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ABSTRACT

The aim of this study was to investigate the performance of bench-scale packed-bed reactors for
hydrogenotrophic denitrification with hydrogen produced from electrolysis of water and electric
energy provided by a solar cell. Two configurations were used, a single filter and a triple-column
reactor, with gravel of different sizes as support media. The effect of hydrogen and carbon dioxide
supply on the performance of the two systems of bioreactors under continuous operation was
examined. The multi-filter system achieved high performances as it could safely treat polluted
water with a low hydrogen and carbon dioxide consumption. A denitrification rate of 2 kg/m*d
was acheived for nitrate nitrogen and hydraulic loading of 1.44 g NO;-N/d and 11.5 m’/m?d, re-
spectively. Also, a mathematical model was developed by using growth kinetics expressions for
four-nutrient limitation (nitrate, nitrite, hydrogen and carbon dioxide) with inhibition by nitrate.
The proposed model is capable of describing accurately enough, hydrogenotrophic denitrification

under continuous operation.
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1. Introduction

Nitrate contamination of groundwater and surface
water, due to unbounded use of fertilizers and pesticides,
has become a common environmental problem in many
parts of the world. Nitrate- and nitrite-nitrogen removal
is an important issue, since they are dangerous for public
health when present in drinking water at levels above
11.3 mg NO;-N/L and 0.03 mg NO,-N/L [1]. Nitrate ni-
trogen (NO;-N) enrichment of receiving waters should
be avoided, since drinking water containing high NO;-N
concentrations is reported to increase the probability of

* Corresponding author.

methemoglobinaemia (also called a blue-baby disease)
and gastric cancers [2].

Biological denitrification is the process that reduces
nitrate (NO;) to nitrite (NO;), to nitric oxide (NO), to
nitrous oxide (N,O), and finally to nitrogen gas (N,).
The use of autotrophic over heterotrophic denitrification
ensures low biomass build-up, reduction of reactor clog-
ging and avoidance of organic carbon contamination of
treated water. Hydrogen gas (H,) as an electron donor is
an excellent autotrophic choice, due to its clean nature.
It does not persist in the treated water and no further
steps are required to remove either excess substrate or
its derivatives [3].
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The main limitation of hydrogen-driven denitrifica-
tion is the low solubility of hydrogen gas resulting in
low-mass transfer rate and possible accumulation of
hydrogen gas in a closed head space, thus creating an
explosive environment [4]. To date, a variety of reactor
configurations have been used for efficient hydrogen
delivery. Many researchers have demonstrated effective
hydrogenotrophic denitrification with gas permeable
hollow fiber membranes, which were used to enhance the
efficiency of hydrogen delivery and limit explosion risks
through the bubble-less introduction of hydrogen [5,6].
The investigators focus their attention on gas-permeable
membranes because they can act as both the hydrogen
diffuser and the biofilm carrier. Hollow-fiber membranes
are typically employed as gas-permeable membranes
[7,8], although silicon tubes have been tested as well
[9,10]. Hydrogen flows through the lumen and diffuses
into the bulk liquid through membrane walls. Membranes
offer high specific surface area and nitrate removal effi-
ciencies, but they have high cost. The main drawback of
this technology is that the precipitation of mineral solids
during the denitrification process might have long-term
negative impacts in a hollow fiber membrane bioreactor,
which increases the operating cost [11].

Another concern regarding the use of hydrogeno-
trophic denitrification is the high cost of the hydrogen
supplies needed, which limit its applicability. Bio-electro-
chemical reactor (BER) in which denitrification is stimu-
lated with the passing of electric current might be a solu-
tion to this problem. Biofilm electrode reactors consist of
a couple of electrodes [12], in which denitrifying bacteria
are cultured on the cathode surface. In a BER, hydrogen
gas is produced by electrolysis of water. The advantage
of this process is the easy operation and maintenance;
however, the denitrification rate is slow. Thus, longer
hydraulic retention time is needed to achieve complete
denitrification [13-16]. Moreover, excess biomass leaves
the process, which calls for additional treatment.

The slow growth of the autotrophic denitrifying bacte-
ria and the loss of biomass in the effluent, have an impact
on the process efficiency. Due to the low biomass yield
of hydrogenotrophic denitrifiers, most of the research
conducted on hydrogenotrophic denitrification has been
with attached growth systems. Nevertheless, there are
limitations to the use of attached growth systems because
of difficulty in biofilm control, limited mass transfer and
decreasing biomass activity due to thick biofilm forma-
tion [7].

As a result, the capital and operating cost, as well
as the effective denitrification of a hydrogenotrophic
bioreactor must always be considered for potable water
denitrification. A cheap and effective installation using
silicic gravel as support media was proposed by Vasil-
iadou et al. [17]. The size of the support media was found
to affect drastically denitrification efficiency. Using a

triple-column reactor, high nitrate concentrations up to
340 mg NO;-N/L were treated.

Most of the studies reported in the literature used com-
mercially available hydrogen, which raise the operating
cost of clean potable water production. On the other hand
some efforts have been conducted for cheap hydrogen
production. Grommen et al. [18] and Lu et al [19] gener-
ated hydrogen gas with electrolytic cells. Vagheei et al.
[20] produced in situ hydrogen and carbon dioxide by
the electrolysis of methanol. Finally, a multi-electrode
system for BER reactors was proposed from Sakakibara
and Nakayama [21] and Prosnansky et al [22] for hydro-
gen production, where in the later case the operating cost
was about 0.18-0.67 US$/m? of treated water.

The aim of the present work was to investigate the
hydrogenotrophic denitrification activity by in situ
hydrogen production in order to reduce operating cost.
Hydrogen was produced on-line at atmospheric pressure,
through a system of electrolysis with energy supplied
from a solar cell. Experiments were conducted by using
two different bioreactor configurations, in order to inves-
tigate the effect of supplied quantities of hydrogen and
carbon dioxide on the reactors’ performance under con-
tinuous operating mode. Finally, a mathematical model
able to predict nitrate and nitrite utilization, as well as
H, and CO, consumption during denitrification process
under various operating conditions was developed.

This is the first time that the electric energy which
is required by the electrolysis cell is generated from
the solar energy, thus reducing practically to zero the
operating cost of a treatment plant. In addition, the use
of inexpensive support media can make the hydrogeno-
trophic denitrification economically viable for potable
water treatment.

2. Materials and methods
2.1. Enrichment culture

The mixed culture utilized in the present work had
been acclimatized in a former study [23]. The hydrogen-
oxidizing denitrification culture was enriched from acti-
vated sludge taken from the wastewater treatment plant
of the city of Agrinio, Greece. Seed sludge was added to
a 2 L flask containing nitrate (KNO, 0.722 g/L), tap wa-
ter, and buffer (KH,PO, 3.39 g/L and Na,HPO, 3.53 g/L).
Anoxic conditions were used to enrich the culture, while
it was continuously sparged with a gas mixture compris-
ing CO, and H,.

2.2. Experimental system

Three packed-bed reactors were used for the experi-
ments. The packed-bed reactors consisted of a Plexiglas
tube, 52 cm high and 4 cmi.d. The overall volume of each
reactor was 650 ml. The working volume of the filters was
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250 ml. The support material was gravel with a depth of
40 cm. The mean diameters of the support media were
1.75 mm, 2.41 mm and 4.03 mm. The porosity of these
media was 0.39, 0.4 and 0.42, respectively, while the spe-
cific surface areas were 32.07, 22.74 and 14.16 cm?/cm?,
respectively. Experiments were performed by using two
bioreactor systems: the first system (system I) was a filter
with gravel of 2.41 mm mean diameter and the second
system (system II) consisted of three filters in series
with three different gravel sizes (1st filter with gravel of
4.03 mm mean diameter, 2nd 2.41 mm and 3rd 1.75 mm).
A detailed description of the experimental set-up has been
given by Vasiliadou et al. [17].

Throughout the experiments, carbon dioxide and
hydrogen were sparged from the bottom of the filters.
Along the depth of filters there were four sampling
ports for nitrate, nitrite, and CO, and H, concentration
measurements in the bulk liquid. Hydrogen is used by
the hydrogen oxidizing bacteria as electron donor, while
carbon dioxide is used as the carbon source for biosyn-
thesis. In addition, CO, was used for pH adjustment in
order to avoid pH rise, since phosphate buffers were not
used in the system [24]. The feed solution (synthetically
produced contaminated water) was composed of tap
water and KNO, (0.72 g/L — 100 mg NO;-N/L) as the
contaminant. Throughout the reactors” operation the
systems were maintained at a temperature of 26+1°C,
while the pH was maintained at 6.8+0.2.

2.3. Analytical methods

Concentration measurements of nitrate and nitrite
nitrogen were performed on a daily basis during all ex-
periments. The liquid samples were centrifuged for 5 min
at 14000 rpm (Eppendorf Centrifuge 5424) to remove
any suspended solids and the supernatants were then
analyzed. Each experiment was performed three times
to ensure reproducibility. Nitrate and nitrite concentra-
tions were measured according to the Standard Methods
for the Examination of Water and Wastewater [25] by
using a UV/Vis spectrophotometer (Boeco S-22 UV/VIS)
and following the procedure of the 4500-NO;-B and the
colorimetric of 4500-NO;-B method, respectively. The
pH was measured with Consort C835 a multi-parameter
analyzer [25]. Dissolved H, and CO, concentrations were
measured by the headspace-GC method [26] using a gas
chromatography (GC, SRI 8610C) equipped with HID
detector.

2.4. Hydrogen production

The hydrogen used in all experiments was produced
in the laboratory by electrolysis of water. The electric
energy supplied to the Proton Exchange Membrane
(PEM) Electrolyzer came from a solar cell. This system
of hydrogen production solves the problem of high
cost of hydrogen supply during implementation at a

Table 1
Special features of the solar-electrolysis hydrogen production
system

PEM electrolyzer — solar cell

Feature Value
Hydrogen production, L/h 14.5
Maximum pressure Atmospheric
Hydrogen, % >99.9

Water consuption, L/h 0.1

Water Distilled
Power/voltage/current 50 W/14 V dc/4 A
Dimensions (L x W x H), mm 190-264-200
Number of cells 7

Electrode area, cm? 16

Electrode material Carbon
Electrode enrichment Platinum
Area of solar cell, m? 2.40

drinking-water treatment plant. The features of the solar-
electrolyzer system are shown in Table 1.

3. Results and discussion
3.1. Bioreactor acclimation

After cultivation of microorganisms, the hydrogeno-
trophic culture was transferred to the bioreactors. During
a 2-month start-up period, filters were operated as batch
systems (data not shown) to ensure attachment of the
bacterial culture on the support media and development
of a biofilm layer. As soon as nitrate degradation was
completed, 50 ml of fresh contaminated water, which
contained tap water, KNO, (2.88 g/L), KH,PO, (3.39 g/L),
Na,HPO, (3.53 g/L), was added to the reactors, to bring
nitrate concentration to its initial level (80 mg NO;-N/L).
This operating cycle was repeated systematically until
its duration reduced to only a couple of hours. After
about two months, a uniform biofilm was visible on the
surface of gravels. At that time it was decided to switch
to continuous operation.

3.2. Continuous operation
3.2.1. Continuous operation — single filter

The filter with gravel of 2.41 mm mean diameter
(system I) was used to investigate the performance of
hydrogenotrophic denitrification under continuous
mode. The filter was kept in continuous operation for
more than 4 months, before the experimental series took
place, in order to ensure that pseudo steady state of the
biofilm would be achieved. During continuous opera-
tion, water with upflow volumetric rate (VFR) of 5 ml/
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min (hydraulic loading 5.7 m*/m*d) was added with feed
concentration 100 mg NO;-N/L. The nitrate nitrogen
loading in the system was 0.72 g NO;-N/d. During the
experiments of continuous operation, the addition of
phosphoric buffers, which were used in the acclimation
of the hydrogenotrophic culture and of the bioreactors’
biofilm to enhance biomass growth, was interrupted. The
pH was maintained at 6.8+0.2 with adjustment by CO,
supplied to the system.

Filter washing was necessary to avoid operating
problems due to pore clogging from biomass growth and
for better circulation of the gases (H,, CO,) in the reactor.
Washing was performed once every six days with 2 L of
water, using high water (4 L/min) upflow velocity and
gases (with a flow rate of 300 ml/min) periodically. Before
sampling, the filter was washed and then operated in
continuous mode, while keeping the influent conditions
constant for at least 3 d in order to ensure pseudo-steady-
state conditions. The sampling was being done from the
third to the fifth day, for each set of operating conditions.
Sampling was performed at each sampling valve with an
immersed syringe reaching the centre of the filter. Each
point in the plots is the result of three measurements.

In order to estimate the optimum hydrogen and car-
bon dioxide dose, a theoretical approach was necessary.
The overall reaction of autohydrogenotrophic denitrifica-
tion [Eq. (1)] reveals that 2.82 mol of H, and 0.139 mol of
CQO, (in the form of carbon dioxide gas) are required to
reduce 1 mol of nitrate (NO,) to inert nitrogen gas [24,27].

2.820H, + NO; +0.139CO, + H" — 0.0278C,H,0,N

1
+0.486N, +3.3223H,0 @
Namely, the process requires 0.403 mg H, and
0.437 mg CO, per mg NO;-N. In a previous work,
Vasiliadou and co-workers [17] reported that for the
same nitrogen loading, 30 ml/min carbon dioxide and

Table 2
Operating conditions of the two bioreactors

90 ml/min hydrogen were supplied to the reactor pro-
vided a hydrogen and carbon dioxide over nitrogen mass
ratio of 16.18 mg H, and 118.62 mg CO, per mg NO;-N.
These ratios were chosen to be that high to ensure that
gases were not rate-limiting. However, experiments in
system I were designed for optimization of gas doses,
concerning low cost and high denitrification efficiency.
Thus, the first attempt was carried out with H, and
CQO, supplied to the system with flow rates of 24.4 and
4.7 ml/min, respectively, in order to achieve a good per-
formance with a lower gas sparging. The mass ratios of
the supplied hydrogen and carbon dioxide over nitrogen
were 4.386 mg H, and 18.6 mg CO, per mg NO;-N, respec-
tively (Table 2). These mass ratios were lower than those
previously reported [17], however higher doses of carbon
and electron donor than the theoretical demand were ap-
plied to provide abundance of supply and prevent any
possible deficiency. It must be noted that the hydrogen
over carbon gas ratio that was used in the system was Hz/
CO,= 5/1, according to the flow rate ratios (ml Hz/ml CO,)
supplied to other hydrogenotrophic systems [20,28]. Also,
since hydrogen was provided by the solar-electrolysis
hydrogen production system without any cost, the only
operating cost of the process concerned carbon dioxide.

Fig. 1 presents the experimentally measured NO;-N,
NO;-N (Fig. 1a), H, and CO, (Fig. 1b) concentrations
along the filter (system I) for the first combination of gas
concentrations. The horizontal solid and dash lines rep-
resent the highest permitted nitrate- and nitrite-nitrogen
concentration limits of 11.3 and 0.03 mg/L, respectively.
As shown in Fig. 1a, safe removal of nitrates from water
was observed, since at the effluent, the NO;-N and NO;-N
concentrations were below the permitted limits (Table 2).
The dissolved H, concentration ranged between 0.82
and 1.25 mgH,/L (Fig. 1b), decreasing gradually from
the influent to the middle stage of the reactor, where
elimination of a great quantity of NO;-N took place. The

Description Single filter Multi filter

Run 1 Run 2 Run 3 Run 4 Run 5

H, CO, H, CO H, Co, H, Co, H, CO,
Gas flow rate, ml/min 24.4 4.7 20.0 3.3 10.0 15 4.6 0.8 3.0 0.8
Gas ratio, mgH,/mgCO, 1/4.240 1/3.633 1/3.303 1/3.831 1/5.874
Experimental ratio, 4.386 18.6 3.595 13.060 0.899 2.97 0.413 1.584 0.269 1.584
mg gas/mg NO;-N
Theoretical ratio, 0.403 0.437 0.403 0.437 0.403 0.437 0.403 0.437 0.403 0.437
mg gas/mgNO;-N
Water flow rate, ml/min 5 10
Influent NO;-N, mg/L 100 100
Effluent NO;-N, mg/L 8.04 11.83 2.06 2.76 2.31
Effluent NO,-N, mg/L 0 0.033 0 0 0
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Fig. 1. Continuous operation of bioreactor with gravel of 2.41 mm diameter. Experimentally determined (a) NO;-N and NO;-N
and (b) H, and CO, concentrations along the filter height for H, and CO, flow rates of 24.4 and 4.7 ml/min, respectively.

dissolved CO, concentration ranged between 0.98 and
1.45 g CO,/L (Fig. 1b) with gradually increase from the
influent to the effluent of the reactor, as the consumption
was low compared to the dissolution of the CO,.

In an effort to reduce the gases waste and as a result
the operating cost of the operation of system I, the flow
rates of H, and CO, were further reduced to 20.0 and 3.3
ml/min, respectively. The ratios of the supplied H, and
CQO, quantities over nitrogen mass are shown in Table 2.
It was observed that, for lower gas flow rates, lower con-
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centrations of carbon dioxide were realized in the system
(Fig. 2b), while hydrogen concentrations were at the same
level as in the first experiment.

As shown in Fig. 2a, although safe removal of nitrate-
and nitrite- nitrogen was observed, the system reached
its operational critical upper limits. In order to decrease
even further the operation cost and increase the bioreac-
tor’s performance, an extension of the system’s length,
which would lead to greater dissolution of the gases, was
considered to be necessary.
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Fig. 2. Continuous operation of bioreactor with gravel of 2.41 mm diameter. Experimentally determined (a) NO;-N and NO;
-N and (b) H, and CO, concentrations along the filter height for H, and CO, flow rates of 20.0 and 3.3 ml/min, respectively.
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3.3.2. Continuous operation — multi-filter

In order to increase the bioreactor performance a
triple-column bioreactor was set up. The effect of the
supplied quantities of hydrogen and carbon dioxide on
the performance of three filters (system II) in series with
three different gravel sizes (4.03, 2.41 and 1.75 mm mean
diameters), was investigated. The three filters in series
increase the length of the system and, as a result, the
retention time of water and gases in the reactor. The first
filter was chosen to be the one with the gravel of 4.03 mm
in order to avoid pore clogging due to the high loadings.
The filter with gravel of 1.75 mm was decided to be the
last one to receive lower loadings in order to avoid any
operating problems. During continuous operation, water
with upflow volumetric rate of 10 ml/min and hydraulic
loading of 11.5 m*/m?>d was added with feed concentration
100 mg NO;-N/L. The nitrate nitrogen loading to system
IT was 1.44 g NO;-N/d.

The filters were kept at continuous operation for
more than 4 months, before the experimental series took
place, in order to ensure that pseudo steady state would
be achieved. Sampling and filter backwash were carried
out following the same procedure described above. Each
value in the plots is the result of three measurements.

Initially, H, and CO, were fed to the system II with
flow rates of 10.0 and 1.5 ml/min, respectively. It was ob-
served that, as the nitrate nitrogen loading was doubled,
the flow rates of the gases were much lower than those
supplied to the system L. The H, and CO, supplied to the
system gave hydrogen and carbon dioxide over nitrogen
mass ratio of 0.899 mgH, and 2.970 mgCO, / mg NO;-N,
respectively (Table 2). Fig. 3 shows the experimentally
determined nutrient concentrations along the triple-
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column bioreactor. As shown in Table 2, safe removal of
nitrates from water was observed, since at the effluent
the NO;-N and NO,-N concentrations were 2.06 and
0.0 mg/L, respectively.

Two additional experiments (Figs. 4 and 5) were
conducted in an attempt to further decrease the carbon
dioxide and hydrogen doses. Fig. 4 depicts the second
experimental trial, with H, and CO, supplied to the
system at flow rates of 4.6 and 0.8 ml/min, respectively.
The H, and CO, provide an experimental ratio (mg gas/
mg NO;-N) still higher than the theoretical (Table 2).
Consumption of these two nutrients was further reduced,
while maintaining safe treatment of the polluted water.
Finally, the last experiment (Fig. 5) was carried out with
hydrogen flow rate of 3.0 ml/min, while the carbon diox-
ide was maintained at the value of 0.8 ml/min. A further
decrease of CO, caused nitrite nitrogen accumulation and
a pHrise to 9 (data not shown). Although, the H, supplied
had aratio (mg gas/mgNO;-N) lower of than the theoreti-
cally required, safe removal of nitrates and nitrites from
water was achieved (Fig. 5a). The proposed system seems
to be very effective for potable water denitrification, as
all the three runs which were conducted, achieved high
performance with a denitrification rate of 2 g/Ld.

4. Mathematical modelling

As mentioned above, the three-column filter was
the optimum as far as efficiency and operating cost are
concerned. Thus, a model of this system was used to
simulate the process of hydrogenotrophic denitrification
for various operating conditions. We adopted the math-
ematical model that has been described by Vasiliadou
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Concentration CO, (mg/L)
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Fig. 3. Continuous operation of the three-filter system. Experimentally determined (a) NO;-N and NO;-N and (b) H, and CO,
concentrations along the filter height and the corresponding model predictions, for gas flow rates of 10.0 and 1.5 ml/min.
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concentrations along the filter height and the corresponding model predictions, for gas flow rates of 4.6 and 0.8 ml/min.
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Fig. 5. Continuous operation of the three-filter system. Experimentally determined (a) NO;-N and NO,-N and (b) H, and CO,
concentrations along the filter height and the corresponding model predictions, for gas flow rates of 3.0 and 0.8 ml/min.

et al. [17]. However, in the present study, the kinetics of
growth of hydrogen oxidation bacteria was assumed to
be subject to four-nutrient limitation (with nitrate, nitrite,
carbon dioxide and hydrogen as the primary nutrients of
interest) with inhibition by nitrate. Nitrate and nitrite are
considered as nutrients which fulfil the need of the micro-
organisms for electron acceptors. The nitrate elimination

was modelled using an Andrews-type expression [29] for
nitrate inhibition, while nitrite reduction was modelled by
a Monod expression. Hydrogen and carbon dioxide were
considered as supplementary nutrients together with
nitrate or nitrite, while their limitations were modelled
by Monod expressions. The kinetic expressions are given
by the following equations:
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rmaxlCNO3NI
H(CNO3NI) = C 2
NO,NI
K, +CNO3NI +kd2CNOZNI + K )

i

CCOZNI
KSHZ +CH2NI Ksco2 +CCOZNI

CHZNI

C _ rmax2CNOZNI CHZNI
1 NOZNI)_K C kC 'K C
o T onopnt HEanbnognr S,

©)

Cco2 NI

KNC02 + CCOZNI
where C, ,and C, ,, are the nitrate and nitrite nitrogen
concentration (mg/cm?), respectively, C i and Ceg , are
the dissolved hydrogen and carbon dioxide concentra-
tion (mg/cm?), respectively, at every NI compartment
of the bioreactor, r__ and r__, (1/h) are the maximum
specific growth rates of nitrate and nitrite, respectively,
K and K (mg/cm®) are the saturation constant for nitrate
and nitrite, respectively, Ky, and K;; (mg/cm?) are the
saturation constants for H,, KSCO and cho (mg/cm?®) are
the saturation constants for Co,, K . (mg/cm %) is the nitrate
inhibition constant, k,, (mg NO -N/mg NO;-N) and k,,
(mg NO;-N/mg NO,-N) are constants in the growth rate
expressions.

In order to describe the continuous operation, the as-
sumptions used by Vasiliadou et al. [17] were adopted.

Mass balances for nitrate, nitrite, carbon dioxide and
hydrogen inside the biofilm in the NI compartment of
the filter yield the following equations:

0*C oC 1
az;w +0 g;’sm +HCo)X=0 ()

S

_DNO3¢

aZCNOZNI +d aCNOZNI
0z2 ot

1
_7 H(CN03NI )X=0

s

_DN02¢

1
+ ? H(CNOZNI )X
n (5)

0*C oC
_Dcozd) C(;ZNI +¢ i L ”’(CNOZNI)X
0Oz ot Yyco, ©)
1
+_H(CNO3NI )X =0
sco,
o0°C oC
—Dy, ¢ HZZNI +¢ g L W(Cron) X
0z ot Yym,
@)
+ Y M(CNOSNI )X =0
SH,

where X is the biomass density (mg/cm?), D is the diffu-
sion coefficient (cm*/h), Y mg biomass/mg x is the growth
yield coefficient on the x substrate and ¢ is the biofilm
porosity. Egs. (4)—(7) result by considering the processes
of nitrate, nitrite, H, and CO, diffusion and consumption
and/or generation inside the biofilm in the NI compart-
ment of the filter.

Mass balances for nitrate, nitrite, carbon dioxide and
hydrogen in the bulk liquid in the NI compartment of the
filter yield the following equations:

dC
g NOBNT _ g(CNoale-l - CNOaBNl )
dt Vi ®)

—A, (1 S)DN03¢ NZSNI |z LA, (1 8)”L¢CN0 NI

ac Q
8% = V_(CNOZBNI—l - CNOZBNI )

-A,(1- S)DNOZ(I) N?Nllz L= A (1= &) Cyo,n

dcC, Q
8% = vy, (CCOZBNI—I - CCOZBNI)

+KLCO2 Aco, (C::o _CCOZBNI) (10)
-A (1= S)Dco ¢ CZZNI |z L= A (1-¢) uLd)CCOZNI
dcC, .
g = g(CHZBNH = Cipar ) + Ky, 05, (CHZ = Cir,par )
dt Vi (11)

-A (1- a)DHZ¢ “ZNI\: - A, (1-&)u,4Cyy

where Q is the volumetric flow rate (cm®/h) and V is
the volume of each compartment (cm®), A_ (cm?/cm’) is
the support media specific surface area, ¢ is the reactor
porosity, L (cm) is the biofilm thickness, u, (cm/h) is the
velocity of the biofilm surface, K, ,, and KLCO are the mass
transfer coefficients (cm/h) for the gases and ay, and Ao,
are the specific surface areas of H, and CO, gas bubble
(cm?/cm?®), respectively. C, and C (mg/cm3) are the
calculated dissolved H, ancf CcO equlhbrlum concentra-
tions by Henry’s law w1th the Henry s law constants in
aqueous solutions at 26°C [30].

The first terms in the right-hand-side in Egs. (8)—(11)
represent the difference between the inlet and the outlet
of nutrients in the bulk liquid in the NI compartment of
the filter, while the third terms represent the nutrients’
diffusion from the bulk liquid to the biofilm in the same
compartment.

The mass balance equation for biomass detached
from the biofilm surface area, in the bulk fluid in the NI
compartment of the filter is:
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ax

+H(CNOZBNI ) Xont — ki Xpn ) e+ A, (1-8)uy, X

(12)

where u,, (cm/h) is the detachment velocity by which
particulate components are detached from the biofilm
surface [17] and k, (1/h) is the death rate constant.

The nutrients consumed by detached biomass were
negligible, thus it was assumed that the elimination of
the nutrient in the bulk liquid was zero.

The boundary conditions for the system of equations
are:

6CN03NI 0,1) ~0

B.C.1: (13)
0z
pC 2 Lnom@h (14)
0z
pC.3 (Com@b_, (15)
0z
oC 0,t
pe g CumOH (16)
0z
B.C.5: Cyoni(L,#)=Cropu 7)
B.C. 6: CNOZNI(th) = CNOZBNI (18)
B.C.7: CCOZNI(L/t) = CCOZBNI (19)
B.C.8: CHZNI(L’ t) = CHZBNI (20)
and the initial conditions are:
ICl CNoaBNI (O) = CNO3entrance (21)
I.C.2: CNOZBNI (0) = CNOZentrance (22)
I1.C.3: CCOZBNI(O) = CCOZentrance (23)
IC 4: CHZBNI (0) = CHzentra.nce (24)

whereC_  isthe substrate concentration at the entrance
of the filter (mg/cm?).

LC. 50 Cyoni(z,0)=0 (25)
LC.6: Cyoni(z,0)=0 (26)
LC. 70 Ceop(z,0)=0 (27)
LC.8: Cyypi(z,0)=0 (28)

and

1.C.9: Xy (0)=0 (29)

All kinetic parameters, except from diffusion coef-
ficients [31], were evaluated from simulation of the
experimental data. Data fitting (Figs. 3, 4 and 5) was
performed using Aquasim (Version 2.1d) computer code.
The computed values of the kinetic parameters of the
model are listed in Table 3.

To simulate the continuous operation of the three
filters in series (multi-stage filter) (Figs. 3-5), the reactors
were modelled as a combination of thirty completely
mixed biofilm compartments connected by advective
links using the Aquasim program. As mentioned above,
the sampling was taking place from the third to the fifth
day (after washing), for each set of operating conditions.
The biofilm thickness at the beginning of operation (after
washing) was estimated to be different for each combina-
tion of carbon dioxide and hydrogen flow and for each
reactor. These differences in the initial value of the biofilm
thickness are due to the different nitrogen and gas load-
ings in each reactor and to the different support media
in the three filters.

The Aquasim program calculates the development of
the biofilm thickness and the theoretical predictions for
the nitrate-, nitrite-nitrogen, CO, and H, concentrations
at the third, fourth and fifth day of filter’s operation. It
must be noted that the experimental data used in the data
fitting process of the Aquasim program, were the mean
values of sampling at the third, fourth and fifth day.

Figs. 3, 4 and 5 show the profiles of nitrate-, nitrite-
nitrogen, CO, and H, concentrations along system II,
as obtained from the experiments and predicted by the
model. The theoretical predictions (solid lines) for the
nutrient concentrations shown in Figs. 3-5, are the predic-
tions for the fourth day of operation. It can be seen that
the model predictions matched well the experimental
data. The only case that the model failed to predict the
experimental data is the hydrogen consumption in the
second filter (gravel d = 2.41 mm) for H, and CO, flow
rates of 24.4 and 4.7 ml/min (Fig. 3b), respectively. The
models failure is due to the fact that the initial value of
the biofilm thickness in this filter (Table 3) is too high and
results to the prediction by the model of high hydrogen
elimination.

5. Conclusions

Two bench-scale bioreactor systems were tested in
order to study the effect of the supplied quantities of
hydrogen and carbon dioxide on the hydrogenotrophic
denitrification efficiency. The main conclusions from this
work are:

* A comparison between the two systems of water treat-
ment showed that, the three-bioreactors system can
treat safely twice as much nitrate nitrogen loading,
with a drastic reduction of H, and CO, consumption.
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Table 3
Model parameter values

Parameter Value

Run 3 Run 4 Run 5
H, CO, H, CO, H, COo,

Gas flow rate, ml/min 10.0 15 4.6 0.8 3.0 0.8
Dyoy cm?/h 0.0683

Dyo, cm?/h 0.0683

Do, cm?/h 0.0691

D, cm?/h 0.2104

C;{Z, mg/cm? 1.51x107

Ceo, mg/em’ 1.488

K, ay, (Filter 1.75 mm), 1/h 1.201

K., a,, (Filter 2.41 mm), 1/h 4.545

K, ay, (Filter 4.03 mm), 1/h 3.021

K, o, 0c0, (Filter 1.75 mm), 1/h 0.655

K, o, aco, (Filter 2.41 mm), 1/h 1.205

K, o, c0, (Filter 4.03 mm), 1/h 1.087

7 Uh 0.152

K, mg/cm? 0.0083

Ky, , mg/cm’ 0.0253

KSCOZ, mg/cm® 0.0285

Y, mg biomass/mg NO,;-N 0.128

Ysuz' mg biomass/mg H, 6.586

Yo, Mg biomass/mg CO, 3.346

K, mg/cm® 0.178

7 . 1/h 0.834

K, mg/cm? 0.0384

KNHZ, mg/cm? 3.65x10*

KNCOZ, mg/cm’ 7.71x10*

Y,, mg biomass/mg NO,-N 1.06x107

Y, mg biomass/mg H, 5.411

YNCOZ, mg biomass/mg CO, 1.414

k, 1/h 1.46x10°

k,, mg NO;-N/mg NO;-N 16.48

k,, mg NO;-N/mg NO,-N 28.67

L (Filter 4.03 mm), cm 0.0035 0.0028 0.0030
L (Filter 2.41 mm), cm 0.0060 0.0023 0.0027
L (Filter 1.75 mm), cm 0.0020 0.0012 0.0013

* The appropriate operation of the triple-column sys-
tem and the right use of the required gases allow the
achievement of high performances with a limited

consumption of gases.

¢ A theoretical approach considering that the culture
growth was limited by four nutrients was developed
and led to very accurate predictions of filter perfor-

mance. The applicability and accuracy of the model
was illustrated by comparing model predicted profiles
with experimental data.

The use of an inexpensive support media as gravel, as
well as the use of solar-electrolysis hydrogen produc-
tion system, makes the hydrogenotrophic denitrifica-
tion economically viable for potable water treatment.
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