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a b s t r a c t

Several approaches of hydrogenotrophic denitrification of potable water as well as technical data and
mathematical models that were developed for the process are reviewed. Most of the applications that
were tested for hydrogenotrophic process achieved great efficiency, high denitrification rates, and oper-
ational simplicity. Moreover, this paper reviews the variety of reactor configurations that have been used
vailable online 28 April 2010
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for hydrogen gas generation and efficient hydrogen delivery. Microbial communities and species that
participate in the denitrification process are also reported. The variation of nitrate concentration, pH,
temperature, alkalinity, carbon and microbial acclimation was found to affect the denitrification rates.
The main results regarding research progress on hydrogenotrophic denitrification are evaluated. Finally,
the commonly used models and simulation approaches are discussed.
odeling
eactor type
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Nomenclature

ac specific area of the cathode (cm2/l)
CHNO3 nitric acid concentration (mg/l)
CNO3 nitrate nitrogen concentration (mg/l)
CNO2 nitrite nitrogen concentration (mg/l)
CH2 hydrogen concentration (mg/l)
CCO2 carbon dioxide concentration (mg/l)
CNO3

−f molar concentration of nitrate (mol/l)
CNO2

−f molar concentration of nitrite (mol/l)

D diffusion coefficient (cm2/h)
FNO3 switching function formulated: the observation that

growth on nitrite occurs only at low NO3 concentra-
tions (mg/l)

F Faraday’s constant (C/mg)
JNO3

− reduction nitrate rate (mg/cm2 h)

JNO2
-P production rate of nitrite (mg/cm2 h)

JNO2
-R reduction rate of nitrite (mg/cm2 h)

k maximum specific denitrification rate (mg/gVSS d)
kd decay rate constant (1/h)
kd1 constant in growth rate expression (mg NO2

−–N/mg
NO3

−–N)
kd2 constant in growth rate expression (mg NO3

−–N/mg
NO2

−–N)
KH2I hydrogen saturation constant for nitrate (mg/l)
KH2II hydrogen saturation constant for nitrite (mg/l)
Ki nitrate inhibition constant (mg N/l)
Km nitrite inhibition constant (mg N/l)
KNH2 hydrogen saturation constant for nitrite (mg/l)
KNCO2 carbon dioxide saturation constant for nitrite (mg/l)
kNO3 specific NO3 reduction rate (g N/gVSS d)
kNO2 specific NO2 reduction rate (g N/gVSS d)
KNO3 saturation constant for nitrate (mg N/l)
KNO2 saturation constant for nitrite (mg N/l)
KSH2 hydrogen saturation constant for nitrate (mg/l)
KSCO2 carbon dioxide saturation constant for nitrate (mg/l)
mNO3 specific maintenance rate (mg

NO3
−–N/h mg biomass)

mNO2 specific maintenance rate (mg
NO2

−–N/h mg biomass)
n stoichiometric ratio of hydrogen utilization to

nitrate utilization (mg/mg)
p potential (V)
R universal gas constant (J/K/mg)
rI nitrate reaction rate (mg N/l h)
rII nitrite reaction rate (mg N/l h)
RNO3 biological nitrate utilization rate (mg/l d)
RH2 biological hydrogen utilization rate (mg/l d)
T absolute temperature (K)
umI maximum nitrate rate constant (mg N/l h)
umII maximum nitrite rate constant (mg N/l h)
VSS Volatile suspended solids concentration (mg/l)
X cell mass concentration (mg/l)
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. Introduction

Worldwide an increase of nitrate concentrations observed in
roundwater, as a result of the use of fertilizers, and the indus-
rial wastewater, raises concerns due to the severe impacts on
uman health [1]. Research is carried out towards nitrate removal

rom water resources, whereas the most promising approach being
tudied is biological denitrification. Biological denitrification is
onsidered to be the most economical strategy among other con-
entional techniques like physicochemical.

Denitrification is the respiratory process in which bacteria use
itrates or nitrites as terminal electron acceptors, while reduction
f nitrates from contaminated water to nitrogen gas can occur [2].
n heterotrophic denitrification, organic carbon compounds can be
sed by denitrifiers as a source of biosynthetic carbon and electrons.
utotrophic denitrifiers utilize reduced inorganic compounds, such
s sulfur, iron and hydrogen as electron sources and inorganic car-
on for biosynthesis [3].

There is a considerable ongoing effort focused on
ydrogenotrophic denitrification of drinking water, since it is
promising clean method with high efficiency. The main advan-

age of denitrification by hydrogen oxidation bacteria is the use
f hydrogen gas as electron donor, which is harmless to humans
nd the inorganic carbon sources for substrate of bacteria which
hereby removes any problems that are caused by residual organic
arbon [4]. In addition, the growth rate of autotrophic denitrifying
acteria ensures low biomass build-up and limited operating
roblems. Thus, hydrogenotrophic bacteria have been successfully
sed for drinking water nitrate elimination to acceptable levels
ither in pure [4–7] or in mixed-cultures [8–15].

Hydrogenotrophic denitrification has been studied using sus-
ended growth [16,17], fixed-bed [10,15,18] and fluidized-bed
4,8] reactors. Such experimental investigations suggest that great
fficiencies with high denitrification rates can be established for
ong operating periods.

Operating conditions like the feed nitrate concentration [19,20]
nd the volumetric flow rate [21,22] appear to affect the process
erformance. Moreover, in an attempt to elucidate the factors con-
rolling denitrification specified experiments have been conducted
o assess the influence of hydrogen concentration [4,23], nutrient
vailability [6], pH [24,25], temperature [8,16] and microbial accli-
ation [26]. The variation of the oxidation–reduction potential and

ts effect on the denitrifying activity has been evaluated [14,27], as
ell.

An improved understanding of the factors controlling efficient
ydrogen delivery is also important in the design of the in situ
pplication of hydrogenotrophic denitrification, considering the
ow solubility of hydrogen gas and its possible accumulation in a
losed head space, thus creating an explosive environment [28].
n such cases, investigators focus their attention on gas-permeable

embranes [29,30] as microporous membranes [28], hollow-fiber
embranes [5,14] and silicon tubes [31,32] in which gas mass

ransfer is successfully achieved and almost complete utilization of
2 is possible. Finally, bio-electrochemical reactors (BER) in which

ydrogen gas is produced by electrolysis of water has been experi-
entally investigated in an effort to minimize the cost of supplying

he electron donor and the H2 gas waste in the effluent [12,33–35].
Although, considerable effort has been made to improve designs

or the efficient and economical removal of nitrate from water

Xe effluent cell mass concentration (mg/l)
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yNO3 growth yield coefficient on nitrate (mg biomass/mg
NO3

−–N)
yNO2 growth yield coefficient on nitrite (mg biomass/mg

NO2
−–N)

z biofilm thikness (cm)
Z charge number of ionic constituent (−)

Greek letters
� hydraulic retention time (h)
�

(
CNO3

)
specific growth rate on nitrate (1/h)

�
(

CNO2

)
specific growth rate on nitrite (1/h)

�max NO3 maximum specific growth rate on nitrate (1/h)
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the use of microbial cultures biological denitrification is considered
�max NO2 maximum specific growth rate on nitrite (1/h)
� biofilm porosity

y hydrogenotrophic denitrification [10,13,36–38], only few of
he reported studies in the literature, use biological kinetic data
15–17,39,40] to facilitate the design and operation of biological
itrogen removal plants. Thus, the kinetics of this process has not
een systematically investigated. Nevertheless, appropriate kinetic
odels have been developed for the dynamic characteristics of pure

nd mixed-cultures, such as zero order kinetic models [16], first or
econd order reactions [40], double Monod forms [8,39] and models
f substitutable substrates [15,17].

The purpose of this paper is to critically review the
ydrogenotrophic denitrification applications for nitrate elim-

nation from polluted water. We summarized the traditional
pproaches and recent developments. The factors and mechanisms
hich influence the nitrate removal, the denitrification rate and the

fficiency of the hydrogen-oxidizing populations are also reported
xtensively. The main equations and principles considered in
athematical models applied for describing the hydrogenotrophic

enitrification process are presented.

. Nitrate in water resources

Nitrate contamination of drinking water resources is a major
oncern, as it constitutes a threat to human health [2]. The potable
ater standard for nitrate recommended by the Council of Euro-
ean Communities [41] and the World Health Organization [42] is
1.3 mg NO3

−–N/l, while for nitrite is 0.03 and 0.91 mg NO2
−–N/l,

espectively. The standard set by the United States Environmental
rotection Agency [43] is the 10 mg NO3

−–N/l and 1 mg NO2
−–N/l.

.1. Sources of nitrates

The increasingly growing of agricultural activities all over the
orld, make the use of fertilizers the main nitrate source of polluted
ater [34] and as a result about 22% of groundwater in agricultural

and in Europe contains nitrate concentrations above the maximum
ermitted level [44]. Discharge from septic tanks and leaking sew-
rs, atmospheric deposition and the spreading of sewage sludge
nd manure to land can all contribute, as well [45].

Contaminated land, such as abandoned industrial sites, are
esponsible for a significant amount of nitrogen in groundwa-
er [45]. Nitrogen compounds are used extensively in industrial
rocesses, like plastic treatment, household cleaning and phar-

aceutical industry [46]. Industrial wastewaters from explosives,

ertilizer [47], cellophane, and metals finishing industries [48] are
eported to contain more than 1000 mg NO3

−–N/l [2,48].
The emission of nitrogen to the atmosphere can be in its oxi-

ized or reduced forms. These forms can be later carried in storm
ous Materials 180 (2010) 20–37

water and deposited resulting to groundwater pollution, however
this nitrogen concentration is low and its contribution is negligible
[45].

2.2. Harmful effects of nitrates

Nitrite nitrogen (NO2
−–N) is known to be toxic for aquatic life

[49], like for fish, benthic fauna, plants, and bacterioplankton [50].
A nitrate compound is not considered by itself a threat for animals
or humans; however it can be converted to nitrite in the gastroin-
testinal tract. The nitrite reacts with the hemoglobin in blood and
thus oxygen transfer to cells is inhibited. This phenomenon is called
methaemoglobinemia or the blue baby syndrome [51].

In addition, receiving water containing high NO3
−–N concen-

trations should be avoided since it is reported to increase the
probability of non-Hodgkin’s lymphoma and gastric cancer [52].
Also, scientific evidence shows that nitrate and nitrite are likely
to cause mutagenesis and teratogenesis, miscarriage in pregnant
women, coronary cardiac diseases, cancer of the ovaries and growth
of hypertrophy of the thyroid [53].

3. Nitrate removal methods

Several treatment processes including biological denitrification,
ion exchange, chemical denitrification, reverse osmosis, electro-
dialysis and catalytic denitrification can remove nitrates from
water with varying degrees of efficiency, cost and simplicity.

3.1. Physicochemical methods

Among the physical–chemical technologies considered for
NO3

−–N removal are ion exchange [54], reverse osmosis [55], catal-
ysis [56] and electro-dialysis [57]. However, use of these processes
is limited due to high capital and energy costs and the subsequent
disposal problem of large volumes of waste brine [51]. The main dis-
advantages of the ion exchange procedure are the charging of the
treatment water with chloride ions [58] and the additional operat-
ing cost caused from the disposal requirements. An electrodialysis
system requires a supply of pressurized water, a membrane stack
and a direct-current power source [59]. Catalytic denitrification
in some cases produces ammonia and nitrite in the treated water
and as a result an additional treatment is needed [60]. Generally,
the pretreatment requirement, the production of soluble materi-
als, suspended and colloidal particles and other contaminants, the
generation of concentrated wastes, as well as the pH variations and
chloride exposure, limit their applicability [59].

3.2. Biological denitrification

Biological denitrification is an alternative technology, which is
carried out by facultative bacteria that can use NO3

− as a ter-
minal electron acceptor for respiration under anoxic conditions.
Reduction of NO3

− to nitrogen gas proceeds in a four-step pro-
cess: microorganisms reduce NO3

− to NO2
−, nitric (NO), nitrous

oxide (N2O), and finally to nitrogen gas (N2). In the right envi-
ronment, specific microorganisms have the ability to adjust their
metabolism in order to catalyze the above stages and as a result to
reduce nitrates. In contrast to physicochemical methods, biologi-
cal denitrification offers a treatment of nitrates without a need of
post-treatment or production of by-products. Furthermore, due to
a cost-effective and friendly to the environment method for nitrate
removal. On the other hand, it seems to be a slower process with
lower denitrification rates compared to physicochemical methods
[2,58].
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.3. Autotrophic vs. heterotrophic denitrification

There are two types of biological denitrification, the autotrophic
nd the heterotrophic denitrification. Heterotrophic denitrification
s a process that uses various carbon compounds as energy and
lectron sources such as, ethanol [61], methanol [62], acetate [63],
r insoluble carbon source like wheat straw [64]. The main advan-
ages of heterotrophic denitrification are the high denitrifying rates
nd treatment capacity [65]. Biological denitrification of drinking
ater with heterotrophic microorganisms has been widely inves-

igated, due to its efficiency and high performance. However, the
esidual carbon sources from this process and the potential of bac-
erial contamination of treated water are the main disadvantages
66].

In autotrophic denitrification bacteria use hydrogen, iron or
ulfur compounds as energy source and carbon dioxide or bicar-
onate as carbon source. The groups of autotrophic denitrifiers are:
ydrogen oxidation bacteria, reduced sulfur oxidation bacteria and

errous oxidation bacteria [66,67].
In sulfur-autotrophic denitrification, several sulfur compounds

uch as sulfide, elemental sulfide, thiosulfate, tetrathionate and
ulfite are used as electron donors by microorganisms [68]. Stoi-
hiometric equations of denitrification with sulfide and thiosulfate
s electron donors are [66]:

4NO3
− + 5FeS2 + 4H+ → 7N2 + 10SO4

2− + 5Fe2+ + 2H2O (1)

NO3
− + 5S2O3

2− + H2O → 4N2 + 10SO4
2− + 4H+ (2)

Autotrophic denitrification with elemental sulfur has been
tudied extensively [69–71] and its high denitrification efficiency
ompares well with that of heterotrophic denitrification. On the
ther hand, the low solubility of sulfur compounds, the production
f sulfates [72] and the use of limestone for pH adjustment limit its
pplicability [70,71,73].

Denitrification with iron can take place under abiotic, biotic or
oth conditions. The biotic process by Fe2+ is known to reduce
itrate to nitrite autotrophically in reduced iron environments; the
itrite produced can then be reduced abiotically [3]. Stoichiometric
quations of denitrification with iron as electron donor are [74]:

0Fe2+ + 2NO3
− + 14H2O → N2 + 10FeOOH + 18H+ (3)

5Fe2+ + NO3
− + 13H2O → N2 + 5FeOOH + 28H+ (4)

The main disadvantages are the small amount of oxygen
equired for microbial growth [74], the long start up period and
he post-treatment necessity due to the formation of ammonium.

Autotrophic denitrification with hydrogen appears to have high
electivity for nitrate removal and the lack of a harmful by-product,
n contrast to the use of sulfur, makes hydrogen a promising elec-
ron donor [4]. H2 is an excellent autotrophic choice because of its
lean nature and low biomass yield, as well as that it does not per-
ist in the treated water and no further steps are required to remove
ither excess substrate or its derivatives [37]. In contrast to other
lectron donors hydrogen is less expensive per electron-equivalent
elivered for contaminant reduction [37,75].

To conclude, advantages of hydrogenotrophic denitrification
ver heterotrophic denitrification include: (1) lower cell yield, (2)
limination of carryover of added organic electron donor to the
roduct water, (3) the relatively low solubility of H2, which makes
t easy to remove from the product water by air stripping and (4)
he fact that there is no need for post-treatment. The main dis-
dvantage of this procedure is that an explosive atmosphere can
e created within the treatment plant by the residuals hydrogen
31,37].
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4. Hydrogenotrophic denitrification

4.1. Microbiology

Denitrifiers, which belong to a biochemically and taxonomically
diverse group of facultative anaerobic bacteria [76], gain energy for
synthesis and maintenance due to the transfer of electrons from
donor to acceptor [66]. There have been a variety of studies charac-
terizing the microbial ecology in hydrogenotrophic denitrification
systems, where bacterial populations were isolated from mixed-
cultures used by hydrogenotrophic denitrifying systems.

Most of the organisms reported as hydrogen-oxidizing den-
itrifiers belong to bacterial genera and specifically to the class
of Proteobacteria. Thus, Paracoccus denitrificans that belongs to ˛
subclass of Proteobacteria is one of the most intensively studied
denitrifying microorganisms [11,77–79]. Populations of Proteobac-
teria [80,81] and especially of ˇ-Proteobacteria [28,81], such as
Thauera sp. and Hydrogenophaga sp. [1] and Rhodocyclus and
Hydrogenophaga [82] were isolated from mixed microbial commu-
nities of hydrogenotrophic reactors. Bacterial communities within
hydrogenotrophic denitrifying biofilms that belonged to the classes
of Flavobacteria [81] and Sphingobacteria [80] have also been
reported.

More specifically, bacteria belonging to the genera Pseudomonas
[11,40], e.g. Pseudomonas stutzeri [79], were observed in many
reactors where hydrogen gas was used to stimulate denitrifica-
tion. Bacteria belonging to the genera Acinetobacter [11,83] have
also been reported as dominating members in hydrogen-oxidizing
microbial cultures. Members of Acinetobacter sp. cluster have also
been shown to be able to partially reduce nitrate to nitrite under
anoxic conditions although under high concentration of nitrites,
their nitrate reductase would also be able to catalyze the reduction
of nitrites [84]. Other species like Aeromonas sp. and Shewanella
putrefaciens [11], Ochrobactrum anthropi and Paracoccus panthotro-
phus [79] and Acidovorax sp. strain Ic3 and Paracoccus sp. strain
Ic1 [83] were reported to be denitrifying bacteria isolated from a
H2-dependent denitrification reactors.

Although, the above bacteria species have been isolated from
reactors where hydrogenotrophic denitrification was carried out
with mixed-cultures, pure cultures have also been successfully
used. Chang et al. [4] used Alcaligenes eutrophus to evaluate denitri-
fication in a fluidized-bed reactor. Lee and Rittmann [5] inoculated
a denitrifying system for biofilm development with Ralstonia
eutropha (formerly classified as Alcaligenes eutrophus), which is
known to denitrify using hydrogen as electron donor. Alcaligenes
eutrophus was also selected for hydrogenotrophic denitrification
by Ho et al. [6]. Tiemeyer et al. [85] dealt with the identification of
the growth kinetics of Ralstonia eutropha under hydrogenotrophic
conditions. Finally, the ability of a purple non-sulfur photosynthetic
bacterium Rhodocyclus sp. to remove nitrate autotrophically when
grown in a fixed-film bioreactor was tested by Smith et al. [7].

To conclude, it was observed that the above investigations on
hydrogenotrophic denitrification have involved a limited bacteria
species, due to the fact that a hydrogenotrophic denitrifying envi-
ronment is highly selective. In order to perform, organisms must
have the capacity to utilize nitrate as nitrogen source, grow with
inorganic carbon under anaerobic conditions, utilize H2 as electron
donor and use nitrate as terminal electron acceptor.

4.2. Stoichiometry
During denitrification, nitrate is reduced to gaseous nitrogen in
accordance with the following general equation [86]:

2NO3
− + 10e− + 12H+ → N2 + 6H2O (5)
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Table 1
Stoichiometric equations of hydrogenotrophic denitrification with various carbon substrates.

Stoichiometric reaction Reference

NO3
− + 3.00H2 + 0.22CO2 + H+ → 0.48N2 + 3.35H2O + 0.04C5H7O2NP0.2 [89]
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NO3 + 2.82H2 + 0.139CO2 + H → 0.486N2 + 3.223H2O + 0.0278C5H7O2N
NO3

− + 3.03H2 + H+ + 0.229H2CO3 → 0.477N2 + 3.6H2O + 0.0458C5H7O2N
0.33NO3

− + H2 + 0.34H+ + 0.08CO2 → 0.16N2 + 1.11H2O + 0.015C5H7O2N
NO3

− + 3.03H2 + H+ + 0.229CO2 → 0.477N2 + 3.37H2O + 0.0458C5H7O2N

The stoichiometry of the reactions of denitrification with hydro-
en as the electron donor is given in [37,87]:

itrate reduction NO3
− + H2 → NO2

− + H2O (6)

itrite reduction NO2
− + H+ + 0.5H2 → NO(g) + H2O (7)

itric oxide reduction 2NO(g) + H2 → N2O(g) + H2O (8)

itrous oxide reduction N2O(g) + H2 → N2(g) + H2O (9)

Overall denitrification reaction from NO3 to N2

NO3
− + 5H2 + 2H+ → N2(g) + 6H2O (10)

Here, each mole of NO3
− reduced to N2 gas consumes one acid

quivalent (H+). Therefore, 1 mg of NO3
−–N would theoretically use

.357 mg of hydrogen gas (Eq. (10)). The mass consumption ratio
f hydrogen to nitrogen for nitrate reduction is 0.14 mg H2/mg N
Eq. (6)), while the ratio for nitrite reduction is 0.21 mg H2/mg N
Eqs. (7)–(9)). The equation shows that the pH will increase after
he reaction, because 1 mole of H+ is used when 1 mole of NO2

− is
onverted to nitrogen gas (Eq. (7)). The second reaction produces
ase (or alkalinity) at a ratio of 1 base equivalent per N equivalent, or
.57 mg as CaCO3/mg N [24]. The release of alkalinity occurs when
itrite (NO2) is reduced to nitric oxide (NO) (Eq. (7)). Increasing the
lkalinity can increase the pH in the system, which might affect
acterial metabolism or cause precipitation of mineral deposits.

Under autotrophic growth conditions, carbon dioxide or bicar-
onate are used as a carbon source for microbial cell synthesis.
toichiometric equations of hydrogenotrophic denitrification with
arious carbon sources that have been reported in the literature
re listed in Table 1. In addition, the stoichiometry for bacteria cell
ynthesis with nitrate as nitrogen source and inorganic carbon is
s follows [26,88]:

.04NO3
− + 0.18CO2 + 1.04H+ + e− → 0.04C5H7O2N + 0.39H2O

(11)

here electrons in the above reaction are supplied by hydrogen.
Based on the equations in Table 1, the cell yield takes values of

.22 g cells/g NO3
−–N [26] and 0.37 g cells/g NO3

−–N [24,28,37]
hich are lower than the 0.60–0.90 g cells/g NO3

−–N typically
eported for heterotrophic denitrification [13]. The equation given
y Ghafari et al. [26] (Table 1) shows that hydrogenotrophic deni-
rification is carried out using 2.82 mol H2 and 0.14 mol CO2 per mol
itrate. Namely, according to the equations in Table 1 the hydrogen
heoretical demand is reported to be from 0.40 mg H2/mg NO3

−–N
26] to 0.43 mg H2/mg NO3

−–N [24,28,37]. Moreover, the process
equires 0.44 mg CO2 per mg NO3

−–N (C:N = 0.12) [26] to 0.76 mg
O2 per mg NO3

−–N (C:N = 0.21) [28] and 1.01 mg H2CO3 per mg

O3

−–N (C:N = 0.20) [24]. Although, it is observed that low amounts
f nutrients are required for the process, aiming to acclimatize and
ultivate denitrifiers, higher doses of carbon and electron donor
hould be applied to provide abundance of supply and prevent any
ossible deficiency.
[26]
[24]
[28]
[37]

4.3. Factors controlling denitrification

4.3.1. Nitrate concentration
The effects of nitrate concentration on various

hydrogenotrophic systems have not been systematically investi-
gated; however, it seems that the findings vary. Chang et al. [4]
reported that the reactor performance at high nitrate concentra-
tion was not inhibited, while the bacteria were able to handle the
high nitrate nitrogen loadings. Park et al. [19] varied the initial
nitrate concentration in a range from 20 to 492 mg NO3

−–N/l in
order to investigate the nitrate reduction rate. Their data show
that the nitrate removal rate increased as the initial nitrate load-
ing increased, while nitrite accumulation was observed. Similar
results were observed by Park et al. [1] with the initial nitrate
concentration ranging from 20 to 150 mg NO3

−–N/l.
Zhou et al. [20] observed that at initial nitrate concentra-

tions of the order of 10 mg NO3
−–N/l, complete removal was

achieved, while at higher nitrate concentrations above 30 mg
NO3

−–N/l an inhibition appeared to take place in the denitrifica-
tion process. More intense nitrite accumulation and higher peak
concentration occurred by the presence of high initial nitrate con-
centration. Moreover, Vasiliadou et al. [17] found that the rate
of hydrogenotrophic denitrification was inhibited at high nitrate
concentrations (above 40 mg NO3

−–N/l), while the nitrite concen-
tration remained at very low values.

4.3.2. pH
The hydrogenotrophic denitrification process is positively

related to pH, with an optimum value in the range of 7.6–8.6
[16,24,25,90,91]. However, due to the different hydrogenotrophic
cultures used and to the variability of operating conditions, many
researchers [8,20,92] indicate that the optimum pH is about
7.5–7.6, whereas denitrification is inhibited or nitrite accumulation
is observed above this value.

An increase of the pH value above 8.6 can cause nitrite
accumulation and a significant decrease in the nitrate removal
rate [8,24,93]. Moreover, low pH values like 7 [93] or below
[25] can also inhibit the denitrification reaction. At pH below 7
the decomposition of carbonate ions and carbon dioxide strip-
ping, can strongly affect the hydrogenotrophic denitrification
process [16]. Hydrogenotrophic denitrification at pH as low as
5.4 has been shown to be feasible, with carbon dioxide being
injected to a fixed-film reactor [10], although low denitrifica-
tion rates were observed. As a result pH adjustment or carbon
supplies were considered to be necessary during denitrification
process.

In order to avoid pH rise and to increase denitrification efficiency
phosphate buffers were used by many researchers [14,15,92,94].
The pH in experiments reported by Lee and Rittmann [5,37] was
held nearly constant between 7.0 and 7.2 by a strong phosphate
buffer. Thus, the limited pH increase is attributed to the fact that

the biological reactors are well buffered [40].

It must be noted that application of high phosphate buffer
concentration in a biofilm reactor can lead to a decrease in the
denitrification rate, due to the mineral precipitation which leads to
changes in biofilm density. On the other hand, introducing carbon
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ioxide and avoiding any additional chemical, allows pH control
ithout the above risks [26,32,95].

Ho et al. [6] demonstrated that nitrate could be reduced effec-
ively with no nitrite accumulation when carbon dioxide was
pplied, while the pH of the bioreactor remained at about 7.
owever, when bicarbonate was supplied to the biofilm, nitrite
ccumulated critically, since the formation of alkalinity raised the
H of the bioreactor to 9.5. On the other hand, Ghafari et al. [26]
howed that carbon dioxide gas manipulates the pH and drops it
o the acidic range of 5.5–6, while bicarbonate as carbon source
rovides a buffered environment which helps pH control. Finally,

ha and Bose [96] demonstrated a different method where pyrite
as effective in controlling pH, with no detrimental effect on the
enitrification process by consuming the hydroxide ions produced.

.3.3. Temperature
The optimum temperature for denitrification is between 25 and

5 ◦C, while due to the bacteria capacity to survive in extreme
nvironmental conditions, denitrification processes can occur in
he range 2–50 ◦C [97]. Most of the temperature values applied
n studies on hydrogenotrophic denitrification varied between 10
nd 30 ◦C. The lower temperatures were chosen based on the
verage temperature of groundwater [10,16], while higher tem-
eratures were used to allow the growth and good performance of
he hydrogenotrophic cultures [15,28,98].

Experimental evidence suggests that temperature affects the
enitrification process by affecting bacteria behavior. Kurt et al.
8] demonstrated that reaction rates in a fluidized-bed reactor
ere doubled for every 10 ◦C increase in temperature (according

o Arrhenius rate law). A maximum for the denitrification rate
as found at 42 ◦C, although denitrification was observed at tem-
eratures below 10 ◦C. Another study reported by Rezania et al.
16], showed that the denitrification rate increased as temperature
ncreased from 12 to 25 ◦C. Finally, Zhou et al. [20] suggested that
he suitable temperature range was 30–35 ◦C, since increasing the
emperature from 25 to 35 ◦C nitrate removal also increased, while
t 25 ◦C high nitrite accumulation was observed. A further increase
bove 35 ◦C led to lower nitrate removal rates.

.3.4. Hardness – alkalinity
Hardness and alkalinity are known to have a negative impact

n denitrification process. Dries et al. [36] studied the effect of
ardness on the denitrification process. They used fixed-bed reac-
ors to treat different types of polluted water: ‘hard’ water with
17.5–375 mg CaCO3/l and ‘soft’ water with 145–165 mg CaCO3/l.

t was observed that after a period of few weeks ‘hard’ water treat-
ent stopped due to the precipitation of CaCO3 which created

perating problem such as clogging of pores. As a conclusion, the
enitrification rate was inhibited by high concentration of CaCO3,
ince no problem occurred with the ‘soft’ water treatment.

Using the stoichiometric equation of Lee and Rittmann [24]
Table 1) it is realized that one equivalent of alkalinity is produced
er mol of NO3

− which reduced to N2. Alkalinity added by denitri-
cation can be removed through precipitation of CaCO3(s). Except

rom CaCO3(s) precipitation, biomass synthesis can also remove car-
onate from solution, while precipitation plays the most important
ole. The net change in alkalinity is negative for systems with a
igh carbonate buffer and high pH, as the alkalinity removal by
recipitation is more prominent [24].

An increase in alkalinity can increase the pH of a system, which

ight affect bacterial metabolism or cause precipitation of mineral

eposits. Production of alkalinity may have a greater impact in a
iofilm than in a well-mixed liquid reactor, because precipitation
f mineral solids during the denitrification process might limit the
ass transfer and decrease biomass activity [24,99,100].
ous Materials 180 (2010) 20–37 25

4.3.5. Oxidation–reduction potential
Rezania et al. [16] reported that at oxidation–reduction poten-

tial or ORP below −250 mV, hydrogen can be consumed by several
bacteria such as methanogenic, sulfate-reducing, or homoace-
togenic. In contrast, at higher ORP, namely, above −50 mV,
under anoxic conditions, the activity of sulfate-reducing and
methanogens is limited by the presence of nitrate.

Islam and Suidan [101] using a bio-electrochemical reactor
noticed that hydrogen and nitrate concentration affected the ORP.
Sakakibara and Nakayama [27] observed a variation in ORP lev-
els in a bio-electrochemical reactor in which at the cathode zone
the ORP dropped below −400 mV and at the anode zone increased.
This was caused by the H2 and O2 formation creating highly reduc-
ing and oxidizing zones at the cathode and anode, respectively.
Mo et al. [14] observed that full denitrification was achieved when
the oxidation–reduction potential (ORP) was stable between −230
and −120 mV. They also observed that the ORP increased when the
nitrate loading rates increased, resulting to incomplete denitrifica-
tion with residual of nitrates in the reactor.

Sakakibara et al. [33] reported that the ORP decreased when
the hydraulic retention time increased in a biofilm electrode reac-
tor. Generally, when hydrogen concentration increases the ORP
decreases [101], while an increase of nitrate concentration leads
to an increase of ORP [19].

4.4. Hydrogen concentration

Chang et al. [4] reported that the critical limit for dissolved
hydrogen concentration appeared to be 0.2 mg/l. Incomplete deni-
trification occurred when the dissolved hydrogen concentration fell
below 0.2 mg/l, during which the nitrite concentration increased.
Nitrite and nitrate reductases were inhibited at a hydrogen con-
centration lower than 0.2 and 0.1 mg/l, respectively, as nitrite
reductase is more sensitive than nitrate reductase. Nevertheless,
high liquid-phase hydrogen concentrations between 1.1 and 1.4 mg
H2/l have been reported by many researchers [8,15,36]. Karana-
sios et al. [23] reported that complete nitrate nitrogen removal
was achieved with hydrogen concentrations varying from 0.4 to
0.8 mg/l.

Celmer et al. [95] studied the possibility of controlling the pro-
cess rates, as well as biofilm parameters by supplying limited
amounts of electron donor (hydrogen) in a membrane biofilm
reactor for autotrophic denitrification of wastewater. They demon-
strated that limitation of the hydrogen availability inhibited not
only the removal rate but also growth of the biofilm. However,
limiting the hydrogen supply proved to be efficient in controlling
the biofilm growth and consequently the performance of the fiber
membrane biofilm.

Lee and Rittmann [37] reported that the most important factor
in controlling denitrification efficiency is hydrogen pressure. They
noted that 100% nitrate removal was achieved in a hollow-fiber
membrane biofilm reactor when hydrogen pressure increased from
0.45 to 0.56 atm. Rezania et al. [102] reported that dissolved hydro-
gen concentration in a submerged membrane bioreactor ranged
between 0.2 and 0.55 mg/l, while complete denitrification was
achieved even when low hydrogen concentrations (0.001 mg/l)
were observed at the effluent. Haugen et al. [40] observed a
decrease of hydrogen concentration from 0.1–0.2 to 0.0004 mg/l
when biological activity increased, in a membrane reactor. During
this decrease nitrite accumulation occurred.
4.5. Carbon source

As mentioned above (Section 4.2) the theoretical carbon
demand for complete hydrogenotrophic denitrification is 0.20 mg
C (in the form of bicarbonate) (Table 1) [24] and 0.12–0.21 mg C (in
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he form of carbon dioxide gas) (Table 1) [26,28] per mg NO3
−–N

onverted to nitrogen gas. These mass ratios are low enough how-
ver higher ratios were used by researchers to ensure that carbon
as not rate-limiting during the process of culture acclimation.

The bicarbonate–carbon to nitrate–nitrogen ratio used by
ansell and Schroeder [28] and Visvanathan et al. [22] in order

o enrich their hydrogen-oxidizing cultures was 2:1 to ensure that
arbon was not a limiting nutrient based on the stoichiometry
C:N = 0.21). It must be noted that high ratio of C/N may lead
o nitrite accumulation or extra production of nitrous other than
itrogen gas [103]. In contrast, a low C/N ratio leads to incomplete
enitrification [104,105].

Ghafari et al. [26] studied the acclimation of autohy-
rogenotrophic denitrifying bacteria by using two inorganic carbon
ources (CO2 and bicarbonate) and hydrogen gas as electron donor.
hey observed that bicarbonate as the only carbon source showed a
aster adaptation, while the use of carbon dioxide resulted in longer
cclimation period.

Usually, after the cultivation of microorganisms, the investiga-
ors try to find the optimum operating condition with regard to
arbon supplies. Ghafari et al. [26] observed that bicarbonate is
ore appropriate for a faster growth and adaption, however, a

ombination of bicarbonate and carbon dioxide has the ability to
evelop enough denitrification capacity. In addition, Ghafari et al.
91] reported that the optimum bicarbonate concentration from a
ange 20 to 2000 mg/l was 1100 mg NaHCO3/l for an initial nitrate
oncentration of 20 mg NO3

−–N/l, providing a mass ratio of 7.85 mg
/mg NO3

−–N. However, experiments conducted by Karanasios et
l. [23] showed that completed nitrate and nitrite removal was
chieved with a mass ratio of only 0.504 mg C/mg NO3

−–N, while
issolved carbon dioxide concentration ranged from 0.6 to 1.1 g/l.

Ho et al. [6] varied the carbon dioxide concentration as hydrogen
nd carbon dioxide flowed together into a lumem side of a gas-
ermeable silicone tube. The maximum rate of nitrogen removal
ccurred when the carbon dioxide ranged from 20% to 50% of the
otal gas volume sparged in the reactor.

. Trialed reactor technologies

Due to the low biomass yield of hydrogenotrophic denitri-
ers, most research conducted on hydrogenotrophic denitrification
as been with attached growth systems. Attached growth sys-
ems, have lower space requirements and especially lower capital
nd operating costs compared to suspended biomass reactors.
esearchers used this technology like fixed- and fluidized-bed reac-
ors, membranes and biofilm electrode reactors providing a support
urface area for biofilm growth (high biomass concentration), thus
llowing the possibility of maintaining bacteria at high hydraulic
nd nitrate loadings.

A number of configurations and operating conditions have
een tried by many researchers in an effort to achieve high
erformances of hydrogenotrophic denitrification and reduce
perating problems. Advantages and drawbacks of traditional and
ew technologies, as well as the concerns regarding the use of
ydrogenotrophic denitrification are also analysed in detail in the

ollowing sections.

.1. Fixed-bed reactors

The support media is considered to be the main parameter for

he design of a packed-bed reactor. Characteristics of support media
uch as shape, size or material type have great influence on the
erformance of the system. Size and shape determine the poros-

ty and the specific surface area, respectively. The specific surface
rea concerns the available surface for bacteria growth and porosity
ous Materials 180 (2010) 20–37

determines biofilm thickness and pore clogging. As a result, reactor
performance and efficiency are mainly determined by the support
media.

Dries et al. [36] used a dual-column reactor, which was com-
prised of a down flow fixed-bed for the first column and an
upflow column for the second bed, to study the performance of
hydrogenotrophic denitrification. The H2 was supplied to the reac-
tor by direct bubbling of H2 gas in the down flow column. Three
types of polyurethane sponge matrixes were used as the biofilm
carrier. For water containing 15 mg NO3

−–N/l, removal rates of
0.25 kg NO3

−–N/m3 d were reached at 21 ◦C. Gros et al. [10] con-
structed a full-scale biological drinking water denitrification plant
of nine reactors packed with polypropylene carrier. The nitrate
removal was 0.25 kg NO3

−–N/m3 d with initial nitrate nitrogen con-
centration of 17 mg/l.

Park et al. [1] used glass beads as support media to treat different
initial concentrations in the range of 20–150 mg NO3

−–N/l, while
the highest nitrate removal rate achieved was 0.225 kg N/m3 d.
A cheap and effective installation using silicic gravel as support
media was proposed by Vasiliadou et al. [15]. The size of the sup-
port media was found to drastically affect denitrification efficiency.
Using a triple-column reactor, high nitrate concentrations up to
340 mg NO3

−–N/l were treated giving a denitrification rate of 6.2 kg
N/m3 d. Grommen et al. [21] reported a low rate of 0.036 kg N/m3 d
using ceramic cylinders, while longer hydraulic retention time was
needed to achieve complete denitrification.

Most of the studies reported here used the conventional method
for hydrogen supply, namely, external tank for H2 gas absorp-
tion and H2 sparged directly in the bioreactor. On the other hand,
alternative methods for hydrogen diffusion have been proposed.
Haugen et al. [40] in order to determine the technical feasibility of
in situ hydrogenotrophic denitrification developed a flow-through
reactor packed with aquarium rocks with H2 fed of silicone hollow-
fiber membranes. Complete denitrification of 16.34 mg NO3

−–N/l
was achieved with a velocity of 0.3 m/d.

Lu et al. [106] used a tank in which hydrogen was diffused
via gas-permeable membrane and water was hydrogenated. After-
wards, the hydrogenated water was introduced in the fixed-bed
reactor. Szekeres et al. [38,79] use an alternative mode. The hydro-
gen was produced in an electrolysis cell and subsequently was
introduced in a fixed-bed reactor. Hydrogen production, generated
from anoxic corrosion of metallic iron was tested by Sunger and
Bose [107]. The hydrogenated water from the hydrogen generation
system was mixed with nitrate solution in the mixer bottle and
introduced in the fixed-bed reactor. Grommen et al. [21] generated
hydrogen gas with a two-compartment electrolytic cell containing
two plain perforated nickel electrodes, while hydrogen was sup-
plied through the top of the reactor. Vagheei et al. [108] produced
in situ hydrogen and carbon dioxide by the electrolysis of methanol.
Fixed-bed reactors were used in which gas entered from the bot-
tom of the reactor. Finally, the performance of a triple packed-bed
reactor with hydrogen produced from electrolysis of water and
electric power provided by a solar cell was investigated by Karana-
sios et al. [23]. The use of inexpensive support media as well as
the use of systems for cheap hydrogen production can make the
hydrogenotrophic denitrification economically viable for potable
water treatment.

Operating conditions and apparatus information of several
studies in autohydrogenotrophic denitrification using fixed-bed
reactors are listed in Table 2. The limitations associated with the use
of fixed-bed attached growth systems are the difficulty in biofilm

control, the limited mass transfer and the decreasing biomass activ-
ity due to thick biofilm formation [14]. Experimental data showed
that the use of the appropriate support media is of crucial impor-
tance for hydrogenotrophic denitrification, since it determines the
extent of biofilm development as well as pore clogging. In addition,



Hazard

t
r
e

t
d
a
b
p
g
N
i
d
[

5

p
t
t
r
w
b
t

s
t
t
a
r
N
e

w
p
d
w
t
fl
m
s
a
a

fl
t
s
n
[
t

5

e
t
r
[
t
r
s

h
b
d

K.A. Karanasios et al. / Journal of

he operating conditions (nitrate nitrogen concentration, volumet-
ic flow rate) combined with a well constructed configuration can
nhance bioreactor performance.

A comparison between fixed-bed and suspended growth reac-
ors shows clearly that attached growth systems achieve higher
enitrification rates (Table 2). Specifically, Vasiliadou et al. [15]
chieved the highest denitrification rate compared to other fixed-
ed reactor processes (1.53–6.2 kg NO3

−–N/m3 d). However in a
revious study [17] by using the same mixed culture in a suspended
rowth reactor, the denitrification rate was as low as 0.076 kg
O3

−–N/m3 d. Other researchers using suspended growth reactors
n a sequencing batch mode (Table 2) have also reported very low
enitrification rates in contrast to fixed- and fluidized-bed reactors
16,26,90,91].

.2. Fluidized-bed reactors

The use of a fluidized-bed reactor may solve the problems of
acked-bed reactors, such as clogging and channeling, which may
hreaten its stable operation of the reactor. However, although
here are several studies on hydrogenotrophic denitrification
eported in the literature, only few of them have been conducted
ith fluidized-bed reactors. Different materials, like spherical

eads or sand, in various sizes have been used to investigate deni-
rification in this type of reactor (Table 2).

Kurt et al. [8] studied autotrophic denitrification in a cone-
haped fluidized sand-bed reactor using a mixed culture. H2 was
ransferred to the reactor using a bubbling-absorption tank in
he recycle line. Batch experiments in this study exhibited nitrite
ccumulation, but continuous experiments resulted in complete N
emoval. For complete denitrification of water containing 25 mg
O3

−–N/l, a residence time of 4.5 h was required, while a nitrate
limination rate of 0.13 kg NO3

−–N/m3 d was achieved.
Another similar configuration was used by Chang et al. [4]

ho studied the immobilized bacteria species Alcaligenes eutro-
hus, in a polyacrylamide and alginate copolymer to evaluate
enitrification in continuous and batch mode. The maximum rate
as 0.6–0.7 kg N/m3 d and nitrite accumulation was affected by

he phosphate concentration. Komori and Sakakibara [98] used a
uidized-bed reactor equipped with a solid-polymer-electrolyte
embrane electrode (SPEME) for the efficient production and dis-

olution of hydrogen, using polyvinylalcohol (PVA) porous cubes
s a biofilm carrier. Denitrification rate up to 2.16 kg N/m3 d, was
chieved.

Despite the fact that high denitrification rates are achieved in
uidized-bed reactors (Table 2) in order to ensure fluidization of
he bed the upflow velocities must be high resulting in a very
hort retention time. This may lead to insufficient nitrate elimi-
ation [66]. For that reason recirculation of effluent is often used
8] making the process performance more complicated and difficult
o control [66].

.3. Membrane biofilm reactors

To date, a variety of reactor configurations have been used for
fficient hydrogen delivery. Many of the reviewed systems have
he same H2 provision scheme (gas sparging) either in a sepa-
ated hydrogen saturation tank [8,10,106] or directly to the reactor
15,36]. The main limitation of hydrogen-driven denitrification is
he low solubility of hydrogen gas resulting in low-mass transfer
ate and possible accumulation of hydrogen gas in a closed head

pace thus creating an explosive environment [28].

Many researchers have demonstrated effective
ydrogenotrophic denitrification with gas-permeable mem-
ranes, which were used to enhance the efficiency of hydrogen
elivery and limit explosion risks through the bubble-less intro-
ous Materials 180 (2010) 20–37 27

duction of hydrogen [13,37]. The investigators focus their attention
on gas-permeable membranes because they can act as both the
hydrogen diffuser and the biofilm carrier. Thus, membrane selec-
tion is a critical factor for the performance of this technology.
Gas-permeable membranes are mainly composite membrane (e.g.,
sandwich structure) [5], polypropylene [13], polysulfone [92],
platinum cured silastic [110] and silicone coated ferro-nickel slag
[31]. Membrane biofilm reactors minimize the cost of supplying
electron donor, because almost 100% utilization of H2 is pos-
sible. Furthermore, the retention time is minimized due to the
counter-current diffusion which allows high fluxes of nitrate and
H2.

The most common type of membrane which used is hollow-
fiber membrane due to the fact that it has lower space requirements
than other types of membranes and can achieve high performances.
Several studies have been carried out with different materials of
hollow-fiber membranes (Table 3). Ergas and Reuss [13] operated
a polypropylene hollow-fiber membrane bioreactor, to study the
performance of hydrogenotrophic denitrification of contaminated
drinking water. Denitrification rates of up to 2.49 g N/m2 d (0.77 kg
NO3

−–N/m3 d) were achieved with an influent NO3
− concentration

of 145 mg NO3
−–N/l and a hydraulic residence time of 4.1 h. Lee and

Rittmann [5,37] used a polyethylene/polyurethane hollow-fiber
membrane achieving removal rates of 1.27–2.07 and 0.63–1.6 g
N/m2 d, respectively. Zhang et al. [82] reported a high rate of 1.5 g
N/m2 d by using a polyvinyl chloride hollow-fiber membrane. Mo et
al. [14] and Rezania et al. [93] used a different microporous hollow-
fiber membrane (Celgard), and achieved high denitrification rates
of 2.87 and 14.2 g N/m2 d, respectively. Smith et al. [110] reported a
rate of 4.4 g N/m2 d by using a platinum cured silastic hollow-fiber
membrane. Shin et al. [111] used a hollow-fiber membrane reactor
with multi-layered composite fiber and attained a removal rate of
up to 1.72 g N/m2 d.

Hollow-fiber membranes are typically employed as gas-
permeable membranes, although silicon tubes have been tested as
well [6,31]. Hydrogen flows through the lumen and diffuses into
the bulk liquid through the membrane walls. Ho et al. [6] used
such a membrane of silicone achieving a high denitrification rate
of 1.6–5.4 g N/m2 d. In another study reported by Sahu et al. [80]
the membrane was gas-permeable microporous hydrophobic with
its lumen side was coated with perfluoropolymer. A removal rate
of 0.22–5.88 g N/m2 d was achieved (Table 3).

Membranes offer high specific surface area and nitrate removal
efficiencies, but they have high cost, due to the operating cost and
the cost of membrane cleaning because of clogging. For instance,
the precipitation of mineral solids during the denitrification pro-
cess might have a long-term negative impact on the operation of a
hollow-fiber membrane bioreactor, which increases its operating
cost [24]. The operating cost of membranes is a major problem as
a consequence of the energy consumption for the operation, while
the cost for replacement of the membranes due to the fouling rep-
resents another cost of the process. The cleaning of membranes
can be done in two ways: physical and chemical, with the chemical
cleaning having the additional cost from the use of chemicals.

In addition, there is a dependency of hydrogen diffusion and
biofilm growth in a permeable performance of membrane. The two
processes interact with each other, leading to poor stability of the
denitrification system and difficulty of biomass control. As a result,
the transfer of hydrogen to the bulk liquid is impeded decreasing
the zone of influence around the membranes [112].

In an effort to enhance the performance of the denitrification

process in a fiber membrane biofilm reactor Celmer et al. [95]
applied limited amounts of hydrogen in order to control the param-
eter named biofilm. They observed that biofilm density was a more
important factor for the process operation than the biofilm thick-
ness. In another study Celmer et al. [113] tried to estimate the
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Table 2
Operating conditions of fluidized-, fixed-bed and suspended growth reactors.

Reactor system/operation Working volume
(m3)

Carbon source T (◦C) HRT (hrs) Carrier Influent
concentration (mg
NO3

−–N/l)

Denitrification
rate NO3

−–N
(kg/m3 d)

Reference

Suspended growth/sequencing
batch

3.5 × 10−3 NaHCO3 12–25 3.5–1.3 – 20 0.11–0.37 [16]

Suspended growth/sequencing
batch

2.5 × 10−3 CO2 and NaHCO3 25 ± 5 3–11 – 20–50 0.16–0.11 [26]

Suspended growth/sequencing
batch

4 × 10−3 NaHCO3 25 ± 5 4.5 – 20 as NO2
−–N 0.12 [90]

Suspended growth/sequencing
batch

4 × 10−3 NaHCO3 25 ± 5 4.5 – 20 0.11 [91]

Suspended growth/draw-fill and
batch

2 × 10−3 CO2 30 ± 1 25 and 25–170 – 80 and 7–200 0.076 and
0.007–0.028

[17]

Suspended growth/batch 1.2 × 10−3 CO2 30 14–26 – 168–329 0.28–0.3 [85]
Fixed-bed/continuous N/Aa CO2 10 1 Polypropylene carrier 17 0.25 [10]
Fixed-bed/continuous 4.2 × 10−3 Carbonic acid 12–20 1.42–5.11 Polyurethane carrier (d:0.56–2.19 mm)

SSAb: 20.57–4.88 cm2/cm3
15–50 0.25–0.2 [36]

Fixed-bed/continuous N/A CO2 N/A N/A Lamellar reticulated polyurethane 16–18 N/A [11]
Fixed-bed/continuous 0.27 × 10−3 NaHCO3 25–27 1 Granulated activated carbon (d:

0.85–1.70 mm)
21–27 0.25 [38,79]

Fixed-bed/continuous 7 × 10−3 (total) HCO3
− 20 97.6 Aquarium rocks (d: 0.3–1.0 cm) 16.4 0.004 [40]

Fixed-bed/continuous 0.45 × 10−3 CO2 18–23 2 Pea gravel (d: 2–4 mm) 28 0.343 [7]
Fixed-bed/batch 0.9 × 10−3 NaHCO3 30 16 Glass beads (d: 5 mm) 150 0.225 [1]
Fixed-bed/batch 6.5 × 10−3 NaHCO3 24 ± 1 12 Hollow ceramic cylinders (d: 1 cm) and

polyurethane sponges
20 0.036 [21]

Fixed-bed/draw fill and
continuous

0.250 × 10−3 and
0.75 × 10−3

CO2 27 ± 2 0.16–1.25 Silicic gravel (d: 1.75–4 mm) SSA:
32.07–14.16 cm2/cm3

10–340 1.53–6.2 [15]

Fixed-bed/continuous 0.187 × 10−3 N/A N/A 374 Sand (d: 1–2 mm) N/A 0.027 [107]
Fixed-bed/sequencing batch 4.71 × 10−3 CO2 27 ± 3 3 Hollow cylindrical media, total surface

area: 1.46 m2
43 0.342 [106]

Fixed-bed/continuous 4.1 × 10−3 CO2 18–23 2–5 Light expanded clay aggregates (d:
3–5 mm)

27 0.3387 [108]

Fixed-bed/continuous 0.75 × 10−3 CO2 26 ± 1 1.25 Silicic gravel (d: 1.75–4 mm) SSA:
32.07–14.16 cm2/cm3

100 2 [23]

Fixed-bed/continuous 2.5 × 10−3 NaHCO3 23 ± 1 2 Polyurethane sponge (side: 1.2 cm) 22 2.419 [109]
Fluidized-bed/continuous 0.72 × 10−3 CO2 30 4.5 Sand (d: 0.2–0.3 mm) 25 0.13 [8]
Fluidized-bed/batch and

continuous
0.8 × 10−3 NaHCO3 30 0.88 Polyacrylamide-alginate copolymer

spherical beads (d: 3–5 mm)
22–25 0.6–0.7 [4]

a N/A: Not Available,.
b SSA: Specific surface area.
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Table 3
Operating conditions and denitrification rates of Membrane biofilm reactors.

Process Type/material Working volume
(m3)

Carbon source Surface
area (cm2)

HRT (h) Pore size
(�m)

Gas flow Influent
concentration
(mg NO3

−–N/l)

Denitrification
rate (kg N/m3 d)

Denitrification
rate (g N/m2 d)

Ref.

Continuous Hollow-fiber/polyethylene and
polyurethane

0.42 × 10−3 NaHCO3 750 0.7 N/A 0.31–0.42 (H2:atm) 10–12.5 0.228–0.37 1.27–2.07 [5]

Continuous Tube/silicone 1.5 × 10−3 CO2 588.75 8.33 N/A 20 ml H2/min
0–20 ml CO2/min

120 0.063–0.211 1.6–5.4 [6]

Batch Hollow-fiber/polypropylene potted
in polysulfone fittings

1.2 × 10−3 CO2 3700 4.1 0.05 28 (H2:kPa) 145 0.77 2.49 [13]

Continuous Hollow-fiber/polyethylene and
polyurethane

0.42 × 10−3 NaHCO3 750 0.7 N/A 0.2–0.45 (H2:atm) 5–15 0.23–0.505 0.63–1.6 [37]

Continuous Membrane/polytetrafluoroethylene 0.02 × 10−3 HCO3
− N/A N/A 0.02 N/A 20–40 N/A 2.7–5.3 [28]

Continuous Hollow-fiber/Celgard® X30–240
microporous and ZeeWeed®-1

7 × 10−3 NaHCO3 55.6 9–12 0.04 N/A 12–72 0.024–0.192 1.76–2.87 [14]

Sequencing batch Hollow-fiber/Celgard® and
ZeeWeed®-1

8.1 × 10−3 NaHCO3 56 and
470

9–12 48–81.6 0.04 0.28–0.55 (H2:atm) 330 0.56–0.046 8.2–14.2 [93]

Continuous Hollow-fiber/polysulfone 0.075 × 10−3 NaHCO3 1300 6 N/A N/A 50–150 0.83–2.48 0.48–1.43 [92]
Continuousa Hollow-fiber/ZeeWeed®-1 5.6 × 10−3 N/Aa 940 3 0.04 120 (H2:psi) 33 0.14 8.34 [102]
Continuous Membrane/matrix of poly

(dimethylsiloxane, silicone)
0.35 × 10−3 CO2 163 SSA:

47 m2/m3
7.78–14.6 N/A 20–50 (H2:kPa) 50

(CO2:kPa)
100 0.164–0.306 3.53–6.58 [31]

Continuousa Membrane 3 × 10−3 CO2 N/A 4–5 N/A 18 ml H2/min
1.5 ml CO2/min

15–25 N/A 0.50–0.59 [95]

Continuous Hollow-fiber/platinum cured
silastic

2.2 × 10−3 KHCO3 582 24.48 N/A 0.60 (H2:psi) 10–30 0.12 4.4 [110]

Continuous Hollow-fiber/Zeeweed-1 (by Zenov
Env. Inc.)

5.6 × 10−3 NaHCO3 940 3 0.04 120 (H2:psi) 25 0.11 6.55 [114]

Continuousa Membrane/polypropylene fibers 3 × 10−3 N/Aa N/A 4 N/A 10 ml H2/min 20 N/A 0.93–1.20 [113]
Continuous Hollow-fiber/polyethylene 6.5 × 10−3 NaHCO3 8143 6–10 N/A N/A 50 0.118–0.22 0.95–1.72 [111]
Continuousb Hollow-fiber/polyethelene 1.25 × 10−3 NaHCO3/CO2 4200 2–9 0.1 0.4–0.5 (H2:bar) 50 0.104–0.380 0.309–1.13 [22]
Continuous Hollow-fiber/polyvinyl chloride 0.045 × 10−3 NaHCO3 124 0.625 0.01 0.04 (H2:MPa) 10 0.414 1.50 [82]
Continuous Hollow-fiber/non porous 1.6 × 10−3 N/A 1140 7–18 N/A 2.5 (H2:psi) 30 0.0434–0.0598 0.61–0.84 [94]
Continuous Tubular

membrane/perfluoropolymer
coating

0.07 × 10−3 NaHCO3/CO2 2800 1.5–6.7 N/A 10 ml H2/min 40–50 0.88–23.52 0.22–5.88 [80]

a Wastewater treatment plant effluent.
b Aquaculture wastewater.
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mpact of shearing stress by nitrogen sparging and different lev-
ls of reactor mixing, on the biofilm structure. Biofilm thickness
as reduced by increasing levels of mixing and shearing stress.

xperimental data accordingly indicated that denitrification rate
mproved when biofilm density increased as a result of increase in
he shearing force and decrease in biofilm thickness.

.4. Bio-electrochemical denitrification

Researchers have recently proposed a bio-electrochemical reac-
or (BER) in which autotrophic denitrification is stimulated with
he passing of electric current. Biofilm electrode reactors consist of
couple of electrodes [12], in which denitrifying bacteria are cul-

ured on the cathode surface. In a BER, the following reactions take
lace:

.5O2 + 2e− + H2O → 2OH− (12)

H2O + 2e− → H2 + 2OH− (13)

.5C + 5H2O → 2.5CO2 + 10H+ + 10e− (14)

After dissolved oxygen is completely utilized (Eq. (12)), hydro-
en gas is produced on the surface of the cathode by electrolysis of
ater (Eq. (13)) and autotrophic denitrifying microorganisms are
irectly immobilized on this electrode. The process is highly selec-
ive for the reduction of nitrate to nitrogen gas with simultaneous
eutralization by carbon dioxide (Eq. (14)) at the anode [34,35].

Such a reactor configuration which proposed by Sakakibara and
uroda [12], addresses effective hydrogen delivery and has been
sed by many researchers (Table 4) [19,27,35,101,115]. Although,
ifferent electrode materials have been reported in the literature,
hey did not report to affect denitrification efficiency. Thus, an
node electrode can be composed of amorphous carbon [116], tita-
ium coated with platinum [35] or modified ˇ-PbO2 [20], while
athode electrodes can consist of carbon [101,117], graphite felt
19] and stainless pipe [33].

Islam and Suidan’s [101] long-term study showed a stable
itrate removal rate at 0.8 g NO3

−–N/m2 d of electrode surface.
owever, the liquid retention time (10–13 h) was high, mainly
ue to low specific surface area (42 m2/m3). Wang and Qu [73]
sing a BER with an electrode reaction area of 321 cm2, achieved a
igher denitrification rate (0.381 kg NO3

−–N/m3 d) than Park et al.
81] (0.077–1.68 kg NO3

−–N/m3 d) who used a surface area of only
05 cm2, indicating that this is an important factor which affect the
erformance of the process.

The advantage of this process is the easy operation and main-
enance; however, the denitrification rates are low. Thus, longer
ydraulic retention time (HRT = 10 h to several days) is needed to
chieve complete denitrification [12,101,117–119].

Sakakibara and Nakayama [27] proposed a multi-electrode sys-
em which showed great potential, since the HRT was reduced to
bout 2 h. This superior performance was attributed to the large
ffective surface area and the formation of a low ORP zone in the
ulti-cathode region. However, the denitrification rate was still

ower than that those in cases of external feeding of hydrogen gas,
here H2 was dissolved in a pressurized hydrogen saturator or sup-
lied directly in the biofilm reactor (Table 2). It must be noted that,
he main drawback of biofilm electrode reactors is the gradual scale
ormation on the surface of the cathode, suppressing hydrogen pro-
uction, which causes a dramatic decrease in the denitrification
ate [115].
Another concern regarding the use of BERs is that excess biomass
eaves the process, and calls for an additional treatment. Since sus-
ended solids escape from a BER, it is necessary to incorporate a
olid/liquid separator into the process. A multi-cathode BER com-
ined with microfiltration (MF) was proposed by Prosnansky et
ous Materials 180 (2010) 20–37

al. [35]. The multi-cathode electrodes were composed of multiple-
granular activated carbons (GACs). Since some suspended solids
were escaping from the BER, a MF membrane with plate modules
and a pore size of 0.2 �m was placed after the BER. Microfiltra-
tion was chosen by Prosnansky et al. [35] for this goal because
of production of high-quality water and simple operation. Exper-
imental results demonstrated that it was possible to operate the
multi-cathode BER with high denitrification rates and HRT as low
as 20 min. The denitrification rate was enhanced compared with
previous studies of the BER.

The bio-electrochemical reactor might be a solution to the
problem of high cost of the hydrogen supplies needed during
the hydrogenotrophic denitrification. However, the low nitrate
removal rates, the longer hydraulic retention times and the escap-
ing biomass as main disadvantages, limit its applicability.

5.5. Effluent water quality

Waters’ quality at the effluent of a denitrifying reactor is an
important factor for effective denitrification. More specifically, the
concentration of organic carbon plays a significant role in the den-
itrification process and in the quality of the treated water. An
increase of the total organic carbon (TOC) across the length of
the reactor is expected due to the production of soluble micro-
bial products by the microbial reactions [22,122]. Lee and Rittmann
[5] observed an increase of dissolved organic carbon (DOC) from
1.4 mg/l in the influent to 2.3 mg/l in the effluent of the bioreac-
tor. An increase of 1.7 mg DOC/l due to the detachment of biomass
from biofilm, was reported by Zhang et al. [82]. Ergas and Reuss [13]
reported that TOC increased by 20–25 mg/l from the influent to the
effluent of the reactor due to the sloughing of biomass. Haugen et al.
[40] observed a small increase of the TOC about 0.5 mg/l. This low-
effluent TOC resulted from biomass transport through the material
which served as biomass carrier and filter. Schnobrich et al. [32]
also noticed that the aquifer material seems to be quite effective in
TOC removal from the water.

Mo et al. [14] suggest that an additional treatment step is
required, as the DOC in the effluent was about 8 mg/l. The same
observation was made by Rezania et al. [102] in a system of
wastewater treatment. The produced water met all drinking water
guidelines [123], e.g. total coliforms, except for color and organic
carbon (17 mg COD/l). To reduce the organic carbon and color of the
effluent, post-treatment is required. Experimental data of Rezania
et al. [114] showed that the TOC was similar to that of the feed water
(6 mg/l), however no volatile suspended solids were observed in
the effluent. When nitrate-contaminated water contains low lev-
els of organic carbon, low-effluent DOC can be expected. Generally,
color, DOC and suspended solids can be reduced by post-treatment
technologies as granular activated carbon [102], microfiltration
membranes [35] or by the own support material itself of the biore-
actor [32,40].

5.6. Industrial scale applications

In an effort to make the hydrogenotrophic denitrification
economically viable and effective for potable water treatment
experimental experience was applied, in order to design and oper-
ate industrial scale applications. However field studies are very
limited due to the difficulties of the possibility of an explosive envi-
ronment by accumulation of hydrogen and the high cost of the
hydrogen supplies needed.
Ginocchio [124] in Switzerland used hydrogen as electron
donor for in situ denitrification in which contaminated water
was withdrawn from the aquifer, add hydrogen, carbon diox-
ide and phosphate to it and then was reinjected back into the
aquifer. Gros et al. [10] demonstrated the performance of the
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Table 4
Operating conditions and denitrification rates of biofilm electrode reactors (BER).

Process Material Working volume
(m3)

Carbon source Temp (◦C) HRT (h) Electrode surface
area (cm2)

Electric
current (mA)

Influent concentration
(mg NO3

−–N/l)
Denitrification rate
(kg N/m3 d)

Denitrification rate
(g N/m2 d)

Ref.

Batch Cathode: carbon 2.4 × 10−3 CO2 25–30 N/A Cathode: 520 0–40 10 0.1968 0.38 [12]
Continuous Anode: carbon cathode:

stainless
0.205 × 10−3 CO2 25 9 Anode: 160

cathode: 251
2.5 15 0.038 N/A [33]

Batch N/A 2.4 × 10−3 CO2 25–30 N/A Cathode: 520 5–40 140–420 N/A 0.28–1.93 [39]
Continuous Anode amorphous carbon

cathode: stainless
0.205 × 10−3 CO2 25 10–50 Cathode: 251 1–10 20–24 0.01–0.045

0.048max

N/A [116]

Continuous Anode amorphous carbon
cathode: stainless

0.205 × 10−3 CO2 20–30 10 Cathode: 251 5 20 0.06 2.39 [117]

Continuous Anode and cathode: carbon N/A NaHCO3 N/A 10–13 Cathode: 42
(m2/m3)

20 20 0.035 0.8 [101]

Continuous 2 anodes: Pt metal coated 8
cathodes: metal

36 × 10−3 NaHCO3 25 ± 3 2–6 Cathode: 1096 80–960 13.8–20.8 0.12 N/A [27]

Continuous Anode amorphous carbon
cathode: stainless

0.2 × 10−3 CO2 N/A 10 Anode: 160
cathode: 251

0–10 24 0.0576 0.470 [34]

Continuous Anode: titanium coated
with platinum cathode:
five electrodes with
granular activated carbon

0.6 × 10−3 CO2 N/A 0.33 Anode: 150
cathode: 750

300 15 0.393 3.15 [35]

Continuous Anode: carbon cathode:
stainless steal

0.52 × 10−3 CO2 30 1.9–5 Cathode: 321 3–16 30 0.381 0.43 [73]

Batch Anode dimensionally
stable cathode: graphite
felt

1 × 10−3 NaHCO3 30 N/A Cathode: 105 200 20–492 0.077–1.68 1.7 [19,81]

Continuous Anode: modified �-PbO2

cathode: activated carbon
fiber

N/A CO2 25–40 2.4–6 Cathode: 500 15 10–50 N/A 2.22 [20]

Continuous Anode: stainless steel
mesh cathode: granular
palm shell activated carbon

0.8 × 10−3 NaHCO3/CO2 N/A 6–36 N/A 0–20 20 0.013–0.08 N/A [120]

Batcha Anode: ploutinized
titanium rod cathode:
ploutinized titanium rod

3 × 10−3 CO2 24 ± 1 48 N/A 10–80 27–44.15 N/A N/A [121]

a Significance of ‘Aquaculture wastewater’.
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rst commercial-scale biological drinking water denitrification
lant utilizing hydrogen at Rasseln near Monchengladbach, Ger-
any. Named the Denitropur process, this plant consisted of nine

pflow, fixed-bed denitrification reactors in a series and packed
ith Mellapack, which is a mixing element (made of polypropy-

ene) with a three-dimensional corrugated structure. The raw water
groundwater) was saturated with hydrogen under overpressure
nd enriched with phosphate and carbon dioxide. After denitri-
cation, the water was aerated and filtered on a two-layer filter.
isinfection was ensured by means of UV radiation. The 50 m3/h

acility eliminated nitrate from 17 to less than 1 mg NO3
−–N/l

ithin a residence time of water in the reactors of about 1 h. The
itrate removal rate was 0.250 kg NO3

−–N/m3 d.
Recently, Chaplin et al. [30] developed a technology to stimu-

ate autotrophic denitrification using gas-permeable membranes
n order to supply hydrogen in groundwater. The study took place
n Becker, Minnesota where there were high levels of NO3

− (23 mg
/l). Membranes installed in groundwater wells were successful in
elivering H2 to the groundwater over the 2-year operating period.
hey observed that the depth of groundwater (13.7 m) caused
eoxygenation of water during recirculation and as a result this
echnology is not suitable for use at deep sites.

. Denitrification kinetic models

Mathematical models of hydrogenotrophic denitrification gen-
rally consider denitrification as a two-step process occurring by
he consecutive reduction of nitrates to nitrites and then to nitrogen
as. The most commonly used approach to describe the behavior
enitrifying bacteria in the presence of nitrate is the dependence
f the bacterial activity on nitrate/nitrite with a Monod type
xpression. Mathematical models used in the literature to describe
ydrogenotrophic denitrification are listed in Table 5. According to
hese models types, nitrate and nitrite reduction rates are depen-
ent on their concentrations, on biomass concentration, as well as
n dissolved hydrogen concentration.

Specifically, Kurt et al. [8] studied autotrophic denitrification
inetics considering denitrification as a two-step process. The
inetics was expressed in a double Monod form and NO3, NO2,
nd H2 were assumed to be the limiting substrates (Table 5). A
teady-state mathematical model for an electrochemically acti-
ated denitrifying biofilm was developed by Sakakibara et al. [39].
double Monod mathematical model was used, as well, to describe

he rates of nitrate and hydrogen utilization with kinetic parame-
ers taken from the literature. Park et al. [19] used a Monod type
xpression to describe the dependence of the nitrate reduction rate
n nitrate concentration.

As shown in Table 5 Tiemeyer et al. [85] used Monod expres-
ions with nitrite inhibition and switching function for bacteria
rowth on nitrite. The specific growth rate was assumed to be the
um of the specific growth rates with nitrate and nitrite as limit-
ng substrates. It was assumed that increasing nitrite concentration
nhibits the total growth rate. Visvanathan et al. [22] also used a

onod equation to describe nitrate and biomass effluent varia-
ion of a membrane denitrification system. Finally, a double Monod
xpression was employed by Lu et al. [106] to describe the two-step
ydrogenotrophic denitrification process, and the saturation con-
tants of nitrate, nitrite and hydrogen were determined by batch
xperiments.

The kinetics of the hydrogenotrophic denitrification process was

xtensively studied in batch experiments by Vasiliadou et al. [17].
he growth kinetics could be very well described by using expres-
ions for double nutrient limitation (nitrate, nitrite). Thus, a model
f substitutable substrates with inhibition from nitrate was pro-
osed as listed in Table 5. Nitrate inhibition was modeled by an
ous Materials 180 (2010) 20–37

Andrews-type expression. In a subsequent study, the growth kinet-
ics of pure cultures of hydrogen-oxidizing denitrifying bacteria
used by Vasiliadou et al. [83] included nitrite inhibition expres-
sions and consumption of nitrates and nitrites for cell maintenance
requirements in the form of maintenance rates (Table 5).

The kinetics of hydrogen-oxidizing denitrifying bacteria has
been also examined [77,78]. Haring and Conrad [77] determined
the kinetics of H2 oxidation of a denitrifying species. Pseudo-
first-order rate constants were determined from the logarithmic
decrease of H2. The kinetics for hydrogen uptake during deni-
trification was determined by Smith et al. [78] for nine isolated
hydrogen-oxidizing denitrifiers. Experimental data indicate that
consumption of hydrogen followed Monod kinetics rather than a
first-order transfer of hydrogen. Finally, Tiemeyer et al. [85] pre-
sented a kinetic study on autohydrogenotrophic growth of Ralstonia
eutropha.

Values of several kinetic parameters that are reported in the lit-
erature are listed in Table 6. The maximum specific growth rates
for nitrate and nitrite that are listed in Table 6 vary between
0.0023 [22] to 0.155 [83] (1/h) and 0.00813 [85] to 0.917 [15]
(1/h), respectively. The difference in the parameter values between
different studies is due to the different conditions and different
hydrogenotrophic culture used. Although, high values of satura-
tion constants have been reported, [17,19,23], very low values
appeared as well. Saturation constants of 0.18 and 0.16 mg N/l
were reported for nitrate and nitrite, respectively [8]. The values
of nitrate saturation constants determined by Visvanathan et al.
[22] and Lu et al. [106] were 0.0001 and 2.09 mg N/l, respectively.
In another study, the reported hydrogen saturation constant ranged
from 0.0009 to 0.0066 mg H2/l [78]. With such low saturation con-
stants, many researchers assumed that the kinetics of nitrate and
nitrite reduction are independent of nitrate, nitrite, and hydrogen
concentrations. For example, Rezania et al. [16] considered a zero
order kinetic model to describe the hydrogenotrophic denitrifi-
cation based on the assumption that the saturation constants of
nitrate, nitrite, and hydrogen are so low that their influences on
denitrification could be neglected.

A zero order type kinetic model was also proposed for NO3
−

and NO2
− reduction by Lu and Gu [25]. Haugen et al. [40] per-

formed kinetic experiments in batch mixed-cultures from soil. They
estimated pseudo-first- and second-order rate constants for NO3
and NO2 reduction and concluded that these constants were dras-
tically affected by the number of microorganisms present in the
soil-derived enrichment culture. Ghafari et al. [91] developed a zero
order kinetic model, where kinetic constants were estimated for
different hydrogen supplies.

In contrast to traditional approaches for description of the den-
itrification process, some simplified or empirical expressions have
been proposed. A kinetic expression that takes into account the
sequential reduction of nitrate and inhibition of the N2O reduction
step by toxic pesticide was developed by Feleke and Sakakibara [34]
and used to evaluate the process performance of a BER. A simpli-
fied mathematical model with nitrate molecular diffusion through
a microporous membrane into the denitrifying culture was pro-
posed by Mansell and Schroeder [28]. A second order polynomial
model was generated by Ghafari et al. [120] in order to obtain the
sufficient electric current and hydraulic retention time in a BER. The
same model was used in a subsequent study [90] to describe nitrite
reduction rates in relation to pH values and sodium bicarbonate
dosage.

It must be noted that certain approaches may have inherent

weaknesses that should be addressed. As shown in Table 5 many of
the models proposed for hydrogenotrophic denitrification did not
include biomass concentration, because it was assumed biomass
concentration to be constant during the process of nitrate or nitrite
elimination. As a result, the influence of biomass growth and activ-
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Table 5
Kinetic models for hydrogenotrophic denitrification for nitrate and nitrite elimination.

Model type Mathematical model Reactor Reference

Nitrate reduction Nitrite reduction

Zero order
dCNO3

dt = −kNO3 · X
dCNO2

dt = (kNO3 − kNO2 ) · X Suspended growth [16,91]

Monod
dCNO3

dt = − umI ·CNO3
CNO3

+KNO3
BER [19]

Monod dX
dt =

(
�max NO3

·CNO3
KNO3

+CNO3

)
· X − kd · X − 1

�
· Xe Membrane [22]

Double Monod rI = umI ·CNO3
·CH2

(CNO3
+KNO3

)·(CH2
+KH2I)

rII = umI ·CNO3
·CH2

(CNO3
+KNO3

)·(CH2
+KH2I)

− umII ·CNO2
·CH2

(CNO2
+KNO2

)·(CH2
+KH2II)

Fluidized-bed,
suspended growth
with hollow cylindrical
media

[8,106]

Double Monod
ZNO3

−FDNO3
RT

d
dz

· (CNO3
dp
dz

) + DNO3 · d2CNO3
dz2 + DHNO3 · d2CHNO3

dz2 − RNO3 = 0 BER [39]

RNO3 = 1
n · RH2 = k·X·CNO3

·CH2
(CNO3

+KNO3
)·(CH2

+KH2I)

Monod with switching
function for nitrite growth

dCNO3
dt = − 1

yNO3
· �max NO3

·CNO3
·X

KNO3
+CNO3

dCNO2
dt = 1

yNO3
· �max NO3

·CNO3
·X

KNO3
+CNO3

− 1
yNO2

· �max NO2
·CNO2

·X
KNO2

+CNO2
· FNO3

FNO3
+CNO3

Suspended growth [85]

Substitutable substrates with
nitrate inhibition

dCNO3
dt

= − 1
yNO3

· �max NO3
·CNO3

·X

KNO3
+CNO3

+kd2 ·CNO2
+

CNO3
Ki

2

dCNO2
dt =
1

yNO3
· �max NO3

·CNO3
·X

KNO3
+CNO3

+kd2 ·CNO2
+

CNO3
Ki

2 − 1
yNO2

· �max NO2
·CNO2

·X
KNO2

+CNO2
+kd1 ·CNO3

Suspended growth [17]

Substitutable substrates with
nitrate inhibition

−DNO3 · � · ∂2CNO3
∂z2 + � · ∂CNO3

∂t
+ 1

yNO3
· �(CNO3 ) · X = 0 −DNO2 · � · ∂2CNO2

∂z2 + � · ∂CNO2
∂t

+ 1
yNO2

· �(CNO2 ) · X − 1
yNO3

·
�(CNO3 ) · X = 0

Fixed-bed [15]

�
(

CNO3

)
= �max NO3

·CNO3

KNO3
+CNO3

+kd2 ·CNO2
+

CNO3
Ki

2 �
(

CNO2

)
= �max NO2

·CNO2
KNO2

+CNO2
+kd1 ·CNO3

Substitutable substrates with
nitrate inhibition and Double
Monod

−DNO3 · � · ∂2CNO3
∂z2 + � · ∂CNO3

∂t
+ 1

yNO3
· �(CNO3 ) · X = 0 −DNO2 · � · ∂2CNO2

∂z2 + � · ∂CNO2
∂t

+ 1
yNO2

· �(CNO2 ) · X − 1
yNO3

·
�(CNO3 ) · X = 0

Fixed-bed [23]

�(CNO3 ) = �max NO3
·CNO3

KNO3
+CNO3

+kd2 ·CNO2
+

CNO3
Ki

2 · CH2
KSH2

+CH2
· CCO2

KSCO2
+CCO2

�(CNO2 ) = �max NO2
·CNO2

KNO2
+CNO2

+kd1 ·CNO3
· CH2

KNH2
+CH2

· CCO2
KNCO2

+CCO2

Substitutable substrates with
nitrate and nitrite inhibition

dCNO3
dt

= − 1
yNO3

· �max NO3
·CNO3

·X

KNO3
+CNO3

+kd2 ·CNO2
+

CNO3
Ki

2 − mNO3
·CNO3

·X

KNO3
+CNO3

+kd2 ·CNO2
+

CNO3
Ki

2

dCNO2
dt = 1

yNO3
· �max NO3

·CNO3
·X

KNO3
+CNO3

+kd2 ·CNO2
+

CNO3
Ki

2 − 1
yNO2

·

�max NO2
·CNO2

·X

KNO2
+CNO2

+kd1 ·CNO3
+

CNO2
Km

2 − mNO2
·CNO2

·X

KNO2
+CNO2

+kd1 ·CNO3
+

CNO2
Km

2

Suspended growth [83]

Completely mixed flow reactor
model

CNO3
− f −CNO3

�
− ac · JNO3

− = 0
CNO2

− f −CNO2
−

�
+ ac · JNO2P − ac · JNO2R = 0 BER [34]
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ity on the rates of nitrate and nitrite reduction was not considered
[8,19,106] and this could lead to significantly erroneous predic-
tions. On the other hand, some growth kinetics were described by
using expressions dependent only on constant biomass concentra-
tion with no influence from nutrients concentration [16].

Another limitation of the majority of modeling approaches of
attached growth processes is that the equations for the nutrient
concentrations in biofilm reactors do not include nitrate and nitrite
diffusion from the bulk liquid to the biofilm. For example, Kurt et
al. [8] made the assumption that biofilm diffusion effects do not
influence the kinetics of all substrates. However, the steady-state
mathematical model which was developed by Sakakibara et al.
[39] expressed the flux of species in an electrochemically-activated
biofilm under the electric field by diffusion terms. The values of
nitrate, hydrogen and carbon dioxide diffusion coefficients were
reported to be 0.0683, 0.2104 and 0.0691 (cm2/h), respectively.
Lee and Rittmann [37] developed a model with mass balances for
nitrate and nitrite in the biofilm and an expression for hydrogen
transfer rate from the hollow-fiber membrane into the biofilm. Also,
Vasiliadou et al. [15] by using specific growth expressions based on
those proposed by Vasiliadou et al. [17] represented nitrate and
nitrite diffusion, from the bulk liquid to the biofilm, with diffu-
sion terms in the mass balance-equations. Thus, the nitrate and
nitrite were assumed to be consumed only inside the biofilm. They
also showed that for the simulation of the denitrification process
in a fixed-bed biofilm reactor the computed values of the kinetic
parameters were different from those of a suspended growth sys-
tem [17], due to the changes in the bacterial activity during fixation
(Table 6). Finally, a mathematical model was developed by Karana-
sios et al. [23] using diffusion and growth kinetic expressions for
four-nutrient limitation (nitrate, nitrite, hydrogen and carbon diox-
ide) with inhibition by nitrate. Hydrogen and carbon dioxide were
considered as complementary nutrients together with nitrate or
nitrite, while their influence was modelled by Monod expressions.

In conclusion, a mathematical model must be reliable and sim-
ple, so that it can be easily used for the design of the appropriate
reactor configurations for the hydrogenotrophic denitrification of
potable water. Mathematical models must be able to predict con-
centration variations of the basic nutrients, as nitrate, nitrite,
hydrogen and carbon source, as well as the biomass growth. Finally,
for the satisfactory description of the hydrogenotrophic denitri-
fication process, reduction rates of nitrate and nitrite should be
dependent on their concentrations as well as the concentration of
biomass and dissolved hydrogen and carbon concentration.

7. Conclusions

Several methods of treatment have been applied in the past
and results showed that biological denitrification is more beneficial
than physicochemical methods. Hydrogenotrophic denitrification
appears to have advantages in regard to the use of other electron
donors in autotrophic and heterotrophic denitrification.

In this survey were examined in detail the factors that affect the
hydrogenotrophic denitrification process. The main conclusions
are:

• The effect of fed NO3
−–N concentration varies. Nitrate con-

centrations up to 492 mg NO3
−–N/l were reported to increase

denitrification rate. In contrast, other researchers found that den-

itrification was inhibited for nitrate concentrations above 30 mg
NO3

−–N/l.
• The optimum pH for hydrogenotrophic denitrification ranges

from 7.6 to 8.6. The pH rise can lead to nitrite accumulation and
to decrease of the nitrate removal rate.
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The most suitable temperature range is 25–35 ◦C, however higher
values as 42 ◦C were reported as well.
Alkalinity introduced by denitrification and water hardness
affected bacterial metabolism, caused precipitation of mineral
deposits and created operating problem.
Carbon and hydrogen concentrations were generally reported to
be higher than the theoretical demands.

Furthermore, trialed reactor technologies for denitrification
ere presented. The analysis of the critical points of each configura-

ion showed that fixed-bed and membrane biofilm reactors achieve
igh performances. Nevertheless, each one of the developed tech-
ologies can be used in relation to the characteristics of the water
upplied for treatment and the economics of the process.

Based on the studies, a number of different mathematical
pproaches have been proposed to model the hydrogenotrophic
enitrification process in suspended or attached growth reactors.
everal of these modeling approaches have inherent weaknesses
hich are often overlooked by their users. However, some math-

matical models that were developed and applied were able to
escribe all the main processes in a hydrogenotrophic denitrifying
pplication, such as the consumption of nitrates, nitrites, carbon
nd hydrogen and biomass build-up.

Even though significant progress has been made so far in
he study of hydrogenotrophic denitrification, further research is
eeded. An area that requires further study in view of cost min-

mization and high efficiency is the appropriate reactor design,
ncluding the selection of the best material for attached growth
eactors, i.e., the one with the highest specific surface area, and the
ppropriate gas diffusion into the bioreactor, which will overcome
he limitation of low solubility and the danger of explosion from
ydrogen.

In addition, hydrogen production appears to be a significant
conomical factor for the viability of denitrification. Producing
ydrogen with energy provided from renewable energy resources

s a technology of the future and several in situ methods could be
pplied to reduce the cost and make the hydrogenotrophic denitri-
cation economically viable for potable water treatment.
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