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Abstract
Globally, increasing nitrate concentrations have become a serious environmental
problem and a potential risk to public health. The World Health Organization
(WHO) has set a limit of (10 mg/ (L)) NO3- for human consumption and (100 mg/
(L)) NO3- for animals. Water above these limits requires denitrification. Nitrate
causes cancer, blue-baby syndrome, hypertension and thyroid hypertrophy. Several
treatment processes can remove nitrates from water with varying degrees of
efficiency, cost, and ease of operation. Among these processes chemical denitrification and biological denitrification are useful processes considering efficiency cost
and maintenance. Denitrifying microorganisms are able to reduce nitrate to
innocuous nitrogen gas using suitable source of electron. Oxides of metal nanoparticles, hydrogen gas, and sulfur reduced compounds; pyrite and arsenate have been
used as electron donors for biological nitrate reduction. Among these electron
donors H2 and oxides of metal nanoparticles have better performance in the removal of nitrate. Bio-denitrification coupled to metal nanoparticle oxidation is an
inexpensive and advantageous process for nitrate removal from source of water. In
this review article the biological denitrification efficiency was studied between free
cell and cell amended metal nanoparticle such as nano scale zero valent iron
(nZVI). This study investigated the potential applicability of employing metal
nanoparticle as source of electron for biological nitrate reduction. Temperature, pH,
nitrate concentration and dissolve oxygen concentration are the major factors
affecting nitrate removal, with or without the presence of metal nanoparticles that
studied in this article.
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Introduction
Nitrate is a serious water contaminant in many areas in the
world. Consumption of nitrate contamination water causes
methemoglobinemia and other disorder such as hypertension [1], goiter [2], stomach cancer [3], thyroid disorder
and birth defects [4]. In animals, it may lead to muscular
weakness and abdominal pains [5]. Because of its risk to
environmental and human health, nitrate should be
removed from water supplies. In recent years biological
denitrification has gained increasing interest for nitrate
removal. This method is considered to be a most economical technique among other conventional techniques [6].
There is considerable ongoing attempt focused on
autotrophic denitrification using metal nanoparticle, since
it is a clean method with high nitrate removal efficiency.
The main advantage of autotrophic denitrification using
metal nanoparticle is the use of hydrogen and oxides of
metal nano particles as an electron donors, which are
harmless to human [7]. In this study investigated
autotrophic denitrification which was combined with metal
nanoparticle for treating nitrate contamination water. This
combined technology could achieve both high nitrate removal and low by- product.
denitrification of nitrate has been accomplished using
n- ZVI in aqueous solutions, indicating its potential

applications for nitrate removal from nitrate pollutant
waters [8]. Few studies have focused on this combined
technology for water treatment [9- 11]. Therefore, the
main objective of this review article is to investigate the
autotrophic denitrification using n-ZVI and other metal
nanoparticles.
Source of nitrate
Generally major sources of nitrate pollution of water
supplies divided to several group, including: accumulation
of waste, overuse of animal and chemical fertilizers, explosive industries, municipal waste, industrial effluents
and septic tank leakage [7, 12].
Nitrate removal methods
Nitrate is highly soluble anion which is colorless and odorless. Because of these features it is difficult to remove
nitrate using conventional water treatment technology such
as filtration [13].
There are different methods for removing nitrate from water supplies like ion exchange [14], reverse osmosis [15],
catalysis and electro- dialysis [16]. Each of techniques has
its advantages and disadvantages. Physical and chemical
technology are very expensive for pilot scale operation
[17]. However, use of these techniques is limited to energy
costs and post- treatment of large volume of wastewater
[18]. Biological treatment process is widely used for
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nitrate removal from water source, compared with physiochemical denitrification methods, this method removes
nitrate without need of post- treatment. Despite its lower
denitrification rate, biological nitrate removal method is a
cost- effective and friendly to the environment [7].
Biological denitrification
The biological nitrate removal from drinking water supply
first became operation in 1981, at the Chateau- Landon in
France [19].Biological denitrification removes nitrate from
water supply using microorganisms. The microbial reduction of nitrate to innocuous nitrogen gas is termed
biological denitrification or nitrate respiration. [20].
Usually, biological denitrification is anoxic process, that
occurring in the absence of molecular oxygen and presence
of nitrate as a final electron acceptor. This process involves four steps, from nitrate to nitrogen gas (NO3 →
NO2 → NO → N2O → N2). Each step in this process is
catalyzed by separate enzyme system [21]. Microorganisms known to denitrify are facultative organisms, but
most of them are not obligate anaerobes. This microorganisms under anoxic conditions use nitrate as a final electron
acceptor. The most recognized denitrify microorganisms
including: Achromobacter, Alcaligenes, Bacillus, Chrombacter, Corynebacterium, Halobacterium, Methanomonas,
Moraxella, Paracoccus, Propionibacterium, Pseudomonas, Spirillum, Thiobacillus, and Xanthomonas [22, 23].
According to organic carbon source, biological
denitrification divided to autotrophic and heterotrophic
denitrification [24-25]. The main difference between autotrophic and heterotrophic denitrification is type of electron
donor [26].
Heterotrophic denitrification
Heterotrophic denitrifying microorganisms need a reduced
organic substrate for metabolisms. In heterotrophic
denitrification, different organic carbon substrate used as
an electron donor. Generally, the most prominent carbon
sources are glucose, methanol, ethanol and acetic acid. A
number of studies utilized natural compounds, such as
wheat straw as organic carbon source for use in heterotrophic denitrification [27].
The following stoichiometric relationships for methanol,
ethanol and acetic acid have been formulated in equations
Eq(s) (1) - (3):
Methanol [27].
5CH3OH + 6NO3- → 3N2 + 5CO2 + 7H2O + 6OH-

(1)

Ethanol [27].
5C2H5OH + 12NO3- → 6N2 + 10CO2 + 9H2O + 12OH- (2)
Acetic acid

[27].

5CH3COOH + 8NO3- → 4N2 + 10CO2 + 6H2O + 8OH- (3)
The major harm of using methanol is production of toxic
residual methanol in water supply. Due to the toxic effect
of residual methanol, ethanol has been used as safe organic
carbon source instead methanol.
Heterotrophic biological denitrification is not only
cost- effective but also high nitrate removal rate, observed
in this method.
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Despite these advantages, pretreatment process in this
method is complex and lengthy. Moreover, heterotrophic
biological denitrification is efficient in nitrate removal
from supply water by sufficient organic carbon source but
in situations such as lake by insufficient organic carbon
source, application of this method is inefficient, unless
organic substrate added to situation [27].
Autotrophic denitrification
In autotrophic denitrification process, nitrate converted to
innocuous nitrogen gas by autotrophic denitrifying microorganisms such as Thiobacillus denitrificans, Thiomicrospira denitrificans, Paracoccus denitrificans. In autotrophic denitrification an inorganic energy source such as
sulfur, hydrogen or reduced sulfur species (thiosulfate,
sulfate) is needed. Despite Heterotrophic denitrification, in
autotrophic denitrification the carbon required for bacterial
growth achieved from inorganic carbon compounds
including bicarbonate or carbon dioxide that these
compounds used for cell synthesis. Beijerinck, Lieske and
Baalsruud [28] studied physiological and biochemical
characteristics of sulfur- oxidizing microorganisms. Claus
and Kutzner [29] investigated kinetics of Thiobacillus denitrificans using thiosulfate as an electron donor.
The following stoichiometric relationships for hydrogen
and thiosulfate have been reported in Eq(s)(4)-(5):
Hydrogen [23].
2NO3- + 5H2→N2 + 4H2O + 2OH-

(4)

Thiosulfate [29].
5S2O3- + 8NO3- + H2O → 4N2 + 10SO4- + 2H+

(5)

Autotrophic denitrification has advantages including no
requirement for an external organic carbon compounds
such as methanol. Furthermore autotrophic denitrification
is cost-effective and less sludge production, which
decreases post-treatment process. Despite these advantages
autotrophic microorganisms have slow growth [6].
Removal of nitrate by metal nanoparticles
Most of the metal nanoparticles due to their electrondonating tendency can removed different pollutant
chemical pollutants including the anions through reduction. This property of the metals has attracted considerable
attention of environmental researchers. Recently, some
types of nanoparticles have been found in sewage and
wastewater treatment, and these nanoparticles were
observed to be adsorbed on to activated sludge [30]. Some
of the metal nanoparticles should not be used because they
are either toxic or expensive. Most of zero- valent metal
nanoparticles can be used for chemicals removal including: Fe, Mg, Cu, Ti, Al, Ni, Pd, Pt, Cr and Ce [30].
Different metal nanoparticles for nitrate removal
Alumina nanoparticles (Al2O3) have been used in many
fields.Chen et al., investigated both short-term and longterm effects of Al2O3nanoparticles on wastewater nitrate
removal efficiency [31]. Scanning electron microscope
analysis showed that most of Al2O3 nanoparticles were
adsorbed onto activated sludge. Results of their study was
found that short-term exposure to (1 and 50 mg/L) Al2O3
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nanoparticles induced marginal influences nitrate and
phosphorus removal.
Nevertheless, high Al2O3 nanoparticles concentration (50
mg/L) was decreased nitrate removal efficiency from
80.4% to 62.5% due to the suppressed denitrification process. Their study indicated that compared with the
control, (50 mg/L) Al2O3 nanoparticles decreased the
abundance of denitrifying bacteria in activated sludge.
Enzyme activity tests showed that the activities of key
denitrifying enzymes (nitrate reductase and nitrite
reductase) were inhibited, which due to the negative
effects of (50 mg/L) Al2O3 nanoparticles on wastewater
nitrate removal.
Hou et al., [32] evaluated the effects of CeO2 nanoparticles
on biological nitrate removal in a sequencing batch biofilm
reactor (SBBR). In their study at low concentration of
CeO2 nanoparticles (1mg/L), no significant effect was
observed on nitrate removal, but, at high concentrations
(10 and 50 mg/L), the nitrate removal efficiency reduced
from 74.09% to 64.26% and 55.17% respectively. Scanning electron microscope imaging showed large amounts
of CeO2 nanoparticles attached on the biofilm, which
increased the production of reactive oxygen species. The
high concentration of CeO2 nanoparticles (50 mg/L)
significantly affected the lactate dehydrogenase release.
Confocal laser scanning microscopy showed that high
concentrations of CeO2nanoparticles measurably reduced
bacterial number [32].
Cai et al., [33] studied bimetallic Fe-Ni nanoparticles
supported by kaolinite (K-Fe-Ni) to simultaneously
remove Cu (II) and nitrate. Results of their study showed
that the removal of either Cu (II) or nitrate using K-Fe-Ni
was affected. Specifically, 42.5% of nitrate was reduced in
the presence of (200 mg/L) Cu (II), while only 26.9% of
nitrate was reduced when Cu (II) was absent. Similar
results were also obtained for the removal of Cu (II) in the
absence or presence of nitrate. However, the effect of
nitrate concentrations on the removal of Cu (II) was less
than that for Cu (II) concentrations regarding the reduction
of nitrate [33]. Shi et al., investigated supported bimetallic
Fe– Pd nanoparticles that were prepared by loading Fe and
Pd on chelating resin by two different methods. Their
results showed a remarkable nitrate removal (more than
95%) [34].
Wang et al., investigated Polycrystalline Pt nanoparticles
with controlled ratio of Pt(100) and Pt(110) were adopted
to study the surface sensitivity to nitrate reduction. Pt
nanoparticles with more Pt(100) oriented surface exhibit
higher reactivity to electro-reduction of nitrate. The
mechanism studied by a cyclic voltammogram in low
nitrate concentration at high scan rate indicates that the
initial reduction of nitrate ion happens on the short-range
order Pt(100) sites, leading to the formation of NO that
acts as the intermediate of the nitrate reduction to ammonia, while Pt(110) is hardly involved in nitrate reduction in
this condition [35].
Lubpho et al., evaluated nanocomposite tree metals, (CuPd -Fe0) for enhancing both nitrogen gas selectivity and
nitrate removal. The results of their study showed under
the conditions of temperature of 50°C, pH7and initial

nitrate concentration (100 mg/L), the highest N2 gas selectivity of 60.5% and nitrate removal of 90% were achieved
[36].
In another study that occurred with An et al., bimetallic
nanoparticles (nano Fe–Ni, nano Fe–Cu) and coated iron
nanoparticles (chitosan–Fe0, sodiumoleate–Fe0) were
utilized to support autotrophic denitrification. In comparison to nano scale zero-valent iron (nZVI) particles, Fe-Ni
nanoparticles resulted in faster nitrate removal, but generated 17% more ammonium. The nano Fe–Cu integrated
system, required two days less than the unmodified nZVI
integrated system to remove the entire nitrate and decrease
ammonium by 13%, but a large amount of nitrite remained
in the system. Compared to uncoated nZVI particles,
chitosan-coated nanoparticles allowed the same nitrate
removal time but 23% more ammonium production. The
sodiumoleate–Fe0 nanoparticles decreased the toxicity of
the nanoparticles to bacteria. Coating nZVI particles with
sodium oleate have better performance in the denitrification since less ammonium and nitrite was accumulated
with these particles than uncoated particles [37].
Nitrate removal by Zero Valent Iron nanoparticles
(nZVI)
Many studies have been carried out in the denitrification
techniques using iron nanoparticles, with or without other
metals such as nickel or palladium in water supplies. nZVI
has been extensively studied for environmental
remediation of a variety of contaminants including halogenated organic substance, heavy metallic ions, arsenate,
perchlorate and nitrate [38].
Oxidation of nano zero valent iron produces Fe2+ ion and
H2 which not only may be inducing the growth of microorganisms, but also can be used as an electron donor.
The advantages of nZVI include having a larger specific
surface area and higher surface reactivity. Recently
some studies reported that to accelerate the denitrification
rate, nZVI has been used as an electron source for biological nitrate removal. Nitrate was reduced using a nZVI-cell
reactor since the H2 was generated from nZVI corrosion as
an electron donor for nitrate reduction [38- 40].Studies
have shown compared with micro-scale ZVI, nano scale
zero-valent iron has a higher surface area and faster
reaction rate [41]. Hence, in recent years, nZVI has been
investigated as an alternative denitrification technique
[42]. As an electron donor for nitrate, nZVI could promote
microbial removal of nitrate through the reactions
indicated in following Eq (s)(6)- (7): [43].
4Fe0 + NO3- + 7H2O → 4Fe2+ + NH4+ + 10 OHFe0 + 2H2O → H2 + Fe2+ + 2OH-

(6)
(7)

Combination biological denitrification with nanoparticles
Liu et al investigated efficiency of denitrification of aqueous solutions in the presence of nanoscale zero-valentiron
and Paracoccus sp. strain YF1. In their study, various influencing factors were studied, such as oxygen, pH, temperature, and anaerobic corrosion products (Fe2+, Fe3+ and
Fe3O4). The results of their study indicated with slight toxicity to the bacteria, nZVI enhanced denitrification efficiency by providing additional electron sources under aer-

Journal of Applied Biotechnology Reports, Volume 3, Issue 1, Winter 2016

355
177

Mahdieh Rajab Beiki, et al. Effect of Metal Nanoparticles on Biological Denitrification

obic conditions. For example, (50 mg) nZVI
increased the nitrate removal efficiency from 66.9% to
85.2%. Also their results showed, as for anaerobic corrosion products, compared with Fe2+ and Fe3+, Fe3O4
increased nitrate removal by serving as an electron donor
[10].
Jiang et al., studied effects of nanoscale zero-valent iron
(nZVI) on the growth of Paracoccus sp. strain and
biodenitrification under aerobic conditions, specific factors
were evaluated in their study like pH, concentration of
nitrate, Fe (II) and carbon dioxide. The results of this study
indicated that low concentration of nZVI (50 mg)
promoted both cell growth and biodegradation from
69.91% to 76.16% while nitrate removal fell to 67.10% in
the presence of high nZVI concentration (1000 mg). This
is due to the high concentration of ions produced in nZVI
corrosion being used as an electron source for the
biodegradation of nitrate.
However, the excess uptake of Fe (II) causes oxidative
damage to the cells. To confirm this, nitrate was completely removed after 20 hour when (100 mg) Fe (II) was added
to the solution, which is much faster than the control
(86.05%, without adding Fe (II)). Also , nitrate removal
reached only 45.64% after 20 hour with low cell density in
the presence of 300 mg Fe (II) [11].
In other study that occurred with Shin and Cha [38] microbial reduction of nitrate in the presence of nZVI evaluated.
Results of their study showed that nitrate was completely
reduced after 72 hour using Fe0- cell reactor, while only
50% of the nitrate reduced after 168 hour using Fe0.
The effects of different factors on nitrate removal
efficiency
The effect of pH
pH control can be effective on the efficiency of nitrate
reduction. Chen et al., [44] evaluated nitrate removal
efficiency at pH ranged from 6 to 9. The results of their
study showed the greatest accumulated nitrite level was
increased at pH 9. Zhu et al., proved abiotic nitrate
reduction by nZVI on optimal pH range of 4- 7. They
proved half of nitrate was converted to gaseous nitrogen at
pH 4 [45]. Di Capura et al., demonstrated that low pH
stimulates a biotic nitrate reduction by increasing proton
accessibility [46]. In a study conducted by Westerhoff and
James [47] decrease in initial pH from 8.5 to 7.1 enhanced
nitrate removal up to 95%. Chung et al., proved complete
denitrification occurred after 27 hour at pH 8 [48]. Xia et
al., reported that maximum efficiency for autotrophic
denitrification was at pH 7 [49].
Since pH influences the enzyme activity of bacteria, it
plays a major role in nitrite accumulation in the denitrification reactors. Accumulation of nitrite was detected at
alkaline pH, and the nitrite level was increased with pH
increased from 8 to 9, the reason for this decline was that
high pH value could inhibit the nitrite reductase activity of
bacteria [50] and consequently the denitrification reaction
was not completed under this conditions.
The effect of temperature
The temperature has a prominent effect on nitrate removal
efficiency. In a study occurred with Komori and Sakakibara [51] demonstrated that denitrification process can be
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occur in the range 2- 50 ̊C. Vasilidou et al., proved higher
temperature enhanced growth and denitrification
performance of microorganisms [52]. Another study
reported by Kurt et al., [21] showed that denitrification
rate in a fluidized- bed reactor were doubled for every
10 ̊C increase in temperature. Rezania et al., suggested that
the denitrification rate increased as temperature increased
from 12 to 25 ̊C [50]. Zhou et al., demonstrated that the
suitable temperature range was 30- 35 ̊C and by increasing
temperature from 25 to 35 ̊C, maximum nitrate removal
efficiency observed at 25 ̊C, however in this temperature
nitrite accumulation was observed [53]. Chen et al., evaluated the effect of temperature on nitrate reduction in the
range 25- 40 ̊C in airtight flasks. The result of their study
showed that the nitrate reduction rate increased as temperature increased from 20 to 35 ̊C. A slight decline in
nitrate removal rate and nitrite accumulation observed at
40 ̊C [54]. Liu et al., investigated nitrate removal and cell
growth rates in free cells and nZVI- amended cells in the
range 25- 35 C
̊ . The results of their study showed a high
temperature at 35 ̊C has a positive effect on bacteria activity and cell growth and finally increased nitrate removal in
free cells and nZVI- amended cells [10]. The results of all
studies demonstrated that the rate of denitrification
continuously increased as the temperature increased and
the activity of the microorganisms influenced by temperature. Investigation of above studies showed that maximum
nitrate removal efficiency observed at high temperature
since all metabolic activity of microorganism and
participation of enzymes enhanced in high temperature.
The effect of nitrate concentration
Nitrate concentration plays an important role in denitrificatin efficiency. In the study occurred with Chen et al.,
[55] defined that increase of initial nitrate concentration
from 30–130 mg/L enhanced hydrogenotrophic efficiency
but at higher concentration above (130 mg/L) denitrification performance was inhibited. In other study Changet et
al., [56] reported that denitrification performance at high
nitrate concentration was not inhibited and the bacteria
were able to tolerate high nitrate concentration. Zhou et al.,
[53] showed that when initial nitrate concentration was (10
mg/L), complete nitrate removal was observed while of
higher concentrations above 30 mg/L denitrification was
inhibited and nitrite accumulation was observed. More
initial nitrate concentration will need more hydraulic retention time (HRT) for complete nitrate removal. Also, high
initial nitrate concentration can affect denitrification process by inhibiting the production of N2 gas from N2O [57].
The effect of dissolved oxygen
Denitrifying bacteria prefer oxygen over nitrate under aerobic conditions. Under anaerobic conditions denitrifying
bacteria use NO as terminal electron acceptor. hence dissolved oxygen (DO) has significant effect on nitrate removal efficiency. High DO has negative effect on
denitrification, since in these conditions microorganisms
use oxygen as the electron acceptor over nitrate. Also aerobic conditions repress enzymes involved in nitrate removal [58]. Generally denitificatin occurs at dissolved
oxygen concentration less than 2 mg/L, but Unexpectedly
in the study occurred with Hansen et al increase in
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dissolved oxygen up to 8 mg/L enhanced nitrate removal,
probably due to the formation of ferric iron that could be
used as an electron donor [59].
Conclusion
Nitrate contamination has been a major environmental
challenge because of adverse effects on environment and
human health. Nitrate removal from water resources has
been investigated in numerous studies. Among the several
techniques described for nitrate removal, biological nitrate
removal is a widely applicable method with high efficiency. The evaluation of combined biological denitrification
methods and metal nanoparticles in treatment of contaminated waters indicated that this method has potential
advantages over the other nitrate removal methods. The
results of different studies showed that conventional nitrate
removal methods are not adequate due to many reasons
that discussed in this paper. Denitrification through use of
zero valent metal nanoparticles as a developed the
treatment technique that attracted considerable attention of
the researchers. Recently, in many studies nZVI used as an
electron source in the autotrophic denitrification process
where nitrate is reduced to innocuous products like nitrous
oxide and nitrogen gas. Furthermore many factors
influenced nitrate removal that discussed in review article.
Results of studies confirmed that increasing temperature
and decreasing initial nitrate concentration and dissolved
oxygen concentration at neutral pH was affected the activity of the microorganism and consequently the
bio-denitrification increased with or without the presence
of metal nanoparticles.
Acknowledgements
We want to appreciate all of the scientists and researchers
whose works has been cited in this paper and all the other
researchers who have worked on this subject and we could
use the results of their studies.
References
1. Malberg, J. W., Savage, E. P., Osteryoung, J., Nitrate in drinking water and the early onset of hypertension. Environ Pollut,
1978, Vol. 15, pp. 155–161.
2. Sefner, W., Natural water contents and endemic goiter—a
review, Zentralb. Hyg Umweltmed, 1955, Vol. 196, pp. 381–398.
3. Cantor, K. P., Drinking water and cancer. Cancer Causes
Cont, 1997, Vol. 8, pp. 292–308.
4. Van Maanen, J. M. S., Van Dijk, A., Mulder, K., De Baets,M.
H., Menheere, P. C. A., Van Der Heide, D., Mertens, P. L. J. M.,
and Kleinjans, J. C. S., Consumption of drinking water with high
nitrate levels causes hypertrophy of the thyroid. Toxicol Lett,
1994, Vol. 72, pp. 365–374.
5. Naik S, S., Setty Y.P., Biological denitrification of wastewater
in a fluidized bed bioreactor by immobilization of Pseudomonas
Stutzeri using polypropylene granules. Int J Biotechnol Appl,
2011, Vol. 3, pp. 106–109.
6. Foglar, L., Briski, F., Sipos, L., Vukovic, M., High nitrate
removal
from synthetic wastewater with the mixed bacterial
culture, Bioresour Technol, 2005, Vol. 96, pp. 879–888.
7. Ghafari, S., Hasan, M., Aroua, M.K., Bio-electrochemical
removal of nitrate from water and wastewater – a review. Bioresour Technol, 2008, Vol. 99, pp. 3965–3974.

8. Ahn, S.C., Oh, S.Y., Cha, D.K., Enhanced reduction of nitrate
by zero-valent iron at elevated temperature. J Hazard Mater,
2007, Vol. 156, pp. 17–22.
9. Jiang, C., Liu, Y., Chen, Z., Megharaj, M., Naidu, R., Impact
of iron based nanoparticles on microbial denitrification by Paracoccus sp. Strain YF1. Aquat Toxicol, 2013, Vol. 142–143, pp.
329–335.
10. Liu, Y., Li, Sh., Chen, Zu.,Megharaj, M., Naidu, R,. Influence of zero-valent iron nanoparticles on nitrate removal by Paracoccus sp. Chemosphere, 2014, Vol. 108, pp. 426–432.
11. Jiang, Ch., Xu, X., Megharaj, M., Naidu, R., Chen, Z., Inhibition or promotion of biodegradation of nitrate by Paracoccus sp.
In the presence of nanoscale zero-valent iron. Sci Total Environ,
2015, Vol. 530–531, pp. 241–246.
12. Charfi, S., Trabelsi, R., Zouari, K., Chkir, N., Charfi, H.,
Rekaia, M., Isotopic and hydrochemical investigation of the
Grombalia deep aquifer system, northeaster Tunisia. Carbonate.
Evaporite, 2012, Vol. 28, pp. 281-295.
13. Rivett, M.O., Buss, S.R., Morgan, P., Smith, J.W.N., Bemment, C.D., Nitrate attenuation in groundwater: a review of biogeochemical controlling processes. Water Res, 2008, Vol. 42, pp.
4215–4232.
14. Bae, B.U., Jung, Y.H., Han, W.W., Shin, H.S., Improved
brine recycling during nitrate removal using ion exchange.Water
Res, 2002, Vol. 36, pp. 3330–3340.
15. Schoeman, J.J., Steyn, A.,Nitrate removal with reverse osmosis in a rural area in South Africa. Desalination, 2003, Vol. 155,
pp. 15–26.
16. Fernandez-Nava, Y., Maranon, E., Soons, J., Castrill, L.,
Denitrification of wastewater containing high nitrate and calcium
concentrations. Bioresour Technol, 2008, Vol. 99, pp. 7976–
7981.
17. Kapoor, A.,Viraraghavan,T., Nitrate removal from drinking
water—review. J Environ Eng, 1997, Vol. 123, pp. 371–380.
18. Hiscock, K.M., Lloyd, J.W., Lerner, D.N., Review of natural
and artificial denitrificationof groundwater.Water Res, 1991, Vol.
25, pp. 1099–1111.
19. Richarf, Y., Thebult, P., Biological removal of nitrates- report
on 7 years of operation and progress. Water Suppl, 1992, Vol. 10,
pp. 151-160.
20. Shrimali, M., Singh, K.P., New methods of nitrate removal
from water. Environ Pollut, 2001, Vol. 112, pp. 351- 359.
21. Kurt, M., Dunn, I. J., Bourne, J. R., Biological denitrification
of drinking water using autotrophic organisms with hydrogen in a
fluidized-bed biofilm reactor, Biotechnol Bioeng, 1987, Vol. 29,
pp. 493-501.
22. Zhao, Y., Feng, C., Wang, Q., Yang, Y., Zhang, Z., Sugiura,
N., Nitrate removal from groundwater by cooperating heterotrophic with autotrophic denitrification in a biofilm–electrode
reactor. J Hazard Mater, 2011, Vol. 192, pp. 1033–1039.
23. Koenig, A., Zhang, T., Liu, LH., Fang, HH., Microbial
community and biochemistry process in autosulfurotrophic denitrifying biofilm. Chemosphere, 2005, Vol. 58, pp. 1041–1047.
24. Van H.M., Loosdrecht, M.C.M., Heijnen, J.J., Modelling
biological phosphorus and nitrogen removal in a full scale activated sludge process. Water Res, 1999, Vol. 33, pp. 3459–3468.
25. Show, K.Y., Lee, D.J., Pan, X., Simultaneous biological removal of nitrogen– sulfur–carbon: Recent advances and challenges, Biotechnol Adv, 2013, Vol. 31, pp. 409–420.
26. Hamlin, H.J., Michaels, J.T., Beaulaton, C.M., Graham, W.F.,
Dutt, W., Steinbach, P.,Losordo, T.M., Schrader, K.K., Main,
K.L., Comparing denitrification rates andcarbon sources in commercial scale up flow denitrification biologicalfilters in aquaculture. Aquacult Eng, 2008, Vol. 38, pp. 79–92.
27. Van der Hoek, J. P., Klapwijk, A., The use of a nitrate selective resin in the combined ion exchange/biological denitrification

Journal of Applied Biotechnology Reports, Volume 3, Issue 1, Winter 2016

357
177

Mahdieh Rajab Beiki, et al. Effect of Metal Nanoparticles on Biological Denitrification

process for nitrate removal from groundwater. Water Supply,
1988, Vol. 6, pp. 57-62.
28. Baalsruud, K., Baalsruud, K.S., Studies on Thiobacillusdenitrificans. Arch Mikrobiol, 1954, Vol. 20, pp. 34-62.
29. Claus, G., Kutzner, H.J., Physiology and kinetics of autotrophic denitrification by Thiobacillus denitrificans. Appl Microbiol Biotechnol, 1985, Vol. 22, pp. 283-288.
30. Kaegi, R., Voegelin, A., Sinnet, B., Zuleeg, S., Hagendorfer,
H., Burkhardt, M., Siegrist, H., Behavior of metallic silver nanoparticles in a pilot wastewater treatment plant. Environ Sci Technol, 2011, Vol. 45, pp. 3902- 3908.
31. Chen, Y., Su, Y., Zhen, X., Chen, H., Yong, H., Alumina
nanoparticles-induced effects on wastewater nitrogen and phosphorus removal after short-term and long-term exposure. J water
Res, 2012, Vol. 46, pp. 4379- 4386.
32. Hou, J., You, G., Xu, Y., Wang, Ch., Wang, P., Miao, L., Ao,
Y., Li, Y., Effects of CeO2 nanoparticles on biological nitrogen
removal in a sequencing batch biofilm reactor and mechanism of
toxicity. J Bioresource Technol 2015, Vol. 191, pp. 73–78.
33. Cai, X., Gao, Y., Sun, Q., Chen, Zu., Megharaj, M., Naidu,
R.,Removal of co-contaminants Cu (II) and nitrate from aqueous
solution using kaolin-Fe/Ni nanoparticles. J Chem Eng, 2014,
Vol. 244, pp. 19- 26.
34. Shi, J., Long, Ch., Li, A., Selective reduction of nitrate into
nitrogen using Fe–Pd bimetallic nanoparticle supported on chelating resin at near-neutral pH. J Chemi Eng, 2016, Vol. 286, pp.
408–415.
35. Wang, Q., Zhao, X., Zhang, j., Zhang, X., Investigation of
nitrate reduction on polycrystalline Pt nanoparticles with controlled crystal plane. J Electroanal Chem, 2015, Vol. 755, pp.
210–214.
36. Lubphoo, Y., Chyan, JM., Grisdanurak, N., Liao, CH., Nitrogen gas selectivity enhancement on nitrate denitrification
using nanoscale zero-valent iron supported palladium/copper
catalysts. J Taiwan Inst Chem Eng, 2015, Vol. 57, pp. 143–153.
37. An, Y., Li, T.L., Jin, Z.H., Dong, M.Y., Xia, H.C., Wang, X.,
Effect of bimetallic and polymer-coated Fe nanoparticles on biological denitrification. Bioresour Technol, 2010, Vol. 101, pp.
9825–9828.
38. Shin, K.H., Cha, D.K., Microbial reduction of nitrate in the
presence of nanoscale zero-valent iron. Chemosphere, 2008, Vol.
72, pp. 257–262.
39. An, Y., Li, T.L., Jin, Z.H., Dong, M.Y., Li, Q.Q.,Wang, S.M.,
Decreasing ammonium generation using hydrogenotrophic bacteria in the process of nitrate reduction by nanoscale zero-valent
iron. Sci Total Environ, 2009, Vol. 407, pp. 5465–5470.
40. An, Y., Li, T., Jin, Zh., Dong, M., Li, Q., Nitrate degradation
and kinetic analysis of the denitrification system composed of
iron nanoparticles and hydrogenotrophic bacteria. Desalination,
2010, Vol. 252, pp. 71-74.
41. Li, X.Q., Elliott, D.W., Zhang, W.X., Zero-valent iron nanoparticles for abatement of environmental pollutants: materials and
engineering aspects. Crit Rev Solid State Mater Sci, 2006, Vol.
31, pp. 111–122.
42. Choe, .S., Chang, Y.Y., Hwang, K.Y., Khim, J., Kinetics of
reductive denitrification by nanoscale zero-valent iron. Chemosphere, 2000, Vol. 41, pp. 1307–1311.
43. Barnes, R.J., Riba, O., Gardner,M.N.,Singer, A.C., Jackman,
S.A., Thompson, I.P., Inhibition of biological TCE and sulphate
reduction in the presence ofiron nanoparticles. Chemosphere,
2010, Vol. 80, pp. 554–562.
44. Chen, S.S., Hsu, H.D., Li, C.W., A new method to produce
nanoscale iron for nitrate removal. J Nanopart Res, 2004, Vol. 6,
pp.639- 647.
45. Zhu, I., Getting, T., A review of nitrate reduction using inorganic materials. Environ Technol, 2012, Vol. 1, pp. 46- 58.

358
178

46. Di Capua, F., Papirio, S., Lens, P.N.L., Esposito, G., Chemolithotrophic denitrification in biofilm reactors, Chem. Eng. J,
2015, Vol. 280, pp. 643- 657.
47. Westerhoff, P., James, J., Nitrate removal in zero-valent iron
packed columns. Water Res, 2003, Vol. 37, pp. 1818–1830.
48. Chung, J., Amin, K., Kim, S., Yoon, S., Kwon, K., Bae, W.,
Autotrophic denitrification of nitrate and nitrite using thiosulfate
as an electron donor. Water Res, 2014, Vol. 58, pp. 169-178.
49. Xia, S. Q., Zhong, F.H., Zhang, Y.H., Li, H.X., Yang, X.,
Bio-reduction of nitrate from groundwater using a hydrogenbased membrane biofilm reactor. J Environ Sci, 2010, Vol. 22,
pp. 257–262.
50. Rezania, B., Cicek, N., Oleszkiewicz, J.A., Kinetics of hydrogen-dependent denitrification under varying pH and temperature conditions. Biotechnol Bioeng, 2005, Vol. 92, pp. 900–906.
51. Komori, M., Sakakibara, Y., High-rate hydrogenotrophic
denitrification in a fluidized-bed biofilm reactor using solidpolymer-electrolyte membrane electrode (SPEME). Water Sci
Technol, 2008, Vol. 58, pp. 1441–1446.
52. Vasiliadou, I.A., Karanasios, K.A., Pavlou, S., Vayenas,
D.V., Experimental and modelling study of drinking water hydrogenotrophic denitrification in packed-bed reactors. J Hazard
Mater, 2009, Vol. 165, pp. 812–824.
53. Zhou, M., Fu, W., Gu, H., Lei, L., Nitrate removal from
groundwater by a novel three-dimensional electrode biofilm reactor. Electrochim Acta, 2007, Vol. 52, pp. 6052–6059.
54. Chen, D., Yang, K., Wang, H., Effects of important factors on
hydrogen-based autotrophic denitrification in a bioreactor. Desalin Water Treat, 2014, Vol. 57, pp. 1- 8.
55. Chen, D., Yang, K., Wang, H., B. Lv., Nitrate removal from
groundwater by hydrogen-fed autotrophic denitrification in a bioceramsite reactor. Water Sci Technol, 2014, Vol. 69, pp. 2417–
2422.
56. Chang, C.C., Tseng, S.K., Huang, H.K., Hydrogenotrophic
denitrification with immobilized Alcalogeneseutrophus for drinking water treatment. Bioresour Technol, 1999, Vol. 69, pp. 53–
58.
57. Torrento, C., Cama, J., Urmeneta, J., Otero, N., Soler, A.,
Denitrification of groundwater with pyrite and Thiobacillus denitrificans. Chem Geol, 2010, Vol. 278, pp. 80–91.
58. Fukada, T., Hiscock, K.M., Dennis, P.F., Grischek, T., A dual
isotope approach to identify denitrification in groundwater at a
river-bank infiltration site. Water Res, 2003, Vol. 37, pp. 3070–
3078.
59. Hansen,H., Borggaard, O., Sorensen, J., Evaluation of free
energy of formation of Fe(II)–Fe(III) hydroxide-sulphate (green
rust) and its reduction of nitrate. Geochim Cosmochim Acta,
1994, Vol. 58, pp. 2599–2608.

Journal of Applied Biotechnology Reports, Volume 3, Issue 1, Winter 2016

