 10 mg nitrate-nitrogen (NO5-N)/L, and
The World Health Organization (WHO) and the European
Economic Community (EEC) have set standards of
11.3 mg NO;-N/L.

Nitrate pollution of groundwater is caused mostly by
intensive use of nitrogen-based fertilizers in agriculture and
uncontrolled land discharges of raw and treated wastewater
(Shrimali and Singh 2001). China is one of the largest
developing countries with a long agricultural history in the
world. To meet food demands for increasingly growing
population, input amounts of chemical fertilizers gradually
increase year by year in China, for example, nitrogen fer-
tilizers from 270 kg N/ha in 1998 to 366 kg N/ha in 2002
(Wang et al. 2003). Excessive nitrogen-based fertilizer
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applications and the low utilization ratio (3041 %) have
led to an increase in NO5-N concentration in the ground-
water in the most of regions in China (Wang et al. 2002;
Chen et al. 2007).

Conventional drinking water treatment processes are not
adequate to remove nitrate from groundwater due to its
stability and solubility with low potential for coprecipita-
tion or adsorption. Concern about nitrate pollution has
resulted in the development of many techniques. The typ-
ical processes can be grouped into chemical (chemical
reduction), physical (reverse osmosis, electrodialysis),
chemical-physical (ion exchange) and biological pro-
cesses. Among these, microbial denitrification has been
shown to be the most economical, efficient and environ-
mentally sound and to be feasible on a large scale (Soares
and Abeliovich 1998; Gomeza et al. 2002; Bidhendi et al.
2006). However, biodenitrification also has a risk of gas-
eous nitrous oxide production, a more potent green house
gas than CO,.

The majority of microbial denitrification treatment
relies on heterotrophic bacteria which require an organic
carbon source. Groundwater has low carbon content;
therefore, external carbon-containing substrates have to
be added. Usually, dissolved carbon source such as eth-
anol, methanol or acetate is used as electron donors for
nitrate reduction (Hoek and Klapwijk 1987; Green et al.
1994; Bandpi et al. 1999). The disadvantage of this
treatment process is the need for a close, rather sophis-
ticated process control, and has the risk of overdosing
with the resultant deterioration of effluent water quality
(Boley et al. 2000). To avoid the above-mentioned
problems, a solid substrate as an alternative to the liquid
carbon sources was employed in the denitrification pro-
cess by some researchers in the recent years. For this
type of denitrification, termed as “solid-phase denitrifi-
cation” (SPD), solid substrates serve not only as constant
sources of reducing power for denitrification but also as
supporters favorable for development of microbial films
(Hiraishi and Khan 2003). SPD process without adding
soluble organic substrates avoids sophisticated system
control, and is in favor of stable system operation (Wang
and Wang 2009).

The main objective of this study is to investigate the
efficiency of nitrate removal from groundwater using a
continuous flow reactor packed with biodegradable snack
ware (BSW) without inoculating with external microor-
ganisms. Considering its relatively low prices and as a way
to reuse of available resource, BSW can become a good
alternative for denitrification process. This study was car-
ried out between April 2009 and October 2009 in Beijing
Agro-Biotechnology Research Center and Tsinghua Uni-
versity, China.
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Materials and methods
Materials

BSW is made from reed and sugar cane, manufactured by
Zhejiang Shuangyu Plastic Ltd., China. Cellulose is its
main component. Prior to use, BSW was cut into pieces in
sizes of 1.5 cm x 1.5 cm with 0.478 m?%/g of surface area.
A synthetic influent water medium was used to simulate the
composition of nitrate-contaminated groundwater, which
consisted of the groundwater from Changping campus,
Tsinghua University, China, containing about 50 mg/L of
nitrogen and 10 mg/L of phosphorus by adding NaNO5 and
KH,PO,, unless otherwise stated. The characteristics of
groundwater used in the experiments are as follows: NO3-
N, 6.5-9.6 mg/L; dissolved oxygen (DO), 3.0-4.5 mg/L;
NO,-N, 0.0 mg/L; dissolved organic carbon (DOC),
0.0-1.3 mg/L; and pH 7.4-7.9.

Experimental set-up

The continuous experimental set-up consisted of a cylindrical
plexiglass biodenitrification unit of 4.5 cm inner diameter
and 40 cm height, completely submerged and operating with
an upward flow mode. The flow rate was regulated by a
peristaltic pump (BT00-100M, Baoding Lange Co., China)
(Fig. 1). The reactor was packed with 60 g of BSW, and
was started up with 2.1 h of hydraulic retention time
(HRT), without inoculating with external microorganisms.
Experimental study was carried out at room temperature
(24 £ 2 °C)and pH7.5. To establish anoxic conditions in the
reactor, the system was airtight, and the influent was purged
with high-purity nitrogen gas to keep dissolved oxygen (DO)
concentration below 0.5 mg/L. The reactor was covered with
aluminum paper to prevent light penetration.
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Fig. 1 Schematic representation of the experimental set-up
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Analytical determinations

The samples collected at regular intervals were filtered
through 0.45-pum pore membrane and were tested within 1 h
of collection. The filtrate was subjected to analyses of con-
centrations of NO3-N, NO,-N, ammonia and DOC according
to standard methods (SEPAC 2002). Dissolved organic car-
bon (DOC) concentration was determined by a TOC analyzer
(TOC-V wp, Shimadzu). DO measurements were carried out
using a WTW oxygen meter. The structure of the biofilm
attached to BSW carrier after being washed with deionized
water was examined by a scanning electron microscope
(SEM, S-3400N, HITACHI, Japan). Colony forming units
(CFU) of the effluent water were counted by standard plating
techniques on nutritional agar (SEPAC 2002).

Results and discussion

Acclimation of denitrifiers to BSW without adding
external microorganisms

Microorganisms should be inoculated to reactors when
biodenitrification process with biofilm technology is
employed to remove nitrate from drinking water. Gener-
ally, activated sludge is used as the seed of denitrifying
bacteria (Mohseni-Bandpi and Elliot 1998; Moreno et al.
2005). For drinking water treatment, external microorgan-
isms inoculated carry a potential risk of causing deterio-
ration in effluent quality. To avoid this disadvantage, it was
attempted to acclimatize denitrifiers from indigenous
microorganisms in groundwater to BSW. The background
values of bacterial counts for the groundwater used in the
experiment ranged between 7 and 15 CFU/mL. During the
acclimation process, NO3-N concentrations in the influents
increased gradually from 20 to 50 mg/L, and HRT was
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Fig. 2 Concentrations of NOs-N in the influent and effluent of the
reactor packed with 60 g BSW at 24 + 2 °C and 2.1 h of HRT

2.1 h. After 4-day continuous operation of the reactor,
NO3-N elimination was observed (Fig. 2). The complete
removal of approximate 50 mg/L. of NO5-N was achieved
on day 23. Meanwhile, it could be observed that the surface
of BSW became rufous, which was due to biofilm coating
onto BSW. SEM micrograph from biofilm samples col-
lected after the start-up period of the reactor (Fig. 3) show
at least two different morphologies (rods and cocci) colo-
nizing the packing material.

The breakthrough of NO5-N up to over 10 mg/L in the
effluent water was observed with nitrogen removal effi-
ciency reducing to about 75 % when HRT was lowered to
1.4 h between 31 and 34 days (Fig. 4). On 35 day and
subsequently, 100 % removal efficiency for 50 mg/L of
NOs-N was recovered when HRT was increased back to
2.1 h. This shows that a stable biofilm can be formed using
BSW as the sole carbon source as well as the only physical
support for indigenous microorganisms from groundwater.

The above-mentioned results indicate that the inocula-
tion with external microorganisms is not necessary for the
acclimation of denitrifiers in denitrification process sup-
ported by BSW. Indigenous bacteria in groundwater can
proliferate readily under denitrifying conditions, and form
stable biofilms onto BSW. Although this sort of denitrifiers
acclimation may need longer time than inoculation with
activated sludge due to the far lower bacterial counts in
groundwater than in activated sludge, it will avoid the
deterioration of the effluent water quality due to activated
sludge addition; especially, it will prevent potential path-
ogenic bacteria in activated sludge from contaminating the
groundwater treated.

Denitrification efficiency and water quality

As shown in Figs. 2 and 4, NOs-N never was detected in
the continuously operational reactor between 23 and

S-3400N 5.00kV 11.7mm x5.00k SE 14:22° '

Fig. 3 SEM image of the biofilm attached onto the BSW carrier
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Fig. 4 Denitrification performance of the reactor with 50 mg/L of
NO3-N in the influent water
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Fig. 5 Changes in concentrations of NO,-N and DOC in the effluent
and denitrification rate of the reactor packed with 60 g BSW at
24 £ 2 °C and 2.1 h of HRT

30 days with 2.1 h of HRT. Nitrite was observed with a
maximum value of 0.05 mg/L in the 20-day-old reactor,
and had never been observed during the period between 26
and 30 days (Fig. 5). DOC content in groundwater used in
the experiment ranged between 0.2 and 1.3 mg/L. DOC
concentration in the effluent water increased up to
approximate 9 mg/L in the first day, which was due to
soluble fraction of BSW washed out of the reactor. From
then on, a sharp decrease in DOC concentration took place
since DOC was rapidly eluted by the influent; moreover, a
fraction of DOC was assimilated by microorganisms in the
groundwater. With the acclimation process proceeding,
microorganisms in the groundwater gradually proliferated
and attached onto BSW, which resulted in increases both in
nitrate elimination and DOC release due to biodegradation
of BSW. On day 18, DOC concentration surpassed 10 mg/L,
and from then on it was never below 10 mg/L. When
complete nitrate elimination was obtained after 23-day
operation, DOC concentrations ranged between 13 and
16 mg/L, with a volumetric denitrification rate of about
24 mg (NO3-N)/(L h) (Fig. 5).
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Fig. 6 Effects of HRT on denitrification rate, NO5-N removal
efficiency and NOs-N concentration in the effluent with 50 mg/L of
NO3-N in the influent (Y error indicates the standard error of means
among three determinations)

The treated water never exhibited noticeable color and
odor, and ammonia was never detected during the experi-
ment. The number of CFU in the effluent was in the order
of 10%/mL, which is lower than that in denitrification with
simple carbon sources (Soares and Abeliovich 1998).

Effect of HRT on denitrification performance

Many researchers have confirmed that denitrification rates
are strongly dependent on HRT or flow rates (Soares and
Abeliovich 1998; Kesseru et al. 2003; Aslan and Turkman
2006; Behera et al. 2007). Moreover, HRT affects nitrite
accumulation in the effluent (Soares and Abeliovich 1998;
Aslan and Turkman 2006). As shown in Fig. 5, when HRT
was decreased to 1.4 h, the NO3;-N breakthrough was
observed. To investigate intensively the effect of HRT on
denitrification performance supported by BSW, 1.4, 1.5,
1.6, 1.85 and 2.1 h of HRT were set respectively, and the
experimental results by continuous operation for each HRT
for 3 days are illustrated in Figs. 6 and 7.

NO;-N concentration in the effluent was below 10 mg/L
when HRT was higher than 1.5 h, which meets drinking
water standards. NOs-N concentration reached about
13 mg/L with 1.4 h of HRT, and nitrate removal efficiency
dropped to 75 %. With the decrease in HRT from 2.1 to
1.5 h, denitrification rate gradually increased up to about
27.7 mg NOs-N/(L h); subsequently, denitrification rate
had a slight decrease with the lower HRT (Fig. 6).

When HRT was decreased below 2.1 h, NO,-N accu-
mulation was observed with a maximum value of 0.09 mg/L
for 1.4 h of HRT (Fig. 7). This may be because of the
low contact time for microbial activity, resulting in inter-
mediate accumulations of denitrification process (Aslan
and Turkman 2006). Moreover, longer reaction time will
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Fig. 7 Effects of HRT on DOC and NO,-N concentrations in the
effluent with 50 mg/L of NO3-N in the influent (Y error indicates the
standard error of means among three determinations)

provide sufficient carbon source for nitrite reduction, and
reduce the accumulation of nitrite in the effluent.

When HRT was maintained in the range between 1.6
and 2.1 h, DOC concentrations in the effluent differed little
from each other, ranging between about 11 and 14 mg/L.
An increase in DOC concentration close to 20 mg/L was
observed as HRT was lower than 1.5 h (Fig. 7). This may
be attributed to a fast flow rate causing relatively high
amounts of DOC to be washed out of the reactor.

Denitrification process supported by BSW caused high
bacterial counts (104 CFU/mL) and DOC concentration
(1020 mg/L) in the effluent as same with other solid
carbon sources, resulting in offended drinking water stan-
dards; therefore, post treatment is needed to remove DOC
and bacteria in the effluent before human consumption.
Activated carbon adsorption, sand filter, and disinfec-
tion were proposed as the effective post treatment

measurements (Soares and Abeliovich 1998; Aslan and
Turkman 2005; Ghafari et al. 2008).

A comparison in denitrification rates of different solid
carbon sources

Denitrification rates are strongly dependent on the type of
organic carbon source (Elefsiniotis et al. 2004), except for
the HRT as indicated in the section “Effect of HRT on
denitrification performance”. As shown in Table 1, deni-
trification rate based on the use of BSW is far higher than
that of natural organic solid substrates (NOSS), such as
wheat straw and cotton, reported in the literatures, and is
compared with PHB and PCL. As pointed out by Boley
et al. (2000) and Hiraishi and Khan (2003), PHB and PCL
are perhaps the most suitable solid substrates for denitri-
fication process; however, the relatively high denitrification
cost compared with a traditional liquid substrate such as
methanol is a major problem, which hinders them from
being used in practice. In comparison to PHB and PCL, the
BSW-using denitrification is economically more attractive.
Especially, with BSW being used widely in human lives,
the re-use of waste BSW can be taken into account for
denitrification processes.

Conclusion

The results in this research demonstrate that nitrate can be
effectively eliminated from contaminated groundwater
using a continuous flow reactor packed with BSW as car-
bon source and biofilm support. The indigenous microor-
ganisms in groundwater proliferated readily under the
denitrifying conditions and resulted in the stable biofilm
formation onto BSW. Therefore, the denitrification process

Table 1 Summary of denitrification rates achieved with various solid carbon sources

Carbon source System description Temperature (°C) NO3;-N Denitrification References

inlet (mg/L) rate [mg/(L h)]
Wheat straw Continuous 25£1 22.6 221 Soares et al. 1998
Cotton Continuous 25+ 1 22.6 2.31 Jin et al. 2004
Newspaper Continuous 25+ 1 22.6 1.54 Volokita et al. 1996b
Cotton Continuous 24 + 1 68 3.38 Volokita et al. 1996a
Giant reed Batch 21-24 100 0.54 Ovez et al. 2006
Giant reed Continuous 21-24 100 4.23 Ovez et al. 2006
Liquorice Batch 2024 100 0.86 Ovez et al. 2006
Liquorice Continuous 20-24 100 6.96 Ovez et al. 2006
PHB Continuous 20-25 5-40 7-41 Boley et al. 2000
PCL Continuous 20-25 5-40 21-166 Boley et al. 2000
PBS Continuous 25-30 50 22.9 Zhou et al. 2006
BSW Continuous 24 £2 50 27.7 This paper
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supported by BSW is not necessary to inoculate with
external microorganisms as carried out in the conventional
denitrification process.

Denitrification rate using BSW was far higher than other
natural organic substrates applied in denitrification process
of drinking water to date, and was compared with PHB and
PCL. BSW dominates over PHB and PCL in its low cost.
The complete removal of 50 mg/L of NOs-N was achieved
in a 23-day-old reactor. The highest volumetric rate based
on the use of BSW reached up to 27.7 mg NO5-N/(L h)
with 1.5 h of HRT.
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