Nitrite and nitrate as electron acceptors for lgatal sulphide oxidation
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Abstract

Authotrophic denitrification with sulphide usingtraite (R1) and nitrite (R2) as electron acceptor
were investigated at bench scale. Different SRan(® 20 d) have been tested in R1 while R2 was
operated at SRT = 13 d. The results indicatedttieprocess allows to achieve complete sulphide
removal in all testes conditions. Tested sulpha$ were estimated form theSHproduced in a
pilot scale anaerobic digester treating vegetadmhmdry primary sludge; nitrogen loads originated
from the nitrification of the supernatant. Averagigrogen removal efficiencies higher than 80%
were observed in all the tested conditions oncadstestate was reached. A maximum specific
nitrate removal rate equal to 0.35 g N-N@ SSV* d* have been reached in R1. Due to sulphide
limitation, an incomplete denitrification have beebserved and nitrite and thiosulphate tend to
accumulate especially in the presence of variablerenmental conditions both in R1 and R2.
Lower SRT caused higher NEFU™ AN, ratios (0.22 and 0.24, with SRT of 5d and 20 d,
respectively) using nitrate as electron acceptostgady state condition. Temperature decrease
caused sudden N&™ AN OS% e atio increasing in R1 and NQemoval decreasing in R2.
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INTRODUCTION

Sulphide management represents a major problemaimyWWTPs and specific industrial areas as
the Tuscan tannery district (ltaly), the secondéat in Europe, in which more than 5300000per
year of tannery wastewater are produced. In thigestt, Cuoiodepur WWTP (San Miniato, Pisa-
Italy) treats almost exclusively vegetable tannevgstewaters characterized by high COD
concentration (12-23 gL, Suspended Solids (6-31 gSS)LAmmonium (0.12-0.25 gN-NJi
LY, Chlorides (0.3 to 8 g 1) and Sulphate (1.7-2.7 g$OL™) (Mannucci et al., 2010), and
produce fertilizers from sludge after thermal dgyiand mixing with by-product of industrial
tannery process.

Since European regulation on land application obeng increasingly stringent, it is important to
evaluate alternative options such as anaerobicstiageof primary sludge (Dhayalan et al., 2007;
Zupancic and Jemec, 2010; Kameswari et al., 2012).

In the last two years, an average of 1200drhof sludge have been wasted from primary setfler o
the Cuoiodepur WWTP and sent to a thickener to geduater content and double the solids
concentration. A future implementation of the anaer digestion phase to treat all the thickened
primary sludge will require a 15000°migester operated with an SRT of 25 d.



However, the presence of tannins is critical fothraaogenic bacteria and may affect the outcome
of the competition between sulphate reducing bec{&0OB) and methanogens (Mannucci et al.,
2014).

The SOB activity causes high sulphide concentraitiothe produced biogas and make sulphide
removal mandatory before methane utilization.

Up today, chemical scrubbing is the most estabdisteehnology for HS removal in WWTPs
(Gabriel et al., 2004) due to several advantagesrt ontact time (1.3 to 2 s), low capital cost,
easy operation and the possibility of treating highariable loads. However, chemical scrubbing
requires large amounts of chemicals, primarily Na@htat increase both the operating costs and
carbon footprint of the treatment. Biological preses application, based on the use of aerobic
Biotrickling Filters (BTFs) do not require the ueé chemicals, can remove,8 under varying
operating conditions and require only a few dayshiological process start-up (Wu et al., 2001;
Namini et al., 2008).

The use of alternative electrons acceptors, instestden, would make the use of BTF technology
more favorable for the treatment of the biogas pced from anaerobic digestion of tannery
industrial sludge. The supernatant originated ftbmanaerobic digestion is characterized by high
ammonia concentration (up to 900 mg N-NH™); its nitrification in a side stream separatedhfro
the main treatment train will allow the productiohliquid streams with high nitrate and/or nitrite
concentration that could be used as electron aacapautotrophic denitrification process.

Despite autotrophic denitrification with sulphide @ectron donor has been investigated by several
researchers with the main applicative purpose plyam it in the treatment of liquid streams (Lu et
al., 2009), sulphide removal through denitrificatwwas recently tested on biogas and other gaseous
streams (Kleerebezem and Mendez, 2002).

In order to achieve the primary objective of hydmgulphide removal, the influent ratio between
sulphur and nitrogen has to be considered; noregbelit is important to highlight that the
stoichiometry of the process is flexible, sincepbide can be oxidized either to elemental sulphur,
thiosulphate or sulphate and nitrogen can be usedither nitrite or nitrate, with the result of
significantly widening the range of potentially tidle S/N ratio values. Moreover, the successful
application of a biotrickling filter for biogas @tment, depend on the possibility of controlling
biomass growth (Mannucci et al., 2012). Both of élwve mentioned issues definitely depend on
the bioprocesses stoichiometry and kinetics, wischto the best of our knowledge, not clearly
guantified in all the reactions of interest. Fastance, most of previous work on denitrificatiorhwi
sulphide focused on nitrate as electron acceptorthe contrary, the use of nitrite as electron
acceptor, despite some exception (Moraes et al2)26till need to be deepened. Moreover, most
of previous work on the kinetics and stoichiomeifysulphur compounds oxidation, were carried
out with thiosulphate as electron donor (Artigaakt 2005), while very few tests (Munz et al.,
2009) have been carried out with sulphide due ¢odifficulty of using a strongly volatile and, at
the same time inhibiting, substrate. This work ime at investigating denitrification and
denitritation with sulphide, in the presence ofitgb S/N ratio that can derive from the anaerobic
digestion of primary sludge of tannery wastewater.

MATERIALSAND METHODS

The present experimentation have been conducted@BRab located at the Cuoiodepur WWTP.
Two identical bench scale SBR reactors (R1 andviR®)working volume of 3.2 L and HRT of 24

h, were used (Figure 1). Influent nitrogen and side loads were chosen on the basis of the results
of an experimentation (data not shown) conductétgus pilot scale anaerobic digester (volume =
150 L, SRT = 25 d) fed with sludge from CuoiodepMWTP primary settler. The S-SO
concentration in the primary sludge have been roosit daily for more than 250 days (from
January 28 to November 1%2013). The average sulphate concentration and-86,%S.: were

740 + 200 mg [* S-SQ* and 0.96, respectively. Anaerobic digester effu@8Q* and effluent
S-S were 15 mg S tt and 13 mg S E, respectively. Experimental data confirmed tha#®6f the



influent sulplur (as sulphate) was reduced t,S that exits the digester as the bic Ammonia
concentration in the supernatant resulted+ 60 mg N L™.

Average S/N ratio for the autotrophic denitrificatiof 1.02 gS g™ have been calculate

An S/N ratio of 1.4constitutes the worst estimated conditions (maxinswiphide and minimur
nitrate/nitrite) to the main objective of completalphide removalS/N ratios similar to thos
obtained during anaerobic digestion experimentatitrere tested as influent condns in both
SBR reactors.
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Figure 1 -Schematic of the used bench scale

R1 was fed filled with 1 L (SST = 8000 mg SS™) of activated sludge collected from Cuoiode
WWTP biological section and diluted with tap watd@he reactor was fed with twdistinct
peristaltic pumps with sulphide (Solution A) andwa solution of micronutrients and either nitr
or nitrite (Solution B and C, respectively). To aibt the sludge capable of autotrop
denitrification, R1 activated sludge was acclimadid) feeding synthetic wastewater (Solutior
and Solution B) under anoxic condition for morentd® days

R1 was operated for 160 days, while R1 biomassusad as inoculum for R2 after 100 days.
experimentation was divided into three phases ditterent operational conditions as reportec
Table 1.

Phase Start up | 1 11 11
Parameter Units R1 R2
Duration d 0-24  25-45 46-91 92-160] 100-160

Sin mg S-HSd! | 34-140 340 550 550 342

mg N-NO; d* [ 65-125 250 350 350

mg N-NO, d* - - - - 320




SRT d -* -* 20 5 13

SIN gS(@N)} [052-1.36 1.36 1.57 1.57 1.05

*) not controlled
Table 1 — Operational conditions in R1 and R2

Solution A was stored in the absence of headsplaatis, in a storage tank with a variable volume,
and at pH =10 to minimize the desorption of hydrogelphide. For Solution A NaHG®1.24 g L

) and NaSBH,0 (0.41 g %) diluted in demineralised water were used; foruSoh B and C
NaxHPO, [(2H,0 (0.66 g [*); KH,PO, (0.52 g LY); NH.CI (0.05 g Y); MgSQ, [7H,0 (0.063 g L

1): KNO; (1.63 g L*; B only) and NaN®@(0.96 g L™* C only) were diluted in tap water.

The cycle phases for both reactors were as folfeeding (30 min); mixing (60 min); settling (240
min); decant (30 min). The excess biomass was rethduring the last 2 min of the mixing phase.
The reactors were maintained at pH between 7 ahdo8gh the dosage of an HCI solutiand at
room temperature (between 18 and 28 °C).

Samples were collected three times a week andadll®ving parameters were monitored: COD
(soluble and total), VSS (Volatile Suspended S¢lidSS (Total Suspended Solids), N-NON-
NOs, S-SQ, Sulphide, Total Sulphur, T, pH. Thiosulphate afemental sulphur, were estimated
indirectly. Soluble and total COD, TSS and VSS haeen analyzed according to IRSA-CNR
methods (Metodi analitici per le acque, 2003). S?’SGulphide, Nitrite and Nitrate have been
measured through ionic chromatography (ICS1000,n&@ Sunnyvale - U.S.A.) while total
sulphur have been measured using plasma spectoopeioy (ICP-OES, Agilent Technology,
Santa Clara — U.S.A.). A portable Hach-Lange (Berermany) probe was used to measure the
pH twice a day in the effluent. Elemental sulphad ahiosulphate have been estimated on the
results of total and soluble COD in the wasted ihikguor. Thiosulphate remains in soluble form
and contributes to the soluble COD while elemestdphur remains in particulate and colloidal
form and its contribution to the total COD have hastimated on the basis of the difference
between total and soluble COD. Thiosulphate ancheteal sulphur concentration in the reactors
have been estimated according to Eq. 1 and Eq. 2:

COD gCOD | MW,
Sthiosulphate = CODS - Nnitrite g g o Eq 1
gNnitrite gShiosulphate MVVthiosquhate
Selementalsulphur = (CODP _V$ gCOD T$J gCOD Eq 2
T$ gﬁ/ gSelementaI sulphur

Where MW = molecular weight.

RESULTS AND DISCUSSION
R1 performance evaluation

During the whole experimentation suphide removéctiehcy (RE) in R1 was always higher than

99% (data not shown). This results are the santbasle reported by Fajardo et al. (2012) in SBR
reactors treating sulphide and nitrate in sulplifdéing conditions.

However, a sulphur mass balance based on a conjlfibide oxidation into sulphate does not
explain observed RE. The loss of sulphur estimdtedch the difference between theoretical

sulphate production from a complete sulphide oxatnd experimental sulphate production was



17% and 18% during phase 1l and phase lll, respagti The analysis of R1effluent in steady state
conditions confirms the presence of intermediatphsur compounds as thiosulphate and elemental
sulphur (Table 2).

-1 S(ot,IN Ntot,IN -1 S(ot,OUT H 0, N'RE (%)
Reactor | Parameter | IN (mgd™) (mgd?) | (mgd?) OUT (mgd™) (mg d) S-Diff. (%)
S-SQ” 109 + 20 552 + 49 -
S-§ 552 + 32 0
R1 5507 5 662 - 92 E 645 2.6
Phase Il S-S 0 0
N-NO, 0 53.5 74
N-NOz 350 + 10 - 350 43 96.5 -
S-SQ” 105 + 18 576 + 80 -
S-S 589 + 54 0
R1 S-S0 0 695 N 64.6 o4t 69
Phase llI S-S 0 6.4
N-NO, 0 39.8 80
N-NOz 350 + 15 - 350 30.5 703 -
S-SQ” 101+ 10 405 + 24 -
S-§ 332 +21 0
R2 5507 5 434 - =538 477 9.1
S-S 0 0
N-NO, 320 + 15 -- 320 75.2 75.2 -- 76.5

Table 2 — Sulphur and nitrogen mass balance in R1R2 in steady state conditions and
characterization of influent and effluent compourdsgference between influent and effluent total
sulphur is reported as S-Diff (%) while nitrogemieval efficiency is reported as N-RE.

Nitrate Specific Denitrification Rate (SDR) and & Accumulation Rate indicates an incomplete
denitrification (Figure 2).
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Figure 2 - Nitrate Specific Denitrification Ratejtfite Accumulation Rate and Temperature trend
in R1 experimentation.



An incomplete denitrification have been observedmiuthe whole experimentation. After nitrogen
load increase at day 25 (from 80 to 160 mg NsNO') nitrate SDR increase from 0.025 to 0.1 g
(N-NO3) g (SSV)* d. At same time nitrite started to accumulate in Raring phase Il whit an
SRT of 5 d, nitrate SDR doubled and reached maximate of 0.35 g (N-N®) g (SSV)* d™.
This values are similar to those obtained by Fajaetial. (2012) in similar conditions. Nitrate
removal efficiency varied from 67% to 93% duringaph Il and Il and no clear effects of
temperature variations were registered.

Starting from day 24, a minimum nitrite concentatof 4 mg N-N@ L™ were registered during
the experimentation. Nitrite accumulation rate ésed from 0.05 g (N-NQ d* to 0.17 g (N-
NO,) d* at day 130.

At day 130 Nitrite and Thiosulphate increase frodmig N-NQ L™ to 73 mg N-N@ L™ and from

5 mg S-$05 L™ to 25 mg S-805 L™, respectively. Nitrite and thiosulphate remainHeigthan 22
mg N-NOy L™ and 8 mg S-$5 L™ until day 142. At day 144 thiosulphate was 6.5 m§Gs L™
and remain stable until the end of the experimentatn the same period nitrite concentration was
stable at 5 mg N-NOL ™,

An average NgUmuaeiNO e ratio of 0.23 was observed. This value is closeht® ratio
obtained by Fajardo et al. (2012) under sulphiahtiing conditions.

Nitrite accumulation might be explained by bothpudie limitations (Fajardo et al., 2012; Manconi
et al., 2007) and higher values of the specifitzatiion rates of nitrite compared to that of rnéri
(Mora et al., 2015; Campos et al., 2008).

At steady state conditions, sulphate constituteentizan 90% of the effluent sulphur compounds
while more than 74% and 80% of the influent nitnogeas converted into nitrogen gas in phase I
and phase lll, respectively. In this context, Eq8s used to evaluate the effective impact of
autotrophic denitrification process on sulfide remilo

HS + 0823\Q, + 0177HCQ, + 066 7CQO, — soj‘ + 0169C.H,NQ, + 0003H,0+ 0326N,
Where N/S ratio is 0.36.

Eq. 3

The effect of autotrophic denitrification on sulgliremoval have been estimated as the difference
between the experimental produced,s(Eq. 4) and the theoretical one (Eq. 5).

< _ S-0F
'sul phate, measured S— g)j— + So +S-— Szogz_ Eq 4
_ AN S-307F
Ssulphate Jtheoretical — (N /S) Stot Eq 5

A ratio betweem St measurehi ASiot theoretical€gual to 1.06 and 0.94 resulted in steady statditons
in phase Il and Ill, respectively.

R2 performance evaluation

Figure 3 shows that, when nitrite alone was useeleagron donor (R2) and steady state conditions
are achieved, denitritation reached up to 80% uft@iremoval. In this conditions, thiosulphate

partially accumulated in R2, as observed in Rlritditeduction to nitrogen gas seems to be more
sensitive to temperature variations than nitratieicéon to nitrite.

Due to lower nitrite (Krishnakumar and Manilal,1994itrate (Chung et al., 2014), thiosulphate

(Claus and Kutzner, 1985; Campos et al., 2008) sulghate (Chung et al., 2014; Claus and



Kutzner, 1985; Campos et al., 2008; Oh et al., 208 threshold values, the effect of gradual and
sudden temperature variation seems to be causgitd and thiosulphate accumulation both in R1
and R2.
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Figure 3 — Nitrite RE (A) and effluent thiosulphdB) in R2

Autotrophic denitrification is highly influenced lhgmperature decrease: N-N®E decreases and
the increase of CODsol indicates an increase imstiphate concentration. Thiosulphate
production, probably due to chemical processes {@agan et al., 2010), cause a reduction of
sulphate in the effluent and an increase of théemihce between the sulphate theoretically
producted from the oxidation of the total influesniphide and the measured one. On these basis, it
is possible to hypothesize that sulphide oxidatmalemental sulphur and/or thisulphate take place
with kinetics significantly higher that oxidatiori thiosulphate to sulphate; similarly, the redustio

of nitrate to nitrite proceeds at higher transfaiorarates than denitritation.

Sulphur compounds both in the influent and in tfilent of R2 referred to steady state (from day
45) are reported in Table 2.

The effect of autotrophic denitrification on sulgliremoval have been estimated as reported for R1
using Eq. 6 (N/S = 0.55).

HS +1258NQ; + 015HCQ) + 045NH; — SO + 003GH, N, +128H,0+ 081N, . ¢

A ratio betweem Suiphate, measurbddsulphate theoreticdtqual to 0.95 resulted in steady state conditions.

CONCLUSIONS

The simultaneous sulphur and nitrogen removal iefiity through autrotrophic denitrification have
been tested in operational conditions similar toséhthat will be obtained from the anaerobic
digestion of tannery primary sludge and nitrificatiof the supernatatant.



The results from this study indicate that both ttgation and denitrification with sulphide as
electron donor are effective for the removal ofpbide: sulphide removal efficiency was higher
than 99% in all the tested conditions what con@&RT, Temperature and influent S/N ratio.
Sulphide removal kinetics are extremely high, whiigite tends to be partially accumulated as a
function of SRT and T probably due to sulphide ting conditions and slower kinetics of nitrite
reduction respect to nitrate reduction to nitritee load of nitrogen present in tannery wastewater
compatible with the application of biogas biolodit@atment through autotrophic denitrification.
In steady state conditions nitrogen removal efficies higher than 80% were obtained using nitrate
or nitrite loads similar to those obtained by fitation of the supernatant of an anaerobic digeste
treating vegetable tannery primary sludge.

ACNOWLEDGMENTS
The authors acknowledge the EU Life+ program (lEfev/IT/075 Biosur), thel oscana Region
(Meta POR 2007-2013) activities and the Marie Curie program (Irses Z&bCarbala).

REFERENCES

Artiga P., Gonzélez F., Mosquera-Corrala A, Campok., Garrido J.M., Ficara E., Méndez R.

2005 Multiple analysis reprogrammable titration lgser for the kinetic characterization of

nitrifying and autotrophic denitrifying biomass.dghemical Engineering Journal, 26 (2-3), 176—
183.

Campos J.L., Carvalho S., Portela R., MosqueragCoft., Mendez R. 2008 Kinetics of
denitrification using sulphur compounds: effects $fN ratio, endogenous and exogenous
compounds. Bioresource Technology, 99, 1293-1299.

Chung J., Amin K., Kim S., Yoon S., Kwon K., Bae 014 Autotrophic denitrificatin of nitrate
using thiosulphate as an electron donor. Water &ekg58, 169-178.

Claus G., Kutzner H.J. 1985 Autotrophic denitrifioa by Thiobacillus denitrificans in a packed
bed reactor, Applied Microbiology and Biotechnolpg®, 289-296.

Dhayalan K., Nishad F.N., Gnanamani A., Raghava., Rlhni N.B., Ramasami T. 2007
Biodegradability of leathers through anaerobic path Waste Management, 27, 760-767.

Can-Dogan E., Turker M., Dagasan L., Arslan A. 28ulfide removal from industrial wastewaters
by lithotrophic denitrification using nitrate as alectron acceptor. Water Science and Technology,
62(10), 2286-2293

Gabriel D., Cox H. J., Deshusses M.A. 2004 Conwarsf full-scale wet scrubbers to biotrickling
filters for H2S control at publicly owned treatmembrks. Journal of Environmental Engineering,
130, 1110-1117.

Kleerebezem R., Mendez R. 2002 Autotrophic dergaifon for combined hydrogen sulphide
removal from biogas and post-denitrification. W&derence Technology, 45, 349-356.

Krishnakumar B., Manilal, V.B. 1999 Bacterial oximen of sulphide under denitrifying conditions.
Biotechnology Letteraure. 21, 437-440.

Lu H., Wang J., Li S., Chen G.H., van LoosdrechCN., Ekama G.A. 2009 Steady-state model-
based evaluation of sulfate reduction, autotropleigitrification and nitrification integrated (SANI)
process. Water Research, 43(14), 3613-3621.



Manconi |I., Carucci A., Lens P. 2007 Combined reataf sulphur compounds and nitrate by
autotrophic denitrification in bioaugmented actedt sludge system. Biotechnology and
Bioengineering, 98(3), 551-560.

Mannucci A., Munz G., Mori G., Lubello C. 2010 Amabic treatment of vegetable tannery
wastewaters: A review. Desalination, 264, 1-8.

Mannucci A., Munz G., Mori G., Lubello C. 2012 Biass accumulation modelling in a highly
loaded biotrickling filter for hydrogen sulphidemneval. Chemosphere, 88(6), 712-717.

Mannucci A., Munz G., Mori G. Lubello C. 2014 Fad@ffecting biological sulphate reduction in
tannery wastewater treatment. Environmental Engingéd/anagament Journal, 4(13), 1005-1012

Metodi analitici per le acque 2003, Agenzia pepiatezione dell’ambiente e per i servizi tecnici/
Istituto di Ricerca sulle Acque Consiglio Naziondkdle Ricerche, Rome, Italy

Mora M., Fernandez M., Gomez J.M., Cantero D., kafe J., Gamisans X., Gabriel S. 2015
Kinetic stoichiometric characterization of anoxidphide oxidation by SO-NR mixed cultures from
anoxic biotrickling filters. Applied Microbiologic8iotechnology, 99, 77-87.

Moraes B.S., Souza T.S.0., Foresti E. 2012 Effdctsufide concentration on autotrophic
denitrification from nitrate and nitrite in verticixed-bed reactors. Process Biochemistry, 47
1395-1401

Munz G., Gori R., Mori G., Lubello C. 2009 Monitog biological sulphide oxidation processes
with combined respirometric and titrimetric techueg. Chemosphere, 76, 644-650.

Namini M.T., Heydarian S.M., Bonakdarpour B., Farfa 2008 Removal of H2S from synthetic
waste gas stream using a biotrickling filter. leandournal Chemical Engineering, 5, 40-51.

Oh S.E., Kim K.S., Choi H.C., Cho J., Kim I.S. PORinetics and physiological characteristics of
autotrophic denitrification by denitrifying sulphbacteria, Water Science and Technology, 42, 59-
68.

Sri Bala Kameswari K., Porselvam S., Thanasekara20K2 Optimization of inoculum to substrate
ratio for bio-energy generation in co-digestion taihnery solid wastes. Clean Technology
Environmental Policy Journal 14, 241-250.

Wu L., Loo Y.Y., Koe L.C.C. 2001 A pilot study oftaotrickling filter for the treatment of odorous
sewage air. Water Science Technology, 44(9) , 2982

Zupartic G. D., Jemec A. 2010 Anaerobic digestion of tapnemste: Semi-continuous and
anaerobic sequencing batch reactor processes.sBigee Technology, 101, 283.



