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Nitrate contamination is one of the most important environmental problems in the
world. It is a common contaminant in groundwater system. Recent research shows
that there is nitrate contamination within the shallow aquifers of many countries
{Colin 1995; Williams et al. 1998). Nitrate contamination is a potential health
hazard to infants and pregnant women, and limiting direct use of such
groundwater resource for human consumption is common in many parts of the
world (WHO 1993; Shrimali and Singh 2001). Microbiological methods have
been proposed for remediation and removal of the nitrate contamination in
groundwater by: a) injecting organic matter into the aquifer to increase the
reduction zone and activate organisms for denitrification through multiple or
double boreholes (Hiscock et al. 1989; Dahab 1992); b) using sand tank
circulation and gravel tank system (Volokita et al. 1996; Dejournett and Alvarez
2001); c¢) introducing nitrate contaminated groundwater into underground caves
with a carbon source under pressure for denitrification (Gregory 1991). The first
method uses existing organisms in the media to remove nitrate through pumping
and injection. Limitations of this method are spatial variation of the underground
environment, heterogeneity and non-cultivation of the denitrifying organisms,
therefore the nitrate removal efficiency may be not satisfactory and the processes
are not well understood (Liu et al. 1992; Gomez et al. 2000). The second and third
methods are suitable for sites of small area and less contamination via engineering
constructions; they are not necessarily cost-effective approaches (Bouwer 1994;
Gomez et al. 2001; Schipper and Vukovic 2001). The main sources of nitrate in
the groundwater environment include agriculture (manures, fertilizers, pesticides
and wastewater irrigation) and improper disposals of urban industrial and
domestic wastewater, which percolate through soil and flow into groundwater
(Colin 1995). In the natural environment, the behavior of nitrogen is disturbed by
human activity and microbiological activity (Shen et al. 1995; Yang et al 1999).
Zhao and Yang (2002) have studied an efficient denitrifer for wastewater bio-
treatment. Based on these research results, this paper has further applied the
approach of bioremediation to a simulated contaminated porous media aquifer. A
study for nitrate removal using microorganisms in a sand tank has been carried out
based on the biochemical characterization and denitrifying mechanism of the
micro-organism.

Correspondence to: Y. S. Yang

362



100 s
_ - 20°C, pH=7, yd
g 80 I C/N=8; aerobic e
2 ,
E_ 60 /
LR !
% 40 | ///
2 | /
L // a)
e
O = iy | i 1 1 1 1 1 L 1
0 2 4 6 8 10 12

100

3 TN G0.8
= 80 y. _ ,,
3 i P SR
E —_—~ 60 // o / \
R S
Z 20 — e
L b)
0 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12
pH

Figure 1. Characteristics of the bacterium GO0.8: a) denitrification process; b)
variation of the denitrification efficiency with pH, compared to bacterium F1.

MATERIALS AND METHODS

A bioremediation approach was applied to a case study of a simulated porous
media aquifer with nitrate contamination. Nitrate removal, using micro-organisms
in a sand tank, was carried out based on the biochemical characterization and
denitrifying mechanism of microorganism. The results show the spatial and
temporal variation and efficiency of denitrification in the porous media aquifer.
Many environmental conditions, such as pH, temperature, oxygen, carbon source
etc., were important in the bioremediation of nitrate in the shallow aquifer. The
experiment results demonstrate that this method has practicable value and
potential in controlling and eliminating nitrate pollution in shallow groundwater
systems.

To obtain highly efficient denitrification bacteria, samples were taken from soil,
sludge and manure and cultivated with selective substrates. Six bacterial strains,
F1, Y, GO.5, GO.8, G1.5 and G2.0, underwent selective batch experiments under
different conditions for higher denitrifying efficiency. The bacterium GO0.8 was
selected as the best denitrifer using the approach proposed by Zhao and Yang
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Figure 2. Diagram showing the experimental apparatus.

(2002). The characteristics of the denitrifiers are shown in Figure 1. The
denitrification procedure of the G0.8 is clearly shown in Figure 1a: a) slow change
in the first two hours indicating denitrifer adaptation; b) rapid increase in 2-8
hours representing speed-up denitrification; ¢) nitrate residual removal in 8-10
hours for stabilized reaction, only small amount of NOj3 left. From the batch
experiments, the bacterium GO.8 has relatively higher denitrification efficiency
under conditions of 20°C, C/N = 6, low dissolved oxygen concentration (DO) and
pH=6.5-8 (Figure 1b). Therefore, these conditions were used for the
microbiological denitrification experiment of the simulated aquifer with the
selected GO.8 bacterium.

The experiment was designed to simulate a semi-infinite, homogenous sand
aquifer with properties of porosity n=0.41 and specific yield S,=12.4 m/d. The
diagrammatic apparatus is shown in Figure 2. The groundwater table was
controlled by the water heads at the inflow and outflow positions. Prior to the
experiment, the sand tank was washed with water containing high concentration
NaCl, then with fresh water to eliminate possible microorganisms in the sands.
Electrical conductivity was monitored throughout and a steady state was reached
after few hours. The sand tank was soaked with 50 mg/l NO; solution until
maximum concentrations were obtained at observation wells 1, 2 and 3. The G0.8
bacterium, then, was injected instantaneously into the upper-gradient side of the
tank. Temperature, DO, pH, NO5", microorganism amount and flow rate were
monitored. The experiment was stopped when NOj5™ concentration recovered to
the initial value at the wells 1 and 2.
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Figure 3. Breakthrough curves of NO5 obtained from the experiment.

RESULTS AND DISCUSSION

The breakthrough curves obtained from the experiment are shown in Figure 3.
The change of NO; concentration at the wells 1~3 can be divided into three
stages: a) NOj3™ increase stage, no denitrifer added and NO;5 in the observation
wells increased and reached a steady state through continuous injection of 50 mg/l
NO;57; b) NO5™ steady stage, with convection and dispersion of the contaminant,
concentration in the monitoring wells reached the injected concentration; ¢) NO5’
reduction stage, after injection of 250 ml denitrifer GO.8 (density 9x10” per ml) at
46 hours, NOj5  started to drop at 52 hours in the well 1, at 68 hours in the well 2
and at 80 hours in the well 3, which demonstrates effectiveness of the microbial
denitrification, whose mechanism has been described by Zhao et al. (1995).

In this experiment, the denitrification rates were 47%, 56% and 28 % in wells 1, 2
and 3 respectively (Figure 3); these at least double the rates when compared to
natural microorganisms. If the denitrification effect of both artificial and natural
micro-organisms is considered, the rate can be 90%. The artificially selected
bacterium GO.8 is feasible for remediation of nitrate in aquifer. However, the
result has not reached the 98% denitrification effect of the batch experiments due
to the various factors affecting the experiment, such as temperature, pH, DO, Eh,
carbon source, microorganism amount and reaction time. Figure 4 shows the
observed temporal variation of these factors during the experiment. It is apparent
from Figure 4 that only pH falls into the best denitrifying range and the rest are
not under the batch experiment conditions. In particular, high DO in the aquifer
media attracted electrons which suppressed the denitrification reaction; no carbon
source was added for the microorganism growth during the experiment, which
also constrained the denitrifying capacity.
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Figure 4. Variation of the environmental factors with time in the experiment.
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Figure 5. Variation of the microorganism in the well 1.

From the breakthrough curves in Figure 3, NO;™ decreased after the injection of
bacteria, due to the microorganisms and then recovered to its initial value.
Theoretically, the denitrification rate is proportional to the quantity of micro-
organisms. Figure 5 is the variation of the microorganism quantity with time in
the experiment. The quantity increased at 55 hours and dropped at 70 hours,
which coincided with the varying process of nitrate. Nevertheless, reduction of
flow rate indicates clogging of the sand aquifer.

We demonstrated that the microbiological method is technically feasible for
nitrate removal in the sand and gravel aquifer. In particular, under certain
conditions better denitrification can be obtained by using artificially-trained,
highly-efficient denitrifying microorganisms with proper carbon source. There are
a few practical points:

a) Bacterial contamination is a very sensitive issue and not well understood in
wellhead protection and groundwater supply management. This study regarding
bacteria development in an aquifer showed that bacteria can be decreased by the
processes of adsorption, dilution and decay without good nutrition.
Supplementary membrane technique of the porous media would be more efficient
to eliminate bacterial contamination.

b) Clogging of the porous media aquifer can reduce conductivity due to migration
and culture of bacteria, which is a major problem in aquifer remediation when
using microorganisms. Taylor (1990) and Soares (1991) mentioned that clogging
was related to porosity, dispersion, substrate, microorganism and amounts of gas
in aquifer. In this study, flow rate in the aquifer under constant head condition
showed that the density and adsorption of microorganisms affect the media
conductivity.
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Bioremediation is a cost-effective and environmentally sound remediation
technology. However, the denitrification rate and efficiency are site-specific and
are often limited by a wide range of environmental factors, such as degrading
microbial populations, pH, oxygen, carbon source and temperature. The
effectiveness of the bioremediation depends therefore on the success in
identifying the limiting factors and optimizing them in the preliminary studies in
order to extrapolate the results from laboratory to in-situ remediation in the field.

Acknowledgments. The support of the Natural Science Foundation of Tianjin,
China (No.013610111); “Chunhui Plan”, Ministry of Education, China; K.C.
Wong Education Foundation, Hong Kong and the Royal Society joint project, UK
is gratefully acknowledged.

REFERENCES

Bouwer EJ (1994) Capabilities of enhanced pump-and-treat and alternative
technologies. Ground Wat 37:841-843

Colin M (1995) US report raises fears over nitrate levels in water. Nature 377:4

Dahab MF (1992) Denitrification by in-situ biodenitrification in groundwater.
Wat Sci Technol 26:1493-1602

Dejournett TD, Alvarez JJ (2001) Combined microbial-Fe(0) treatment system to
remove nifrate from contaminated groundwater. Bioremediation J 4:149-154

Gomez MA, Hontoria E, Lopez JG (2001) Effect of dissolved oxygen
concentration on nitrate removal from groundwater using a denitrifying
submerged filter. ] Hazard Mat 2775:1-12

Gomez MA, Lopez JG, Hontoria-Garcia E (2000) Influence of carbon source on
nitrate removal of contaminated groundwater in a denitrifying submerged filter.
J Hazard Mat B80:69-80

Gregory B (1991) Methed for small system wastewater dentrification, US Patent,
No.: US 5,206,168. 8pp

Hiscock KM, Lloyd JW, Lerner DN (1989) An engineering solution to the nitrate
pollution of borehole Swaftham, Norfolk, UK. J Hydrol 107:267-281

Liu ZC, Zhu K, Liu X, Tan KW, Sun RZ (1992) Purification technology of nitrate
polluted aquifer. Groundwater (in Chinese) 14:172-176

Schipper LA and Vukovic MV (2001) Five years of nitrate removal,
denitrification and carbon dynamics in a denitrification wall. Water Res
35:3473-3477

Shen ZL, Zhong ZX, Wang M (1995) Nitrogen pollution and transformation in
groundwater system in urban area. The Proceedings of Workshop on
Groundwater Contamination, May 21-23, Bejing, pp80

Shrimali M, Singh KP (2001) New methods of nitrate removal from water.
Environ Pollut 112:351-359

Soares MIM, Braester C, Belkin S, Abeliovich A (1991) Denitrification in
laboratory sandy columms: carbon regime, gas accumulation and hydraulic
properties. Water Res 25:325-332

368



Taylor SW, Jaffe PR (1990) Biofilm growth and the related changes in the
physical properties of a prorous medium: 1, experimental investigation, Water
Res Res 26:2153-2159

Volokita M, Abeliovich A, Soares MI (1996) Denitrification of groundwater using
cotton as energy source. Wat Sci Technol 34:379-385

WHO (1993) Guidelines for drinking-water quality, vol.1 Recommendations, 2nd
ed. World Health Organisation, Geneva

Williams AE, Lund LJ, Johanson JA, Kabala ZJ (1998) Natural and
anthropogenic nitrate contamination of groundwater in a rural community,
California. Environ Sci Technol 32:32-39

Yang Y, Lin X, Zou L, Kalin RM (1999) Sustainable groundwater management
under impacts of urban growth in a developing country. Environ Manag Health
10:18-30

Zhao L, Yang YS (2002) Study on highly efficient denitrifer and investigation of
nitrate removal in groundwater. In: Hassanizadeh et al. (ed) Comput Method
Wat Res, vol 1, Elsevier, Delft, p593-598

Zhao L, Lin X, Ding A, Cao Y (1995) Microorganism action and significance in
process of transformation and transportation of nitrogen (in Chinese). J
Changchun Univ Earth Sci 25:91-97.

369



