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Highlights

. The feasibility of coupling electrochemical and

biological processes to treat concentrated nigalgtions was examined.



. Selective and quantitative electroreduction of ;NGO

NH," was shown.

. The produced NI was then used as a nitrogen source

in anaerobic batch culture of heat treated activakedge.

. Complete assimilation of the obtained NHwith
production of an acceptable;Hield (0.35 mol H/mol glucose) was

recorded.

. Environmentally friendly coupled process was
developed.

Abstract

The main objective of this work was to examine tfeasibility of coupling
electrochemical and biological processes to destitogte ions (N@) while producing
biohydrogen. In this integrated process J\Mas firstly converted to ammonium using
an electrochemical flow cell. After only one passoncentrated nitrate solutions (3 g
NOs; L™) through the flow cell, ammonium ions selectivify98.8%, corresponding to
0.86 g NH* L™ was recorded. The obtained ammonium solution Wwes tested as a
nitrogen source to produce lth a batch system involving heat-treated aerobtivated
sludge.

In the optimal conditions corresponding to pH 58l anitial glucose concentration of
15 g L'}, consumption yields were 97% and 82% for ammoramah glucose, leading to
H, yield of 0.35 mol H morlg|ucose consumed The H production was associated with
acetic/ butyric acids type fermentation. Obtainembas contains only $and CQ and

was free of methane, hydrogen sulphide and nitaxide. Therefore, the targeted



objectives were achieved since on the one handtseleand quantitative conversion of
NOs; to NH;" was shown and on the other hand the obtained” Nt&s completely
assimilated by activated sludge with the productadrbiohydrogen, a clean energy
carrier.

Keywords: Nitrate electrochemical reduction; Ammonium; Heatated activated

sludge; Dark fermentation; Biohydrogen productiGoupled process

1. Introduction

Nitrate contamination of groundwater, lakes or msvlas attracted increasing global
concern due to several impacts on human health, (@agtrointestinal cancer, liver
damage) and aquatic ecosystems (e.g., eutropmgdfi@ In this respect, the removal
of NOs™ has been extensively investigated over the |lastigcades.

Many processes are currently used to eliminatg Ndbis from contaminated waters.
Nevertheless, there are some disadvantages wik thethods that limit their utility for

large scale application:

(1) Physicochemical processes such as ion exchamgesrse osmosis and
electrodialysis are costly and not destructive [2énce these methods lead to
concentrated effluents of nitrates3g L) [3] that are very difficult to treat.

(2) Biological denitrification, which mainly involgefacultative anaerobes, leading
to the need for anoxic conditions in order to redotrate to nitrite (N@) and

subsequently to nitrogen gas;jNaccording to the following sequence [4]:

NOg" —» NO;— NO (g)— N,O (g)—N,(g)



However, the knowledge about biological denitrificat of industrial wastewaters
containing high nitrate concentration still limitethere are two principal problems in
the biodenitrification of high N wastewater. First, this process is slow and lawstsy
days particularly for high strength nitrate wadigs]. Secondly, nitrate elimination can
be hampered by the accumulation of nitrite durihg process, because N@G an

inhibitor of microbial growth [6].

(3) Electrochemical reduction of NOwhich receives, in analytical scale, more and
more attention due to its advantages, namely g e& use, low investment costs and
environmental friendliness particularly if the rigwg product is N gas [7]. However,
the main problem in this approach is that the fansation of NQ" to nitrogen is a
difficult reaction since both the rate and the stldy of the reduction are usually low
[8].

One promising and attractive way of treatment witagah lead to interesting solutions
consists in the coupling of an electrochemical psscto a and biological treatment [9].
For this purpose, on the one hand, according tditéture, nitrate electroreduction
has been widely studied using several electrodesrias such as Pt, Pb, Ni, Zn,Pd,
Cu, Ag and Au. Among these materials, Copper (SGWnown to exhibit the highest
electrocatalytic activity for the nitrate reductibg mainly producing ammonia as final
product [10]. On the other hand, many researchecasked on the use of inorganic
ammonium (NH") as a potential nitrogen source for biological foggn production
[11-15]; and the use of cheap inorganic nitrogears® appears relevant from an
economical point of view, contrarily to organicrogen sources such as yeast extract
[16,17] and polypepton [18,19] which are often mesgensive. For these reasons,

from an environmental and economical point of view,electroreduction of nitrate to



NH,;" over copper cathode can be considered as antaracay, since it allows not
only pollutant treatment, nitrate, but also possiblorization of the treated effluent.
Therefore, the combination of nitrate electrocheieduction and the use of the
obtained ammonium solutions as a nitrogen soureenmicrobial culture is proposed in
this study, for the first time to our knowledge.

Hydrogen is considered as an ideal and clean ermgier owing to its high energy
content and non-polluting nature, since its combuagbroduct is water [20]. Hmay be
produced by various processes such as thermodatedyormation of hydrogen rich
substrates, electrolysis of,8, as well as various biological processes [21,2&jong
these methods biohydrogen production by microosyasiis regarded as one of the
most promising alternatives for sustainable pradactiue to its potential for low-cost,
inexhaustible and renewable source of clean erjéfljy

Biohydrogen production under anaerobic conditicas loe classified into two different
categories according to the type of microorganisensployed: dark-fermentative
hydrogen production and photofermentative hydrogermoduction [23]. Dark-
fermentative has more advantages than photofert@mtéhnydrogen production,
including high hydrogen production rate, energyirsgs, lower maintenance costs,
simple process control and broad spectrum of feeldR4]. Let's add its applicability
to different types of wastewaters and organic v&a$tem industrial processes [25],
reducing furthermore waste disposal problems.

Fermentative hydrogen production processes via anixgtures are more practical than
those using pure cultures, because the formerasiereo control and simpler to operate
[26]. At present, the microbial consortium presentanaerobic sludge are the most

widely used as inoculum for fermentative hydrogeodpction [27-32]But according



to our knowledge, up to now only few studies in literature focused on the capacity of
aerobic activated sludge for biohydrogen produc{id®,34]. However, it should be
noted that such inoculum has the advantage of comgamostly facultative anaerobic
hydrogen-producing bacteria which are very robust @ot inhibited by the presence of
oxygen trace who accidentally enter in the biomadhese facultative anaerobes are
then able to install the anaerobic conditions ceondu to hydrogen production.

Moreover aerobic activated sludge is relatively enavailable than anaerobic one.

Whilst biological process is considered as a prowisapproach for hydrogen
production, the high production cost is still a keyue for projecting this technology to
an industrial-scale. Nitrogen and carbon feedst@gkesents 30-40% total costs of
fermentative hydrogen production [35]. Thus, firglan alternative nitrogen source as
substitute for commercial products to reduce thal tosts of biohydrogen production
would be interesting. For this purpose, the maijedive of this report is the energetic
valorization of ammonium solution resulting frontrate electrochemical treatment.

To achieve this goal, a flow electrochemical precess first developed, allowing a
selective and quantitative transformation of comtreded nitrate solutions into
ammonium. In a second step, the obtained ammonaatian was used as a nitrogen

source to evaluate the feasibility of biohydrogeodpiction by dark fermentation.

2. Materials and Methods

2.1. Electrochemical nitrates pretreatment

One liter of synthetic nitrate solutions of 3 g NO' was prepared by dissolving
potassium nitrate crystals (KNDin phosphoric acid (PO, 10% M). The pH of the

electrolyte solution was adjusted to pH 1.1 usialfjusic acid 96%. This high nitrate



concentration was chosen to be similar to the effalents obtained after ion exchange
treatment process of nitrate-contaminated drinkiater [3,36].
Nitrate electrochemical reduction was carried dutoam temperature in a single pass

through a home-made flow cell presented in Fig.1.

Figure 1

The working electrode was a copper porous matési&l cm diameter and 0.3 cm
thickness) prepared as previously described [3Tgpkite felt (RVG 4000) used as
metal electrodeposition support was supplied by BER (Paris La Defense, France).
lts specific area, measured by the BET method wasg?, its density was 0.088 g
cm® and its carbon yield was 99.9%. The homogeneitsthefcopper coating obtained
after metal electrodeposition was checked by sognmiectron microscopy (SEM)

(Fig.2 (a) and 2(b)).

Figure 2

To ensure a good homogeneity of the potential idigion in the three dimensional
working electrode, the Cu modified graphite felt wasated between two counter-
electrodes made of fine platinum grids. The eleatricontact with the working

electrode was performed with a copper wire. ThesM@lutions percolated the porous
electrode at a constant flow rate of 2 mL thimonitored by a Gilson minipuls 2

peristaltic pumps (Middleton, WI, USA). The currentensity was generated by a



home-made power supply (30 V/3 A). The cell wasrahghly rinsed with distilled
water before and after each experiment.

The applied current intensity (A) was calculatedoading to the following relation:

i (A) = [NO3]=0 x d x (10*/60) x n x F 1)
where [NQTi is the initial nitrate concentration (mot'}), d is the flow rate (mL min
Y, Fis the Faraday's constant (96500 C) and meimtimber of exchanged electrons, 8e
, for the conversion of nitrate to ammonium.

The performance of the flow cell was evaluated fitbim electrochemical conversion of
nitrate into ammonium after one pass through tbe ftell, considering the following
parameters: the chemical yield of ammonium fornmat{® Xwns+) (EQ. 2) and the
selectivity based on the ammonium yield (%:43) (EQ. 3).

% Xnra+ = ([NH4']¢ x 100) / [NQ =0 (2)

% Sura+ = ([NH4']e x 100 ) / (INQ =0 — [NO5Ty) 3)
where [X}=0and[X]; are theconcentrations of Nii or NO; in solution at initial timedt
and a given time t (s). All the concentrationsiarmol L™.

After only one pass through the electrochemical ft@h, the solutions were collected

for subsequent biohydrogen production experiments.

2.2. Culture and Medium

Biological hydrogen production was carried out ma@robic conditions, using activated

sludge collected from the aeration tank of a lecastewater treatment plant (Beaurade,
Rennes, France). Prior to use, activated sludgefwsswvashed three times with tap

water and three times with ultrapure water [38]teAfeach washing, sludge was

centrifuged at 4000 rpm for 10 min (Jouan, Thermeh& Scientifics, Saint Herblain,



France), and the supernatant was then separatadtiosludge to remove any residual
carbon or mineral source. Just before the lastribegdtion the cells were sieved to
remove sand, stones, and other coarse mattersdém t inactivate hydrogenotrophic
methanogens and to enrich-producing bacteria the sludge was heat-treatdd2tC
for 90 min before use.

The reactors were inoculated with the heat-treafedge (4 g ) and grown on
glucose used as a carbon source in a mineral sadium (MSM). The MSM was
buffered to a pH of 5.5 or 6.2, using 0.07 M ofNfiorpholino) ethanesulfonic acid
monohydrate (MES) [14]. These pH values were choskrce they were close to the
optimal values for hydrogen production and sineytban be achieved with MES, an
inexpensive and nontoxic buffer [14,39]. The MSMsisted of the following nutrients
(per liter of medium): 360 mg MgSOH,0, 66 mg CaGl2H,0, 48 mg NiC}.6H,0,

50 mg Fed, 21 mg CoClL6HO, 23 mg ZnCGl, 30 mg MnC}4H,O, 10 mg
CuCh.2H,;0, 175 mg KkHPO4 and 175 mg KHPO..

Ammonium source was Ni&l added separately to each reactor at a concemtrat
0.87 g NH'/L for the synthetic medium, or using the electrely solution collected
after electrochemical treatment of the nitrate Solu The chosen ammonium
concentration, 0.87 g Nfi L™, corresponded to the theoretical maximum amount of
NH," which can be obtained by electrochemical reduatiothe chosen nitrate solution
(3 g NOy L?, namely 484 mmol £). The pH was measured using a 9165BN pH
electrode connected to an Orion-828 pH Analyzeigi©Research Inc., Beverly, MA,
USA).

Batch experiments were conducted using 125 mL dlaifes with a working volume

of 100 mL. The bottles were flushed with nitrogem Somin to provide anaerobic



conditions, capped with a rubber stopper to allamgling with a syringe and placed in
a shaker at 180 rpm. Experiments were performedcainstant temperature (37°C+ 1).
To take into account a possible effect of nutriezdsing from the solubilization of
sewage sludge by thermal pretreatment, one inexulkatditional bottle containing the
medium without addition of the nitrogen and gluceserces was used as a control test
for biohydrogen production in the absence of adtition and nitrogen substrates. All
tests (except the biotic control) were run in dcgies.

In order to find the optimal conditions for biohgden production, initial pH (pH 5.5
and 6.2) and glucose concentration (5, 10, 15,3%0g L% were evaluated using
synthetic solution of ammonium (0.87 g WHL™). The obtained optimal pH and
glucose concentration were used afterwards to pedhiohydrogen using the

experimental Ni-containing solution collected after electrolysi€ay NOy L™

2.3. Analytical methods

NOs; andNO; ions were analyzed using ion chromatography (Dioh28) equipped
with a Dionex on Pac AS18A Anion Exchange columd archemical suppressor (ASR
300 -ultra 4 mm), using 8 KOH 1 M as eluent atoavftate of 1.04 mL mirt. Produced
and residual N concentrations obtained aftetectrolysis and after biohydrogen
production were determined by visible spectrosodsssler-Folin reagent method) on
an UV-vis spectrophotometer (Cary-1E, Varian), eetipely.

The amount of different biogas {HCO,, N.O, CH,, and HS) were obtained by gas
analyses on aGC/TCD (Agilent Micro GC3000, SRA Instruments). \Wiain samples
was equilibrated with the produced biogas at atiesp pressure and ambient

temperature (20°C). For gas chromatography analpsise helium (6.0 quality) was



used as gas phase and the pressure through thrensoluas fixed at 40 psi..HCH,
and HS were analyzed on molecular sieve 5 A column (3@nt) CQ and NO were
analyzed on PoraplotQ column (10m). Columns wegddteat 30 °C. Retention times
were between 0.2 and 5 min for all compounds. Catitn was realized with
atmospheric air, and calibrated air standard (iyuitl): 150 ppm and 2% for 41200
ppm for BS, 250 ppm for BO and 500 ppm for C£and CH. Analytical precision for

all compounds was around 2% at calibration leved aear 10% below 20 ppm.
Detection limit was around 2 ppm for all compounds.

Produced organic acids and alcohols were analyzdde aqueous phase using a gas
chromatograph (Focus GC Thermo) equipped with @dlaonization detector (FID).
The chromatographic column was a 25 m long Chroitpaapillary column FFAP-
CB, specially adapted to the separation of voldtlty acids (VFA). Before analysis,
liquid samples were filtered through a @i pore-diameter filters (Whatman, Florham
Park, NJ.).

Residual glucose in the effluent was analyzed usin§himadzu LC-20AD liquid
chromatograph equipped with an ions exclusion caliRX-87H (300 x 7.8 mm; Bio-
Rad, Hercules, CA, USA), maintained at 45°C (OveocGCil TM, Cluzeau-Info-labo,
Ste Foy La Grande, France). 0.01 bSK)y, was used as mobile phase. The flow rate of

the eluant was monitored at 0.7 mL fhifwaters pump, Milford, MA, USA).

3. Results and Discussion
3.1. Biohydrogen production using synthetic fRéolution
Owing to its greater availability if compared toaanobic activated sludge which is

often used for biohydrogen production, aerobicvattid sludge was considered to



perform these first tests. The proper conditiorgifeal glucose concentration and pH)
for H, production were first determined. To achieve thimlg synthetic wastewater
containing 0.87 g t of NH," was treated at two pH values (5.5 and 6.2) andogk
concentrations varying from 5 to 30 g:Lthe corresponding results are displayed

below.
3.1.1. Glucose consumption, Hydrogen yield and metabolites

Hydrogen yields were calculated for all batch reexbased on the amount of glucose

consumed and the amount of hydrogen produced. &hdtrare displayed in Fig.3.

Figure 3

Fig.3(a) shows that at pH 5.5, iield, increased with glucose concentration frat90
H> morlg|ucose consume@t 5 g L* to reach an optimal hydrogen production of 0.3 kgl
mol'lg,|ucose consumeglucose at 15 gL Further increase of the glucose amount decreased
the H yield, which remained approximately constant 280mol H morlg|ucose consumed
beyond 15 g I*. A similar optimal glucose concentration (13.5 9 was reported by
[12] in batch biohydrogen production study. Theréase of the Hyield Fig.3(a)
should be most likely related to an insufficientaiability of the carbon source at
glucose concentrations below 15 @.[The increase of the initial glucose concentration
from 5 to 20 g [* led to an increase of the amount of glucose asaieul by the
microorganisms from 4.7 gLto 10 g L', while above 20 g t, glucose consumption
decreased to 3.8 g'.namely about 13% consumption vield (Fig.(3a))alss the case

for the H yield recorded at pH 5.5.



Fig.3 (b) shows that at pH 6.2, the increase ofiniteal glucose concentration did not
lead to an improvement of the, Klield. Whatever the initial glucose concentratiba
hydrogen yield was nearly constant at 0.12 mel mbrlg|ucose consumed Regarding
glucose consumption (Fig.3(b)), at initial glucose5 g L*, the recorded glucose
degradation amount was 4.98 g torresponding to a glucose conversion of 99.6 %.
Beyond 5 g [}, it increased to 8 gt.and remained nearly constant at this value.

The decrease of biohydrogen production yield beyagiven glucose amount has also
been reported in the literature. In their studytlom effect of substrate concentration on
biohydrogen production kinetics from food industrgistewater, [11] found that growth
rates significantly decreased at high substrateernations. At pH 5.5, [40] also found
a similar behavior, namely constant ldroduction yields for an influent glucose
concentration of 10 to 30 g while it decreased at 40 g glucosé& for these authors,
high glucose concentrations promotes the generatioself-produced volatile acids,
especially butyric and acetic acids, which haveirdnbitory effect on biohydrogen
production. It is in agreement with our observatiosince for both pHs the amount of

produced acetic acid increased with the initiatgke concentration (Table 1).

Tablel

Accordingly, it is noteworthy that acetate bufféd 5 (CHLCOOH/CHCOO 10° M
/10% M), which can also plays the role of the carbomrse, cannot be considered
owing to the inhibitory effect of acetic acid onolmigical hydrogen production, as

experimentally confirmed (Table 2).



Table 2

The profile of the metabolites present in the kigphase under different feeding glucose
concentration is presented in table 1 and showsathgH 5.5 the main soluble product
was acetic acid followed by butyric acid. When 3.§ glucose were added in the
reactor the heat-treated aerobic activated sludgduped approximately 1499 mg'L
ethanol but only low amounts of acetic and or batgcids (Table 1). An increase of
the initial glucose concentration from 10 to 30 § tesulted in an increase of the
production of acetic and butyric acids, while ettlaproduction decreased. This was
indicative of B production favored process. In contrast, at pH(Gable 1), whatever
the initial glucose concentration ethanol followleg butyric acid were the two most
abundant species in the effluent. This metaboliié sndicated that the increase of
initial pH from 5.5 to 6.2 led to a switch from &ice/ butyric acid to ethanol / butyric
acid pathway, respectively. Low amounts of n-butaathyl acetate and acetaldehyde
were detected during all experiments. It is notélmorthat acetaldehyde is an
intermediate of ethanol-producing metabolic pathwilyis pathway does not produce
H, like the acetate and butyrate pathways do [41].

Concerning the pH effect, it should be mentioned thore pronounced impact on
hydrogen production than on glucose consumptionyiélds were always significantly
higher at pH 5.5 (Fig.3 (a)) if compared to pH §Fg.3 (b)). It was especially
noticeable for the optimal glucose amount (15% Where similar amounts of glucose
(8 g L) were assimilated, while hydrogen productionsedéti significantly. This pH

effect should be most likely attributed to the lopglenase specific activity, which is



higher at pH 5.5 than at pH 6.2. This clearly appdeom the high production of

ethanol recorded at pH 6.2; such product assocvitbca zero-H pathways [42].

Accordingly, investigating the pH effect on biohgden production and hydrogenase
activity in the range of pH values from 5 to 8 andsimilar conditions than those
considered in the present work (37°C, glucose dsonasource and in batch mode).
Xiao et al [15] found that hydrogenase activity @ased significantly with increasing
culture pH and that weak acidic conditions favohgdirogen production. Maximum

hydrogenase activity was obtained at pH 5.

3.1.2. Ammonium consumption and final pH
Fig.4 shows ammonium consumption yields in the eaB@ to 52% for all experiments,

showing the absence of nitrogen limitation of baateyrowth.

Figure 4

Final pH values obtained after 48 hours of batchucel (Fig.4) were similar, namely
close to 3.4-3.5 and to 3.7-3.8 for initial pH veduof 5.5 and 6.2 respectively. pH
decrease can be attributed to the formation ofi@qgioducts, mainly acetic acid
generated during the course of glucose dark femtient (Table 1), in agreement with

the literature [43].

3.1.3. Biogas composition



Micro GC analyses showed the absence of methast,(l/drogen competitor) and
N.O formation throughout experiments including theotisi controls. However,
contrarily to the control realized without the aduh of nitrogen and glucose sources at
both pH values, 5.5 and 6.2. The biogas compriségdt, and CQ. At pH 5.5 (Fig.5),

the carbon dioxide content in the biogas followedpposite trend to that of hydrogen.

Figure 5

However at pH 6.2, whatever the initial glucoseasoriration, the hydrogen and carbon

dioxide contents were approximately constant at 28%77 %, respectively.

The absence of GHoroved the efficiency of the heat-treatment methsed to enrich
H.-producing inocula from aerobic-mixed cultures. dad, the presence of hydrogen
and the absence of methane can be explained ligahthat, during the enrichment, the
H.-consuming hydrogenotrophic methanogens were watetl or inhibited, whereas
the H-producing bacteria, e.glostridia, survived. Indeed, endospores from the latter
bacteria are very resistant to heat and cannotbiyenactivated or inhibited even by
harsh chemicals [44]. Besides, the absence of brolggn production in the biotic
control indicated that no nutrient were solubilizearing the thermal pretreatment of

activated sludge.

3.2. Biohydrogen production using the NH solution resulting from N@

electroreduction



The optimal conditions determined above, nameljuaage concentration of 15 g'L
and pH 5.5 were considered thereafter to produobyldrogen using an ammonium
solution resulting from the electroreduction ofaié solutions (3 g N&L™Y).

Nitrate electrolysis were realized with N@®olutions of 3 g L'; this concentration has
been chosen to be in similar conditions than ré#lents obtained after a classical
physicochemical denitrification of polluted wat§8$. Two supporting electrolytes were
chosen to prepare N®olutions: (1) phosphate buffer /0, / HPQ? 3 10° M /310°

M) and (2) phosphoric acid (M HsPQ,). It should be observed that such electrolytes
were used to avoid the addition of a phosphoruscspwneeded for the subsequent
microbial culture.

Experiments were performed under the optimal camtst determined in a previous
study [37] namely a flow rate of 2 mL mirand a current intensity of (1.24 A) applied
between the copper porous electrode and the coeletetrodes (Fig.1). It is interesting
to note that the consumed electric energy was %@ / kg NQ', corresponding to an
electricity price of 0.2 € / kg NQ

Nitrate electrochemical reduction occurs accordmgeaction 1. Reactions (1), (2) and
(3) take place at the cathode and produce moreokyldanions than the protons formed
at the anode (reaction 4). Consequently, the pHievadhould increase during

electrolysis more or less strongly according todhemical yield of nitrate reduction.

NO; + 86 + 7 H,O NH," + 10 OH (1)
2NOy +6 HO +10 e N, + 12 OH )
2HO0+2e =—== H,+20H (3)

6 H,O O, +4H0" +4e 4)

Owing to the high nitrate concentration this bebawnay be amplified and hence a

buffered solution was chosen as an electrolytic iomed(phosphate buffer). After a



single pass of the nitrate solution buffered taratmal pH of 7.2 through the flow cell a
drastic increase of the outlet pH was observed|, piHt14. To test the collected effluent
for biohydrogen production, the pH was then adpiste 5.5 using MES buffer and
activated sludge culture was performed in the alworelitions (see 2.2). However and
unfortunately no hydrogen was produced after 48rdaacubation under these
conditions. A slight corrosion of the copper cathadgsed for nitrate electroreduction
occurred at such alkaline pH (14) and most liketgominted for this absence of
hydrogen production. This corrosion process invblee formation of Cu(NE.*
[45], enhancing therefore the amount of°Cim the outlet effluent. Microorganisms
requires copper at low concentrations as cofadimrsmatalloproteins and enzymes
[46], but copper is also known to have a significantibacterial activity, since above
150 umol L* copper ions have a toxic effect on most microorgasi and inhibit
bacterial growth [47]. Indeed, the mineral suppletagon added in the culture medium
has to contain only a small amount offC(L0 mg L™* of CuCh.2H,O corresponding to
58 pumol L* of CU"). Hence, an acidic medium seemed to be more apatepo
prevent copper cathode dissolution. However, the afs10° M phosphoric acid as
supporting electrolyte also led to a final alkalipd (pH 10). The presence of high
phosphorus concentrations in water bodies suclakses land rivers is considered as a
major cause of eutrophication [1]. For this reasanprder to acidify the supporting

electrolyte and to solve the problem related todbeosion of the working electrode



while keeping in mind possible environmental impattte same concentration of
phosphoric acid (I6 M) was kept and sulfuric acid (5.10M) was added to the
electrolyte (pH 1.1). This mixture (NGB g L' + HsPO, 102 M + H,SO, 5.10° M)
resulted in a significant improvement in terms iofaf pH, since the pH of the outlet
effluent remained constant at pH 1.1. The pH ofdbléected effluent was then adjusted
to 5.5 using MES buffer for subsequent biohydrogeduction.

Analysis of the various nitrogenous by-product&ra#tlectrolysis showed that neither
nitrite (NO,) nor nitrous oxide (BD) was formed. The nitrate reduction to ammonium
was therefore quasi quantitative in the acidic satuwith a % Xua+ of 92.5%; a very

high ammonium selectivity was also obtained withas+of 98.8 % (Table 3).

Table 3

As shown in table 3, after 48 h incubation, highethydrogen production as well as
ammonium and glucose consumption yields, than theserded using a synthetic
solution of ammonium were achieved, 0.35 malrhbl™ gucose consumed97%, and 12.3
gL (82%), respectively.

However, the final pH (3.5) and the dominant meliaqmathways (acetic /butyric acids)
appeared similar to those obtained in the cas@efynthetic ammonium solution for
the same initial glucose amount (15 g)land initial pH 5.5. The biogas was free of
methane, KIS and NO; it comprised only hydrogen and €@ comparison to the
synthetic NH' solution, a significant increase of the hydrogeiora the biogas should

be highlighted, from 25.5 % to 67.7% (Table 3).



The feasibility of the use, as a substitute for gwrtial nitrogen source, ammonium
solution generated by nitrate electrochemical redodor biohydrogen production was
therefore confirmed. In addition, it was shown tbaihydrogen can be produced via
aerobic activated sludge. Moreover, this couplethot allows the elimination of high

nitrate concentrations with the production of arcegptable amount of hydrogen,

decreasing therefore the global cost of the décdtion process.

4. Conclusion

This study demonstrates for the first time to onowledge the feasibility of coupling
electrochemical and biological processes to traedta ions (NQ) from waters whilst
producing biohydrogen. A flow electrochemical prexevas developed, allowing a
selective and quantitative transformation of com@ged nitrate solutions to
ammonium. The obtained ammonium solution was useal r@Etrogen source to convert
anaerobically glucose to;HIn a batch system involving heat-treated aeralbitvated
sludge at pH 5.5 and initial glucose concentratibd5 g L, a hydrogeryield of 0.35
mol H, mol'lg|ucose consumedVith total consumption of the produced ammonium ener
recorded. Acetic/butyric acid fermentation was th@minant fermentative pathway
involved in the system.

In summary, an environmentally friendly coupled gaes where the pollutant, nitrate,
was valorized as a nitrogen source to produce esptable yield of biohydrogen via an
aerobic activated sludge was developed. The opiiiz of hydrogen production using
more adequate inoculum, namely anaerobic activsltetbe, is in progress to continue

the present work.
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Fig.1. Flow electrochemical cell used for nitrate elelysis

Fig.2. SEM microphotographs of copper porous electrdokrg after copper plating: a,

x20: b, x500.

Fig.3. H, yield and glucose consumption as a function of thitial glucose
concentration at (a) pH 5.5 and (b) pH 6.2. Errersbare based on duplicate

experiments.

Fig.4. Effect of initial pH and initial glucose concerttoan on NH," consumption % and

final pH. Error bars are based on duplicate expemnis

Fig.5. biogas composition as a function of the initialase concentration at pH 5.5

and pH 6.2. Error bars are based on duplicate arpats.

Table 1 Residual acids, solvents and alcohols in solstgmoduced at pH 5.5 and pH

6.2. Errors are based on duplicate experiments



pH  Glucose Acetaldehyde Ethyl acetate Ethanol n-Butanol acetic acid Butyric acid

(gL (mgL™) (mgL™) (mgL™) (mgL™) (mgL™) (mgL™)
5 13.9+05 41.4+1.0  1498.8+36 0.4+0.01  151.2+4.3  41.6+12
10 31.6+1.1 1.9 +0.6 7451410 3.6 1.5 511.6 +24 96 +18
55 15 5.1+1.8 3.1+1.9 4615+5.0 3.0+0.1  1053.848.0 252.445.4
20 1.6+0.2 2.6+0.1 35.143.0  4.9+1.2 14654 +20.0 467430
30 35.443.5 1.7+0.6 13.948.0 20.6+1.6 1595.5+110 737.9 +45
5 302 740.6 544+ 15 14+ 1.6 316 5 84+3.0
6.2 10 18+1.2 10+ 1.0 934+9.0 6.2+0.8 128+6.0 315+11
15 41 +3.1 20+ 4.0 084+16 8+2.0 179+15 615+14
20 35+1.2 8+1.5 600+7.0  13,7+1.9 193+12 615+3.5
30 25+1.9 5+0.5 456413  17.542.5 200 +7.0 75446.5

Table 2: Inhibition of biohydrogen production by acetatefeu® 10° M (Synthetic
NH," solution, inoculum= 4 g'L, initial pH= 5.5, initial glucose concentratiorgd. ™,

incubation time = 48 h). Errors are based on daf@iexperiments.

H, CH, CO, Glucose consumption NH," consumption Final pH
M) (M) (M) (%) (%)

0.0 0.0 6.10° +10° 10+2.3 12+ 1.2 5.1 +0.05




Table 3 Comparison of the Hproduction results between NHsolutions resulting

from 3 gNQ L™ electroreduction and synthetic ammonium solutigmitial pH= 5.5,

initial glucose concentration = 15 g'Lincubation time = 48 h). Errors are based

on duplicate experiments.

Yield Glucose NH, Principal Biogas
Nitrogen (mol H, consumption consumption Final Metabolites composition
source mo|-1 alucose (g L_l) (%) pH (mgL-l) (%)
consumed)
Acetic Butyric H», CO,
acid acid
a 0.35+0.01 12.3+ 0.5 97.0+3.5 3.51+0.1 1610453 400+ 31 67.7+3.8 23+0.3
b 0.30 £0.03 8.1 £0.7 53.0+34 3.51+0.01 1053+8.0 252 +5.4 245 1.5 75.5+2.3

a : Ammonium solution resulting from nitrate etetysis

b : Synthetic ammonium solution

Figure 1
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