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Abstract

A pilot scale packed-bed biofilm reactor was set up and monitored for the treatment of wastewater
originating from the hydrometallurgical recovery of metals from printed circuit boards (PCBs). The
wastewater is characterized by: (a) low pH, (b) residual soluble metal species and (c) elevated
concentrations of nitrate and chloride originating from the use of nitric and hydrochloric acid as leaching
agents. Such wastewater could be treated in a bioreactor capable for the simultaneous removal of metals
and nitrates, through complete denitrification, in presence of elevated chloride concentrations. However,
the possible inhibitory effects of metals as well as the metals bioprecipitation should be investigated
experimentally. Biological denitrification was studied under extreme conditions in the bioreactor
inoculated with Halomonas denitrificans: at (a) pH 3-8; (b) metal content (Cu, Ni, Zn and Fe) at 50 mg/L
and 100 mg/L, respectively (c) nitrate concentration 750-5,750 mg/L NO3 and (d) chloride concentration
5%-10% as NaCl. According to the results, denitrification proceeds rapidly through the formation of nitrite
as intermediate which is sequentially reduced completely to nitrogen. The presence of metals does not
affect the denitrification process. Iron, zinc, copper and nickel are sequestered from the wastewater via
bioprecipitation. Both goals, namely metals removal and complete reduction of nitrate in presence of
elevated concentrations of chloride, were successfully achieved by the treatment scheme. The proposed
simple, robust and low-cost biological treatment unit is advantageous compared to the conventional
wastewater treatment, based on metal precipitation via chemical neutralization, where the problem of
nitrate removal remains unresolved.

Article Highlights

» Biological denitrification at elevated soluble metals, nitrate and chloride concentrations in a biofilm
reactor

* Removal of metals via bioprecipitation

e Neutralized effluent free of nitrate, nitrite and metal content

1. Introduction

Waste Electrical and Electronic Equipment (WEEE) ranks among the fastest growing waste streams in the
world. The global generation of e-waste grew to 53.6 Mt in 2019 with the perspective to reach 74.7 Mt by
2030 (Forti et al. 2020). Among e-waste, printed circuit boards (PCBs) consist of 30% of base and
precious metals (copper and iron: 10%-20%, gold, silver, platinum) as well as rare earths. Their metal
content is much higher than the natural ores, making metal recovery from PCBs a worldwide priority for
circular economy (Isildar 2018). Hydrometallurgical processing can be established in local WEEE
recycling industries permitting the decentralized “green” production of pure metals (Tuncuk et al. 2012;
Tunsu and Retegan 2016). These processes involve essentially two steps: (a) leaching of metals, which is
generally achieved by means of strong acids such as nitric, hydrochloric and their mixtures (aqua regia)
and (b) separation/selective extraction of the metals of interest from the leachate. Thus, the effluents
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from the separation and recovery stages contain residual anions such as NO3~, CI™ as well as residual
metal ions which have not been recovered. Neutralization of these streams resolves the problem of
acidity, removes part of the soluble metal ions as hydroxides when Ca(OH), is used as neutralizing agent.
However, the concentration of nitrate and chloride does not alter significantly as these anions remain
mobile.

Soluble nitrogen compounds, i.e., nitrate or nitrite, can cause serious environmental and human health
problems when discharged untreated in water bodies. The established discharge limit for nitrate in
drinking water is 50 mg/L NO3™ (or 11 mg/L NO3-N) and for nitrite 5 mg/L NO,~ (WHO, 2017). Removal of
chloride, nitrate and sulfate with conventional treatment options, such as reverse osmosis and ion
exchange, is costly. Biological denitrification is a promising, cost effective alternative process which has
proven efficiency and selectivity (Matéjl et al. 1992). The biological action is stepwise and is completed
via four enzymatic steps (reactions (1)-(4)) which are catalyzed by specific enzymes; molybdenum
containing nitrate reductase, cytochrome cd7 or copper containing enzymes, nitric oxide reductase and
nitrous oxide reductase, respectively (Tavares et al. 2006).

NO; +2¢ +2H —NO, +H O (1)
NO; +e +2H —NO+H,0 (2)
2NO+2e”+2H" —»N,0+H,0 (3)
N,0+2¢ +2H —N, +H,0 4

The overall denitrification reaction can be expressed as a single redox reaction (5):

INQ[ +108” +12H N, +6,0 )

Heterotrophic denitrification has been demonstrated feasible and efficient for the treatment of industrial
wastewater which is characterized by elevated nitrate concentrations and no or low metal content. For
example, Fernandez-Nava et al. 2008 report that the biological reduction of nitrate in the presence of
calcium from rinse wastewater generated in stainless steel manufacturing process is feasible by
achieving 98% nitrate removal in 7 h although they observed that increased calcium concentrations have
negative effect of on denitrification rate (Fernandez-Nava et al. 2008). Similarly, successful biological
reduction of nitrate has been reported for a metal-finishing industry (Gabaldén et al. 2007), simulated
mine and mill effluents (Koren et al. 2000) and mine waters (Mattila et al. 2007). Since industrial
wastewater contains little or no organic carbon, a suitable carbon source and electron donor must be
supplied with the wastewater to achieve biological denitrification. In industrial practice methanol is
mainly used as carbon source (Gabaldén et al. 2007; Koren et al. 2000).

Page 3/20



Metals have been reported to inhibit denitrifiers in soil, sediments and activated sludge (Baeseman et al.
2006; Magalhaes et al. 2007; Sakadevan et al. 1999; Ochoa-Herrera et al. 2011). It has also been
experimentally demonstrated via batch assays that the denitrifying activity is affected in the case of
synthetic mineral solutions containing Fe (Ramirez et al. 2018; Papirio et al. 2014), Ni (Ramirez et al.
2018; Zou et al. 2014), Co (Zou et al. 2014) and Cr (Ramirez et al. 2018), causing accumulation of
undesirable intermediates, such as NO,™ and N,O (Ramirez et al., 2018). Special attention has been given
to the effect of copper (Woolfenden et al. 2013; Felgate et al. 2012; Papirio et al. 2014; Zhao et al. 2020;
Cheng et al. 2019), due to the copper-containing enzyme regulating the reduction of nitrous oxide into
nitrogen. Therefore, the microbially-mediated denitrification in the presence of elevated metal
concentrations remains challenging (Hirata et al. 2001; Zou et al. 2015).

Moreover, when also the removal of metals is the main goal, as in the case of industrial wastewater
treatment, the biological activity should not be inhibited in order to simultaneously achieve denitrification
and metals bioprecipitation. The later occurs as a result of the alkalinity produced through the biological
activity. Insoluble metal hydroxides and carbonates can be precipitated as the pH is shifted to more
alkaline values and carbonates are produced from the oxidation of organic carbon. When sulfates are
also fed in the reactor and the conditions are appropriate, metal sulfides exhibiting lower solubilities over
a wider pH range, may also form. These processes, collectively termed as bioprecipitation, are well
documented in the biomineralization literature (Remoudaki et al. 2003; Tsezos et al. 2007; Kousi et al.
2011).

In this work a pilot scale packed bed biofilm reactor was set-up with a novel type porous packing material
which embeds trace elements aiming to support the micronutrient requirements of an active biofilm. The
bioreactor was inoculated with Halomonas dentrificans, a halophilic denitrifier, capable of completely

reducing nitrate to elemental nitrogen in the presence of high chloride, high nitrate and metal ion content.

The purpose of this study is to experimentally investigate and demonstrate the feasibility of the
biological denitrification at elevated nitrate (= 6 g/L NO3~) and chloride (10% w/v NaCl) concentrations in

the presence of 100 mg/L Zn, Cu, Fe and Ni, respectively to meet three goals in a single stage treatment
process (a) wastewater neutralization (b) nitrate removal and (c) soluble metal species precipitation. To
the best of our knowledge such combined results have not been reported in the literature for waste
streams originating from the hydrometallurgical treatment of WEEE where nitric/hydrochloric acid and/or
aqua regia are commonly used as leaching agents.

2. Materials And Methods

2.1 Bioreactor set-up

A pilot scale packed-bed reactor was selected as the bioreactor configuration for the treatment of
wastewater containing nitrate and metal ions. The schematic of the reactor is shown in Fig. 1(a) while the
picture of the unit is presented in Fig. S1 (Supplementary material). Such a bioreactor set-up has been
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previously tested and found highly efficient for the treatment of acidic, sulphate- and metal-bearing
wastewater (Kousi et al. 2007, Kousi et al. 2011). The reactor was made from transparent PVC, 50 cm in
length and 9.5 cm in internal diameter. Two types of packing biofilm support material were used: (a)
spherical porous sintered-glass beads of average diameter 2.7-3.0 cm (Biohome Supergravel, Fig. 1(b))
filling the lowest 5 cm of the column and (b) cylindrical porous sintered-glass pieces of average length
2.8-3.5 cm and average diameter 1 cm (Biohome Ultimate Marine, Fig. 1(c)) filling the rest 40 cm of the
column. At the top of the column, a headspace of 5 cm was provided for safety facilitating the release of
any gaseous products.

The packing material was produced and provided by Aqua Bio UK Ltd (https://filterpro.co.uk/). It was
selected due to its durability, the low pressure drop, the high porosity (approximately 50% according to the
technical data sheet of the supplier), the good wetting properties and the trace elements content which
facilitates the development of active biofilm by providing the required trace elements for microbial growth
(mainly Fe and Mn). The microscopic structure of the packing material is shown in the scanning electron
microscope (SEM) images Fig. 1(d) for Biohome Supergravel and Fig. 1(e) for Biohome Ultimate. The
related Energy Dispersive Spectra (EDS) at selected sites show characteristic peaks of silicon (Si) and
oxygen (0) confirming that both Biohome Supergravel (Fig. 1(f)) and Biohome Ultimate (Fig. 1(g)) consist
mainly of sintered glass. Both materials are also enriched by proprietary methods with trace elements,
such as aluminum (Al), iron (Fe), manganese (Mn), chromium (Cr), sodium (Na), bromine (Br), calcium
(Ca), titanium (Ti) and magnesium (Mg).

All experiments have been carried out in the bioreactor running in upflow mode in sequencing batch
operation. This means that the column outflow was fully returned into a well-mixed continuous stirred
tank reactor (CSTR) from where it was fed again by means of a peristaltic pump (Shenchen LabM6). The
liquid volume retained in the bioreactor was 1.7 L, corresponding to 53% void space of the packing
material. The working volume of the CSTR was 1 L. Thus, in each batch, a total volume of 2.7 L of
wastewater was treated.

2.2 icrobial culture — growth medium

The bioreactor was inoculated with a pure culture of the strain Halomonas denitrificans (DSM-18045),
which was received from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ,
Germany), in pre-grown liquid culture in Bacto Marine Broth medium (DSMZ medium 514 + 8% NaCl)
containing (in g/L): Bacto peptone, 5, yeast extract, 1, Fe3* citrate, 0.10, MgCl,.6H,0, 12.61, Na,S0,, 3.24,
CaCl,.2H,0, 2.66, KCl, 0.55, NaHCOg, 0.16, KBr, 0.08, H3BO4, 0.022, NH4,NOg4, 0.0016, Na,HPO,, 0.008.

Halomonas denitrificans was first isolated from saline water in Anmyeondo, Korea (Kim et al. 2007). The
strain was selected for our experiments due to two specific characteristics: (a) its halotolerant nature

which allows its growth in environments of high salinity, i.e., high chloride content (Miao et al. 2015) and
(b) its phylogenetic traits which denote its ability to reduce completely nitrate to nitrogen gas (Gonzalez-
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Domenech et al. 2010, Felgate et al. 2012). There are no reports that the strain can tolerate elevated
concentrations of metal ions which is tested for the first time in this work.

2.3 Bioreactor start-up

Before inoculation, the reactor body, the packing material and the silicon tubing were sterilized by
recirculating 70% ethanol for 3 h followed by thorough rinsing with 3 L sterile deionized water. Bacto
Marine Broth supplemented with 10% w/v NaCl and 1,000 mg/L NO3;  was used as growth medium for
culture growth and transfer. An inoculum of 3 L was used for the first and subsequent inoculations of the
reactor. The inoculation process was repeated 4 times: each phase lasted 5 days during which the reactor
was run in sequencing batch mode for establishing an active biofilm on the surface and the pores of the
packing material. The reactor was self-running with fresh medium (without microorganisms) after 21
days from the initial inoculation, indicating that an active biofilm was already established in the reactor.
Subsequent experiments were performed in non-sterile clean conditions, while the reactor was
periodically (on average, monthly) re-inoculated to ensure the dominance of Halomonas denitrificans in
the biofilm.

2.4 Experimental set-up

In order to investigate the denitrification capacity and the metal tolerance and removal under high
chloride concentration different operating conditions have been tested in the bioreactor. Four groups of
experiments were designed and are reported in this work. All experiments have been carried out in
duplicate and in ambient temperature.

a. In order to examine the tolerance and the denitrification capability of the microbial culture three
different levels of initial nitrate concentrations were tested: 750 mg/L, 2,750 mg/L and 5,750 mg/L
NOg3". The ability of the microbial culture to tolerate and respire only on nitrite was also examined at
initial concentration 2,000 mg/L NO,".

b. The effect of pH on the denitrification process was investigated at initial pH 3, 4, 5, 6 and 8 at initial
NO;3™ concentration 1,250 mg/L NO5". The initial pH of the medium was adjusted by the addition of
0.1 NHCl or 0.1 N NaOH as appropriate.

c. The effect of salinity on the denitrification process was studied at pH 3 by adjusting the
concentration of NaCl to 10% w/v (at 1,250 mg/L NOg3), 7.5% w/v (at 2,750 mg/L NO3) and 5% w/v
(at 3,250 mg/L NOy).

d. To examine the effect of metal ions on the denitrification process as well as the fate of the metals
during denitrification, a set of experiments was carried out at pH 3, nitrate concentration 2,750-
3,250 mg/L NO3 and 5% w/v NaCl at two different initial metal concentrations: 50 mg/L and
100 mg/L. Four divalent metal ions were added separately (acclimation period 4 days before
sampling): Fe?* was added as FeS0,-7H,0, Cu?* was added as CuCl,-2H,0, Ni** was added as

NiCl,-6H,0 and Zn?* was added as ZnCl,. Abiotic experiments were also carried out for studying
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nickel precipitation at 50 mg/L Ni?* by sweeping pH values from 3 to 8 in aqueous solutions in the
presence of peptones with and without yeast extract.

2.5 Sampling and monitoring of the reactor

Samples were collected hourly from the reactor outflow (stream returned to the CSTR compartment) for
the first 6 hours and once at 24 hours for each run as appropriate. pH was determined on unfiltered
samples. For all subsequent analytical determinations, the samples were vacuum filtered through

0.20 pm sterile membrane filters (Whatman ME 24/21 ST). The concentration of nitrate and nitrite were
determined colorimetrically according to: Merck method 1.09713.0001 for nitrate adjusted to Hach
DR/2500 at 340 nm and Merck method 1.14776.0002 for nitrite adjusted to Hach DR/2500 at 550 nm,
respectively. The measuring range for nitrate and nitrite were 0-20 mg/L NO3-N and 0.02-1 mg/L NO,-N,
respectively. Total organic carbon (TOC) was determined by colorimetry (Hach method 10129, DR/2500)
with measuring range 0-20 mg/L TOC. The method is based on the oxidation of the organic carbon to
carbon dioxide by persulphate and subsequent photometric measurement of the color change of a pH
indicator. The concentrations of soluble copper, nickel, iron and zinc were determined by flame atomic
absorption spectroscopy (AAS) after acidification of the samples by HNO;.

The microstructural investigation of the bioreactor residue was carried out by scanning electron
microscopy (SEM) using a Jeol 6380 LV microscope. Experimental conditions involved 15 kV
accelerating voltage at low vacuum (30 Pa), using a backscattered electron detector. Microanalysis was
performed by an Oxford INCA Energy Dispersive Spectrometer (EDS) connected to the SEM. SEM was
performed in polished sections, which had been produced by vacuum impregnation, of the selected
sample, in a low viscosity epoxy resin. After removing a small surface by cutting in micro-saw, the sample
was grinded and polished with Tum diamond paste, on a lapping disk.

3. Results And Discussion

3.1. Kinetics of nitrate and nitrite reduction

The kinetics of nitrate reduction was studied at initial concentration 750 mg/L, 2,750 mg/L and

5,750 mg/L NO5" (Fig. 2(a)). Increased initial nitrate concentration requires higher times for complete
denitrification. However, complete nitrate removal is attained within 4 h and 6 h for the case of 750 mg/L,
2,750 mg/L NOg’, respectively, whereas at 5,750 mg/L NOj", complete denitrification is observed within 25

hours. In parallel, monitoring of the nitrite concentration verifies that nitrate is reduced via the formation
of nitrite as intermediate. Nitrite concentration profiles (Fig. 2(b)) correspond to typical kinetic curves of
an intermediate produced and sequentially consumed in a sequence of reactions in series. Thus, the
peaks in the curves of Fig. 2(b) correspond to the time when nitrite reduction rate is higher than nitrite
production rate. The same profiles also show that the maximum nitrite concentration depends on the

initial nitrate concentration: profiles peaks at 200 mg/L, 580 mg/L and 1,000 mg/L NO," are observed for
750 mg/L, 2,750 mg/L and 5,750 mg/L NO4", at 2 h, 4 h and 5 h, respectively. Complete nitrite reduction is
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observed within 4 h for the case of 750 mg/L NO5™ and less than 25 h for the cases of 2,750 mg/L and
5,750 mg/L NO3". In summary, all soluble forms of nitrogen species (i.e., NO;”and NO,’) were completely
removed from the wastewater within 25 h even at the highest initial nitrate concentrations tested (i.e.,
5,750 mg/L NO3). The results confirm the high denitrification capacity of the biofilm reactor achieved by
the strain Halomonas denitrificans.

The evolution profile of pH vs. time (Fig. 2(c)) verifies the shift of pH towards more alkaline values as the
reduction of nitrate to nitrogen proceeds via the consumption of protons (reaction ). The rise of pH
depends on the extent of nitrate reduction: higher initial nitrate concentrations correspond to higher final
pH values. pH profiles show also a consistent pattern: initial pH (6.2-7.2) raises steeply to reach a peak
value from where it keeps slowly decreasing up to an equilibrium value. The peak values 7.6, 8.3 and 8.6
for an initial concentration of 750 mg/L, 2,750 mg/L and 5,750 mg/L NOg, respectively coincide with zero
residual nitrate concentration.

The ability of Halomonas denitrificans to grow only by reducing nitrite in the absence of nitrate was
investigated by initiating an experiment with initial concentration of 2000 mg/L NO," as the sole electron
acceptor. The results shown in Fig. 2(a) proves that there is no apparent delay of nitrite reduction which is
completely reduced within 6 hours to elemental nitrogen. Therefore, it is confirmed that the strain
Halomonas denitrificans can grow in the absence of nitrate by using only nitrite as terminal electron
acceptor (nitrite respiration). This is in alignment with the observations that nitrite as intermediate of
nitrate reduction is also consumed. It should be noted that the pH of the effluent when only nitrite was
present reached a peak of 8.8 while maintaining the highest observed equilibrium pH value of 8.3 (Fig.
2(c)). Complete reduction of nitrate to the harmless elemental nitrogen is a significant prerequisite to
successful treatment of any nitrate containing wastewater. Residual concentrations of nitrite are
undesirable after wastewater treatment. However, it should be noted that not all the microbial species can
carry out complete denitrification. Many species stop the reduction process to some intermediates such
as nitrite, nitic oxide (NO) or nitrous oxide (N,0) or starts the reduction process from these intermediates

(Kim et al. 2007, Holmes et al. 2019, You et al. 2020).

The results from the monitoring of TOC (figure not shown) indicates that about 87% of TOC originates
from the bacto peptone source while the rest 13% from the yeast extract contained in the growth medium.
TOC degradation reached about 50% in all runs representing the conversion of the organic fraction of
peptones and yeast into CO,. Under these conditions, it was ensured that the substrate source was never

in growth limiting conditions and did not limit the denitrification process.
3.2 The effect of initial pH on denitrification

The effect of the initial pH on the denitrification process has been studied at pH 3, 4, 5, 6 and 8 (Fig.
3(a)-3(f)) versus the non-adjusted pH of the feed solution (pH=6.8). Although the scope of this study is
the treatment of acidic wastewater, the effect of pH over wider pH range was investigated. All
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experiments have been carried out with nitrate as electron acceptor at 1,250 mg/L NO5". In these
experiments it is also confirmed that denitrification proceeds through the formation of nitrite and the
subsequent reduction of nitrite to nitrogen (Fig. 3(a)-(d)). However, the initial pH of the medium affects
significantly the concentration of nitrite (Fig. 3(c)-(d)). Both nitrate and nitrite are reduced within 4 h for
acidic initial pH. For pH 3, 4 and 5, the maximum nitrite concentration is lower than 75 mg/L, while for the
circum-neutral and alkaline initial pH values, i.e., 6, 6.8 and 8, nitrite concentration is significantly higher
(120 mg/L - 200 mg/L) and complete reduction is observed at 24 h. Therefore, it can be concluded that
under acidic pH lower nitrite maxima are observed that can be attributed either to the increased rate of
nitrite reduction and/or to the decreased rate of nitrate reduction. This result is on the benefit of the
proposed process as the aim of the treatment unit is to treat highly acidic streams with short treatment
time concerning nitrate reduction and lower peak nitrite concentrations as temporary intermediate by-
product.

The control experiment at pH 6.8 showed a typical profile with a peak of 8 and a tail reaching equilibrium
at pH 7.8. When the initial pH of the feed solution was adjusted to 3, 4 and 5, pH increased considerably
to an equilibrium value of around 7.5 (Fig. 3(e)). When the initial pH was adjusted to 6 and 8, the
corresponding equilibrium pH was 7.3 and 7.8, respectively (Fig. 3(f)). The steep increase of pH,
especially in the case of acidic values (i.e., 3, 4 and 5), demonstrates the efficiency of the treatment unit
to tolerate and neutralize acidic wastewater originating from WEEE acid leaching processes. It has been
experimentally shown that biofilm reactors tolerate feed pH as low as 2.5 with no adverse effects on
denitrification (Papirio et al. 2014). In our work also, the established biofilm tolerates acidic feeds (pH=3)
and achieves both aims, namely wastewater neutralization and soluble nitrogen removal, within 4 h (Fig.
3(a)-(d)). Furthermore, the inherent increase of pH during denitrification process to pH 7.5-8.0 also affects
the solubility and mobility of the metal ions of the medium as will be discussed following.

3.3 The effect of salinity on denitrification

The effect of salinity on the denitrification process was studied at three different chloride levels (NaCl: 5%
w/v, 7.5% w/v and 10% w/v). These experiments simulate the presence of chloride in the wastewater by
the use of aqua regia as leaching solution as well as the high ionic strength anticipated in the wastewater
due to dissolved species (i.e., nitrate, chloride and metal ions). The results proved that the increased
salinity does not affect the denitrification process which is completed within 4 hours even started from
different nitrate initial concentrations (Fig. 4(a)). However, Fig. 4(b) shows that salinity affects the
temporal accumulation of nitrite in the medium implementing that it has a direct effect on the physiology
of denitrification of Halomonas denitrificans. Similar findings have been confirmed in the literature for the
genus of Halomonas (Miao et al. 2015). The pH profiles as shown in Fig. 4(c), stating from pH 3 in all
cases, increases steeply within 2 h close to neutral values (pH =~ 7.0-7.7) regardless of the salinity levels.

3.4 The effects of Zn, Cu, Fe and Ni on denitrification
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The effect of zinc, copper, iron and nickel on the denitrification process was studied for each metal
individually for two initial metal concentrations, 50 mg/L and 100 mg/L, respectively. The effect of the
same metals in a mixture of 20 mg/L or 50 mg/L from each one has also been studied (Supplementary
material, section S2, Fig. S2.1).

Fig. 5(a)-5(f) presents the concentration profiles of nitrate, nitrite and profiles of pH vs. time compared to
the control experiment without any metal addition in the wastewater. Complete reduction of nitrate is
systematically observed within 5 hours for the four metals tested in both concentrations (Fig. 5(a)-(b))
indicating that there is not noticeable inhibition on the denitrification process due to the presence of the
metal ions. However, the effect of the metals on the denitrification physiology of Halomonas denitrificans
can be clustered in two groups: (a) zinc and copper and (b) iron and nickel, indicating similar behavior.
Figures 5(a)-5(b) present that denitrification in the presence of Zn and Cu is completed within 3 hours
while in the case of Fe and Ni, denitrification is completed in 5 hours at 50 mg/L or 100 mg/L initial metal
concentration. The effects of these metals are more noticeable in the concentration profiles of nitrite (Fig.
5(c)-5(d)). In the cases of Fe and Ni, nitrite concentration is extremely low at both 50 mg/L and 100 mg/L
in contrast with the cases of Zn and Cu. Particularly for the cases of Zn and Cu, peek concentrations of
75 mg/L and 100-150 mg/L NO, have been observed (Fig. 5(c)-5(d)) for 50 mg/L and 100 mg/L metal
concentration, respectively. These indicate that Ni and Fe affect significantly the enzymatic activity of
nitrite reduction by decelerating the rate of nitrate reduction and accelerating the rate of nitrite reduction.
The opposite behavior is observed in the cases of Zn and Cu where nitrate reduction rates are high but
nitrite reduction rates are low.

Concerning the evolution of pH (Fig. 5(e)-5(f)) for all metals and at both concentrations, starting form pH
3, pH shifts within 2 hours to 7.2-7.5 and equilibrates at a value close to 8.0.

3.5 The fate of Zn, Cu, Fe and Ni during denitrification

The concentration profiles of soluble Zn, Cu, Fe and Ni during denitrification at 50 mg/L and 100 mg/L
initial concentrations are presented in Fig. 6(a)-6(d), respectively. Soluble metals fed in the reactor either
separately (Fig. 6(a)-6(d)) or as a mixture of the four metals (Supplementary material, Fig. S2.2) were
sequestered from the solution within 6 hours except nickel. Nickel exhibits an S-shaped kinetic profile
different from the other three metals (Fig. 6(d)).

As it has been shown in Figs. 2(c), 3(e), 3(f), 4(c), 5(e) and 5(f), the pH of the wastewater is always shifted
to pH around 7.5-8.0 within 2 hours due to the complete reduction of the negatively charged nitrate/nitrite
ions from the medium to the neutral elemental nitrogen. Under these conditions, the excess of hydroxyl
ions can react with the soluble metal species and form the corresponding metal hydroxide precipitates
during the progressive shift of the pH to more alkaline values (Fig. S3(a) and Fig. S3(b)). The formation
of metal carbonates via bicarbonate ions (HCO3) from the oxidation of the carbon source of the
peptones and yeast extract is also possible. In addition, when biological sulfate reduction is favored, the
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formation of metal sulfide is also possible and dominates the bioprecipitation mechanism due to the
lower solubility of sulfides compared to metal hydroxides and carbonates (Fig. S3(c)) (Lewis 2010).

To explain the precipitation pattern of Ni (Fig. 6(d)), a set of experiments were carried out to elucidate the
role of organic moieties in forming stable complexes with nickel ions. Solubility curves were
experimentally determined for the cases of: (a) a solution of 50 mg/L Ni?*, (b) same as (a) supplemented
with 2.5 g/L peptone, (c) same as (a) supplemented with 5.0 g/L peptone and (d) same as (a)
supplemented with 5.0 g/L peptone and 1 g/L yeast extract (Fig. S4). In the same figure the simulated
solubility curve for nickel is presented as calculated from the speciation software Visual Minteq ver. 3.1
(https://vminteq.lwr.kth.se/). The results revealed that when the organic content of nickel solutions is
high, as are the conditions that prevail in the fresh batches (5.0 g/L peptones with 1.0 g/L yeast extract)
or even at 5.0 g/L and 2.5 g/L peptones alone in the solution, nickel remain soluble and does not form
insoluble nickel hydroxides over the range of pH from 3 to 8 due to the formation of metal-organic
complexes. Similar behavior, which affects the solubility of the metal ions, has been observed also for the
case of chromium, where the effect of various organic moieties on the solubility of the metal has been
studied systematically (Remoundaki et al. 2003, Remoundaki et al. 2007). Therefore, the S-shaped kinetic
profile of nickel and the slow sequestering at the first 5 hours is attributed to the soluble complexes
formed with the organic content of the medium. As the degradation of the substrate proceeds, these
complexes are dissociated permitting the formation of insoluble nickel species.

4. Conclusions

This work presents an effective biological process for the simultaneous removal of metals and nitrate
from acidic, highly saline wastewater. The process is robust and capable of treating metal-bearing
wastewater at pH values as low as 3, nitrate at concentration as high as 5,750 mg/L NO3;™ and tolerate
salinity as high as 10% as NaCl. The experimental results demonstrated that the reactor may operate over
a wide range of values of the above parameters, maintaining a high efficiency. It is anticipated that even
more extreme conditions in terms of lower pH, higher NO;™ and higher metal content could be tackled
successfully which is the aim of the ongoing research activity. This work demonstrates in pilot scale that
the aims to neutralize the waste stream, completely remove nitrate without residual forms of reduced
nitrogen and precipitate the metal content of the solution (i.e., Zn, Cu, Fe and Ni each at 100 mg/L) via
bioprecipitation were achieved in one stage with the proposed biological system. The process can be
applied as a main treatment option or polishing stage in any industrial case where such complex and
hazardous wastewater needs to be treated with minimal treatment cost before being safely discharged to
the environment.
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(a) Layout of the denitrification unit: (1) column feed from the completely stirred tank reactor (CSTR), (2)
peristaltic pump, (3) packed bed bioreactor, (4) reactor effluent stream, (5, 6) sampling ports, (7) gas vent,
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material, with their corresponding (d) and (e) SEM images, and their (f) and (g) EDS spectra for selected

spots on their surface.
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Concentration profiles of (a) nitrate and nitrite, (b) produced nitrite and, (c) profiles of pH during

denitrification process.
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Figure 3

Effect of initial pH on the denitrification process: (a), (b) concentration profiles of nitrate, (c), (d)
concentration profiles of nitrite, (), (f) pH profiles for initial pH 3, 4, 5 and 6, 6.8 and 8, respectively.
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The effect of Zn, Cu, Fe and Ni on (a), (b) nitrate reduction, (c), (d) nitrite production and, (e), (f) pH
profiles at 50 mg/L and 100 mg/L Zn, Cu, Fe, Ni respectively.

Page 19/20



100 1 I 1 1 1 I’i’ I 100 1 ] 1 1 1 /’f’ I
Initial concentration § | ] : Initial concentration '
—=— 50 mg/L Zn?* i ; ~=— 50 mg/L Cu?*
s Bl i | —e—100 mg/L Zn** | - ~ I Sedbziiess i | —e— 100 mg/L Cu?* |1
&C N: L
N Q
< <
[o)] 4 o = 4
E E®
c c
o 9 .
© ©
5 - 40 4 -
= }E; \
3 3
g §
& 4 O 904 4
s 0 l 1 L:---____ = |‘_ — r’rN:T (b)
24 25 0 1 2 3 4 5 24 25
Time (h) Time (h)
100 ¥ T ¥ T " T o T 5 T = I}!I T 100 ¥ T Y T ¥ T T T a T % /’ff T
Initial concentration § | ] Initial concentration
—s— 50 mg/L Fe?* »— 50 mg/L Ni®*
—~ 80 —e— 100 mg/L Fe** | 4 —~ 80+ —e— 100 mg/L Ni?*
& &
i Z
= P |
T —
o 4 9 " -
g g 60
S 5
© I s0d 7
c )
I} @
o (5]
[ o=y
o Q
O 1 © 204 .
(c)
‘II 0 1 I T 1 I
24 25 0 1 2 3 4 5
Time (h) Time (h)

Figure 6
Concentration profiles of Zn, Cu, Fe and Ni during denitrification at 50 mg/L and 100 mg/L, respectively.
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