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Abstract  A mixed bacterial culture was acclimated to the removal of high nitrate-N concentrations (100–750 mg NO3 −-N L−1) from salty wastewaters. The experiments were carried out under anoxic conditions in the presence of 0.5, 1.5 and 3% (w/v) NaCl at different temperatures. The acclimated mixed bacterial culture was attached to quartz sand and zeolite. Denitrification was monitored in a continuous-flow bioreactor at different hydraulic retention times (HRT). Nitrate removal with cells attached to quartz sand and zeolite was completed at HRT of 167 h and 25 h respectively. Then brine denitrification with bacterial cells attached to zeolite was monitored for 85 days. Under the increased nitrate loading rate, nitrate removal was above 90%. Furthermore, during denitrification, not more than 0.5 mg NO2 −-N L−1 could be produced. It can be concluded that nitrate removal with the cells attached to zeolite is economically and operationally a promising solution to denitrification of brine wastewaters. 
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Introduction

Nitrate-contamination of groundwater used for drinking is a health hazard due to harmful effects of nitrate (e.g. asphyxia and methemoglobinemia of infants) including the increased risk of cancer development (Shuval and Gruener 1977; Weisenburger et al. 1991; Crespi et al. 1991). Although nitrate content in pristine groundwater is usually insignificant a recent survey of wells revealed its detectable levels in more than one half of them, whereas in 2.4% of the rural ones it exceeded the highest contaminant level of 10 mg NO3 −-N L−1 (Briskin et al. 1991). This is so all over the world where human activities, particularly agriculture, are continuously increasing contamination with nitrates. Ion exchange, biological denitrification, and membrane desalting by reverse osmosis, as well as hyper filtration or electrodialysis are common methods for removal of nitrates from water supplies (Shrimali and Singh 2001; Wisniewski et al. 2001). Although technically and economically efficient, nitrate removal by ion exchange is linked with significant problems. The biggest one is disposal of spent regenerant or waste brine from regeneration of exhaust resins. Brine waste contains high concentrations of nitrate-N and NaCl, which are usually within 100–900 mg NO3 −-N L−1 and 3–6% (w/v) respectively (Clifford et al. 1993; Okeke et al. 2002; Chang et al. 2004). With regard to the ever increasing environmental concerns and relevant legislation, its handling requires appropriate methods. Consequently, nitrate removal from brine wastewaters is in the focus of the research. Most of the reactors used for brine denitrification in the previous studies were the sequencing batch reactor, upflow sludge blanket reactor (van der Hoek 1987, Clifford et al. 1993; Okeke et al. 2002; Chang et al. 2004) or a different type of the reactor used to trap the microorganisms in the polymer carrier (Yang et al. 1995) and immobilized or attached by physical procedures such as adsorption on the surface of an insoluble porous material e.g. sand, plastic or ceramic (Mateju et al. 1992). Immobilization or attaching of microorganisms to a solid is very attractive because of its simplicity. In this context, the use of zeolitic materials is of great interest. Zeolites and the related materials have interesting and potentially useful properties, such as large surface area (between 200 and ∼1000 m2/g), they can be hydrophobic or hydrophilic create electrostatic interactions, have different ion-exchanged forms, and exert mechanical and chemical resistance (Nikolaeva et al. 2002; Jung et al. 2004). The additional advantages are their ease of water dispersion/recuperation and high water uptake capacity. Therefore, compositional and structural varieties of molecular sieves provide a powerful tool for tuning up carrier’s properties. Nitrate is efficiently removed with the attached bacterial cultures when the external organic carbon source is added. Most studies in biological denitrification suggest the use of methanol, ethanol or acetic acid as the organic carbon source (van der Hoek 1987; Mohseni-Bandpi and Elliott 1998; Bae et al. 2002; Nikolaeva et al. 2002; van Rijn et al. 2006). Methanol is the least expensive and the most efficient carbon source used for denitrification. 

Present work has studied biological denitrification of synthetic wastewater with high concentrations of nitrate and sodium chloride. It investigated the potentials of the used mixed bacterial culture, which utilizes methanol in nitrate removal. The acclimated mixed bacterial culture was attached to quartz sand and zeolite. Removal of nitrate in the continuous-flow bioreactor by bacterial cells attached to the quartz sand and zeolite was investigated at different HRT and at different nitrate loading rates. The aim was to determine the reactor’s stability and denitrification potentials. 



Materials and methods

Organisms and culture media

The microorganisms originated from the mixed liquid from aerobic municipal sewage treatment plant in Velika Gorica, Croatia, and active sludge of the two-stage anaerobic-aerobic wastewater treatment plant Anamet in Savski Marof, Croatia. The mixed liquid and active sludge (from 50 ml samples) were mixed and centrifuged at 12500 rpm (12557 × g) and 5 °C for 10 min. The obtained biomass was washed twice, diluted with mineral medium, refrigerated at 4 °C and stored for further use. The mixed culture was adjusted to nitrate ions (up to 750 mg NO3 −-N L−1) and NaCl (up to 3% w/v) at pH = 6.8 and 37 °C under anoxic conditions for 30 days before being used under anoxic batch denitrification conditions. Term anoxic means that medium (synthetic wastewater) was not flushed to remove present dissolved O2 and during the tests dissolved O2 present in medium was only source of oxygen. After every experiment the biomass suspension was prepared as described and used as the inoculum in the next experiment. 

Composition of the medium was slightly different from the originally proposed one by Wang et al. (1995). The mineral medium contained (g L−1): K2HPO4 2.5; KH2PO4 1; MgSO4·7H2O 0.1; NaCl 5 and deionised water up to 1 L. It was used to prepare synthetic wastewater (SW) and synthetic brine wastewaters (BW1 and BW2). During preparation of BW1 and BW2 in the mineral medium, additional 10 g L−1 NaCl and 25 g L−1 NaCl were added. Consequently, brine wastewaters contained 1.5 and 3.0% (w/v) of NaCl respectively. The solutions were autoclaved and allowed to cool to room temperature before adding NaNO3 and CH3OH. For each experiment nitrate-N from 100–750 mg NO3 −-N L−1 (the stock solution was aqueous solution of NaNO3 containing nitrate-N 10 g L−1) and 2 moles of methanol per mole of nitrate were added separately. The excess methanol was used to avoid carbon-limited conditions. Phosphate salts in the mineral medium were used as buffer. This provided unchanged pH of the prepared wastewaters throughout the experiments. 

Feed solution used during the tests in the continuous-flow bioreactor was BW2 containing 100–700 mg NO3 −-N L−1 and 2 moles of methanol per mole of nitrate. 

The carriers of the microorganisms and cell attachment

The acclimated mixed bacterial culture was collected by centrifugation (Sigma 3K15, 12500 × g, 10 min, 5 °C) and resuspended in the mineral medium (3% (w/v) NaCl). Quartz sand and zeolite (3–5 mm), used as carriers of microorganisms, were washed with HCl (pH = 2) and then with deionised water to achieve neutral pH. The bioreactor was filled with 200 g of quartz sand or zeolite. Natural zeolite (Clinoptilolite) was provided from the large sedimentary deposit in Donje Jesenje, Croatia, and quartz sand from the plant Tovarna dušika Ruše, Puconci, Slovenia. To attach the bacterial cells to the carrier, the mineral medium with the mixed bacterial culture was pumped and recirculated with a peristaltic pump through the bioreactor filled with carrier over 48 h. The carriers were then washed with sterile mineral medium to remove excess bacterial cells. Washing was discontinued when microscopic examination (at 1000×) of eluate showed that the bacterial cells were brought to zero. Denitrification tests started at that point. 

Experimental set-up

The experiments in the first run were performed in 0.5 dm3 closed, sterile serum bottles. Each bottle was filled with 0.3 L of synthetic wastewater (SW, BW1 or BW2) and 0.1 dm3 of biomass suspension. The initial inoculum concentration was measured and controlled photometrically by monitoring of optical density at OD540 in suspension samples. The stopper was equipped with a thermometer and two disposable syringes with needles, one for measuring the produced gas and the other for sampling. During denitrification tests, the bottled inoculum as a static culture was placed in an air thermostat at selected temperature. All experiments were performed under anoxic conditions. Headspace gas and dissolved oxygen in the medium were not flushed to remove O2. Thus, at the beginning, the mixed bacterial culture consumed the initially present O2. The first part of the experiment examined the effect of various nitrate concentrations (100–750 mg NO3 −-N L−1), of NaCl concentrations (0.5, 1.5, and 3.0%), and of temperature on biological denitrification. For that purpose the bottles with SW, BW1 and BW2 (pH = 6.8) were incubated at 20 °C, 28 °C and 37 °C. 

Previous to the second run, nitrate adsorption on quartz sand or zeolite was investigated. For that purpose, the tests were performed in sterile 0.5 L Erlenmeyer flasks filled with 1 g of carrier and 0.1 L of synthetic wastewater BW2 (100–750 mg NO3 −-N L−1) and closed with rubber stoppers. For sampling purposes the stoppers were equipped with a disposable syringe supplied with a needle. The tests were carried out at 25 °C on the rotary shaker at 80 rpm over 24 h. The samples were taken at beginning of the experiment, at 5, 15, 30 and 60 min intervals and then in regular 4 h intervals over 24 h. 

In the second run, brine wastewater denitrification was carried out in the bioreactor filled with quartz sand or zeolite. The used apparatus was similar to the previously described one (Foglar and Briški 2003). In the 0.3 dm3 bioreactor (diameter 54 mm and height 200 mm) the barrier-grid was placed above the magnetic mixer. Then the bioreactor was filled with 200 g of quartz sand or zeolite to the respective carrier volume and void volume of 144 and 156 mL. Each test began with addition of BW2 (156 mL) as a batch test. The initial nitrate concentration was 100 mg NO3 −-N L−1. Continuous flow of feed started after complete removal of nitrate. For continuous cultivation, synthetic brine wastewater was pumped with a peristaltic pump at different flow rates into the bottom of the reactor to give different hydraulic retention times (HRT). Incubation was conducted at 25 ± 2 °C, pH 6.8, and the agitation speed of 400 rpm (only for feed solution mixing) under anoxic conditions. 

Nitrate removal from BW2 with bacterial cells attached to zeolite (the initial CFU value was 4 × 107 CFU g−1) was then continuously monitored under same incubation conditions over 85 days. During that denitrification process nitrate concentration in the feed was gradually increased from 100 mg NO3 −-N L−1 (first 30 days) to 700 mg NO3 −-N L−1. 

All the experiments (except long-term denitrification of BW2) were performed in duplicate and the data reported here represent their average values. The nitrate, nitrite and the dissolved oxygen measured during duplicate measurements differed by 0.01–0.5 mg N L−1 and 0.1 mg O2 L−1 respectively. The confidence intervals are computed based on the sample mean and sample standard deviation. The number of cells determined by plate count differed by less than 5%. 

Analytical methods

During nitrate removal from wastewaters, the microbial growth was monitored and their growth kinetics was established. To study the kinetics of nitrate removal from the medium, the bottle and the reactor contents were sampled at the preset time and processed immediately. Concentration of the dissolved oxygen (corrections for the atmospheric local pressure was not calculated) and pH of wastewaters were monitored by the oxygen-meter MA 5485 and pH-meter MA 5750 (Metrel, Horjul, Slovenia). Liquid samples were filtered through the 0.20 μm sterile syringe filters immediately after sampling and used for nitrate and nitrite analysis. Nitrate concentration in wastewater during the experiment was monitored spectrophotometrically on Hach DR/2400 (Hach Company, Loveland, Colorado, USA) by chromotropic acid method at λ = 410 nm (Standard Methods 1989). Nitrite (Höll 1979) was determined by the absorbance measurements at λ = 500 nm on the photometer (MA 9510–Iskra, Kranj, Slovenia). Chemical oxygen demand (COD) and biomass dry weight were determined according to the Standard Methods (1989) for expressing methanol and biomass concentrations. During determination of the biomass dry weight liquid samples (20 mL) were filtered through the 0.45 μm sterile filters and washed with 0.5 L sterile water. The washed biomass was carefully scraped off and transferred with 1 mL of sterile deionised water (in sterile conditions) to the previously dried and weighted small Petry dish, and dried at 104 ± 1 °C. The numbers of bacterial colonies (CFU) in wastewater samples and the number of cells attached to the carriers was determined by plate count on the standard nutrient agar and synthetic wastewater (SW, BW1 or BW2) solidified with the addition of 1.5% (w/v) agar-agar, after repeated dilution with NaCl (m/V ratio = 9 g L−1). The carriers were weighed (1 g-wet weight) in the sterile Erlenmeyer flasks and 100 mL of sterile 0.9% NaCl solution was added. The flask was agitated vigorously with vortex over 30 min on the magnetic stirrer in order to remove the bacteria from quartz sand or zeolite particles. The resulting suspension was serially diluted in the sterile 0.9% NaCl solution and triplicate aliquots were plated on the standard nutrient agar and synthetic wastewater agar. After incubation over two days at 37 °C, all plates containing 30–150 discrete colonies were selected for determination of the initial cell number by plate count. Different denitrifiers in the mixed bacterial culture were distinguished according to their colony forms and by optical microscopy after Gram staining. Bacterial species isolated as pure cultures were identified by API 20 E and API 20 NE systems and according to Bergey’s Manual of Determinative Bacteriology (Holt et al. 1994). 

According to literature data (Casey et al. 1997; Li et al. 2001; Sarioglu and Horan 2001) and obtained results, specific constant rate is determined by the widely applied Monod equation. It was employed for calculating kinetic constants using data from batch experiments: 
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where r D is the rate of nitrate utilization (mg NO3 −-N L−1 h−1), C N (–nitrate concentration (mg NO3 −-N L−1), K s –the half-saturation constant (mg NO3 −-N L−1), and k D is the maximum rate of nitrate utilization (NO3 −-N L−1 h-1), which include the influence of microbial concentration. The kinetic parameters of the Monod equation were determined using the Nelder-Mead simplex method of non-linear parameter search incorporated in Matlab program. The initial guess of the kinetic parameter is entered into the program. Using this set of parameters the response curves are generated by the Runge-Kutta (IV) numerical integration method. Once the optimal kinetic parameters were established, the final optimal theoretical curve was compared with the experimental data plot. 

During denitrification in the continuous-flow stirred reactor, the NO3 −-N removal rate, COD removal rate, volumetric loading rate, and volumetric denitrification rate were calculated as follows: 
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where (Cnitrate-N)infl. and (Cnitrate-N)effl represented the influent and effluent nitrate nitrogen concentrations (mg NO3 −-N L−1). The dilution rate, D (h−1) and hydraulic retention time, HRT (h) were calculated from the influent wastewater flow rate value, R (mL h−1) and the void (working) reactor volume V (mL). For determination of initial value of D (0.006 h−1) was used previously determined value of μ max (maximum specific growth rate), obtained during the conducted batch tests. 



Results and discussion

Acclimation of mixed bacterial culture for nitrate removal from brine wastewaters

The initial nitrate concentration (100, 500 and 750 mg NO3 −-N L−1), in the presence of 2 moles of methanol per mole of nitrate, under static conditions at 37 °C was removed from SW during 3, 4 and 11 days respectively. Nitrite content in the SW samples generated during the first 48 h was 0.1, 0.13 and 0.15 mg NO2 −-N L−1 respectively. By the end of the tests it was completely removed. The microbial biomass concentration (expressed as biomass dry weight) increased from initial 100 mg L−1 to 300 mg L−1 and showed that the mixed bacterial culture was able to utilize methanol and remove nitrate from SW. The pH of SW was regularly monitored. Throughout all the experiments its value had been maintained at 6.8 with phosphate salts, K2HPO4 and KH2PO4, acting as a buffer system. 

Next run was performed with BW1 and BW2 at different temperatures. At 37, 28 and 20 °C, 750 mg NO3 −−N L−1 was removed from BW1 within 8, 13 and 35 days respectively. Similar was recorded during denitrification of BW2. At 37 °C and 28 °C nitrate was removed from BW2 within 11 and 15 days respectively (Fig. 1A). At lower temperature, nitrate removal was slower taking 40-days time. Obviously, the temperature of 20 °C was too low for satisfactory removal of nitrate. The experimental and model results of the nitrate nitrogen concentration during denitrification were plotted in Fig. 1A. The batch kinetic analysis shows a close agreement between the experimental data and the predicted values. Obtained k D and K s values for denitrification at 37 °C were 0.0844 mg NO3 --N L−1 h−1 and 5.18 × 10−5 mg NO3 --N L−1 . Since K s value was very small in comparison to nitrate concentration (C N ), denitrification approaches a zero order reaction with respect to nitrate concentration, so Eq. 1 becomes r D  = k D . This observation is similar to other published data (Wang et al. 1995; Casey et al. 1997; Li et al. 2001; Sarioglu and Horan 2001). The comparison of experimental results, obtained during denitrification of BW1 and BW2 (Fig. 1), indicated that at higher NaCl concentrations denitrification was not significantly slower and that the volume of the generated nitrite was not considerably increased. That might have been due to the acclimation of microbial culture, used after every experiment as the inoculums in the next experiment. 
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Fig. 1 Removal of 750 mg NO3 −-N L−1 during the denitrification at pH = 6.8 and in the presence of 3% NaCl, at different incubation temperatures, 37 °C (◊), 27 °C ([image: image6.png]


) and 20 °C (■). (A) Experimental (symbols) and modelled Eq. 1 (lines) nitrate-N concentrations, (B) biomass production, (C) nitrite-N and (D) dissolved O2 concentrations 



Generation of nitrite is known to be one of the main problems of direct biological denitrification (Almeida et al. 1995). Therefore, its levels had been regularly checked (Fig. 1C). It was lower or near the proposed maximum targeted contaminant level of 1.0 mg NO2 −-N L−1 (Mateju et al. 1992) for denitrification processes conducted at 37 °C and 28 °C. At lower temperature (20 °C) it increased up to 1.7 mg NO2 −-N L−1 by day 25, after which its ions had been gradually removed over 40 days. 

The kinetic of biomass production was monitored as well (Fig. 1B) and the fastest microbial growth was observed at 37 °C. The comparison of CFU, grown on the standard nutrient agar and on the solidified wastewater solution, during denitrification tests showed that almost equal CFU values was assigned. Consequently, it was concluded that the mixed bacterial culture contained denitrifying bacteria. Microscopic examinations indicated that only five different types of bacteria were dominant in wastewaters. Three types were rod-shaped, and one was a short coccobacillus. Gram staining showed that they were Gram-negative. The mixed bacterial culture contained one Gram-positive long rod-shaped bacterium, too. The identified Pseudomonas sp. and Paracoccus sp. were the only true denitrifiers (Zellner et al. 1995; Glass and Silverstein 1998; Foglar and Briški 2003). Paracoccus and Pseudomonas bacterial genera being such, their presence in mixed culture obviously accomplished complete nitrate removal with minimum nitrite accumulation. 

The analysis of dissolved oxygen (DO) from the samples, performed during the denitrification tests showed that it gradually dropped to approximately 0.3 mg O2 L−1 and remained at that level (Fig. 1D). During these experiments, almost 50% nitrate-N was removed at DO concentration above 2 mg O2 L−1. Therefore, it can be assumed that the initially present dissolved oxygen did not inhibit the studied denitrification process. The obtained results were in agreement with previously published studies (Patureau et al. 1997; Huang and Tseng 2001; Foglar et al. 2005) performed with some bacteria capable of aerobic denitrification. Also, in agreement with that observation, Lemmer et al. (1997) discuss that Paracoccus bacteria use simultaneously oxygen and nitrate as a terminal electron acceptor by which denitrification is possible even under partially aerobic conditions. 

The denitrification with bacterial cells attached on quartz sand and zeolite

At the beginning of this part of investigation, adsorption of nitrate from brine wastewater on quartz sand and zeolite was monitored. For that purpose, 1 g of the carrier and 100 mL of BW2 (100–750 mg NO3 −-N L−1) were placed in 0.5 L Erlenmeyer flasks. The test was performed at 25 °C on the rotary shaker at 80 rpm over 24 h. Nitrate concentrations determined at the beginning and during the tests were almost unchanged. The difference between the obtained values was ± 0.2 mg NO3 −-N L−1. The results clearly indicate that quartz sand and zeolite did not adsorb nitrate from BW2. Continuous denitrification of BW2 by the attached mixed bacterial cells was investigated subsequently. Denitrification in the bioreactor (containing the carrier with attached cells) was monitored in the first part of the experiments at different dilution rates in order to achieve the optimal dilution rate. Hydraulic retention times were within the range of 167–25 h (Fig. 2). Each test started as a batch and when nitrate was completely reduced, continuous flow of feed (BW2 containing 100 mg NO3 −-N L−1 and 2 moles of methanol per mole of nitrate) was started. The feed was prepared daily and checked for nitrate-N, nitrite-N and methanol concentrations (methanol concentration was expressed as COD value). Nitrite-N and the DO concentrations in the feed were usually in the range of 0.01–0.03 mg NO2 −-N L−1 and 5.40–6.20 mg O2 L−1 respectively. The initial number of bacterial cells attached to quartz sand and zeolite was 2 × 107–4 × 107 CFU g−1. The values obtained were similar to those from the recent denitrification experiments conducted with pure culture of Paracoccus denitrificans (Kim et al. 2004). 
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Fig. 2 Effluent concentration values at steady state during denitrification with bacterial cells attached to quartz sand: nitrate-N (●) and nitrite-N (▲) concentrations, and zeolite: nitrate-N ( [image: image8.png]


) and nitrite-N ([image: image9.png]


) concentrations at different HRT values at 25 °C and pH = 6.8 



In the first test set with bacterial cells attached to quartz sand at the dilution rate of 0.006 h−1 (HRT = 167 h) nitrate ions in the bioreactor were completely reduced. At lower HRT nitrate and nitrite concentrations in the effluent at the steady state were up to 7.2 ± 0.2 mg NO3 −-N L−1 and 3.2 ± 0.05 mg NO2 −-N L−1 respectively (Fig. 2). Bacterial count at the end of the tests increased to 6.9 × 107 CFU g−1 at the top of the bioreactor and to 9.2 × 108 CFU g−1 at its bottom. The difference between these two values might be due to the fact that the feed solution was introduced at the bottom of the bioreactor (optimal growth conditions) and to the presence of bacteria that were aerobic heterotrophs or a consequence of bioreactor properties and fact that the bioreactor was filled with 200 g of zeolite. 

The initial DO concentration dropped from 6.35 mg O2 L−1 to 1.60 mg O2 L−1 and after some fluctuations it went down to 1.4 mg O2 L−1. That unexpected decrease and increase of DO during the first 6 days might be attributed to fluctuations in the number of living cells and consumption of O2 by bacterial cells. 

In the second test set denitrification started at the dilution rate of 0.006 h−1, since the previous test had shown (Fig. 2) that the effluent at the dilution rate of 0.012 h−1 contained nitrate. During 7 days of continuous flow there was no trace of nitrate, and so over further 7 days HRT was lowered to 83 h and finally to 48 h (Fig. 3). Nitrate concentration in the effluent increased to 5 mg NO3 −-N L−1. At the same time, during denitrification with bacterial cells attached to zeolite, at HRT = 48 h nitrate ions were completely reduced in the bioreactor. Furthermore, even at HRT = 25 h there were only 2 mg NO3 −-N L−1 in the effluent. Additionally, the comparison of nitrate-N and nitrite-N concentrations at the steady state during the experiments with bacterial cells attached to quartz sand and zeolite, (Fig. 2) showed that in our work zeolite was the preferred carrier of microorganisms. This observation may be explained with structure and properties of zeolite, obviously interactions of bacterial cells with zeolite influence and improve denitrification process. Thus, further study of denitrification process was performed with the mixed bacterial culture attached to zeolite. 
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Fig. 3 Time course of a continuous denitrification of BW2 with bacterial cells attached to quartz sand operated at 25 °C and pH = 6.8. Effluent nitrate-N (–○–), effluent nitrite-N ([image: image11.png]


) and DO effluent concentrations (—□—) 



Nitrate removal with bacterial cells attached to zeolite

Prolonged denitrification with bacterial cells attached to zeolite was carried out. Initial concentration of nitrate-N and nitrite-N in the feed was 100 mg NO3 −-N L−1 and 0.01 mg NO2 −-N L−1 respectively (Fig. 4). The process started at HRT 25 h and was conducted at 25 ± 2 °C. The operating temperature was selected for economical reasons and from the previous batch results. The DO concentration and chemical oxygen demand (COD) in the feed were from 5.4 to 6.2 mg O2 L−1 and 900–1000 mg O2 L−1 respectively (Fig. 5). The initial number of bacterial cells attached to zeolite was 4 × 107 CFU g−1. After 10 days of continuous operation, the system reached the steady state and the process was monitored over further 20 days. After some fluctuations during 10 days, nitrate-N and nitrite-N concentration in the effluent were between 0.1–0.3 mg NO3 −-N L−1 and 0.01–0.04 mg NO2 −-N L−1 respectively (Fig. 4). The reactor was opened to sample the carrier. The number of bacterial cells attached to zeolite at the top of the bioreactor increased during the first 30 days to 5 × 108 CFU g−1. Due to opening the reactor nitrate-N concentration increased to 2 mg NO3 −-N L−1 on day 31, but the system slowly reached the steady state at 0.5 mg NO3 −-N L−1. Then, nitrate-N in the influent gradually increased to 500 mg NO3 −-N L−1 (Fig. 4). The effluent nitrate and COD concentrations having reached the steady state were below 2 mg NO3 −-N L−1 and 100 mg O2 L−1 respectively. Moreover, nitrite-N was below 0.5 mg NO2 −-N L−1, accordingly, nitrate and COD removal was still above 99 and 90% respectively (Figs. 4 and 5). Gas production was also measured, as described in our previous papers (Foglar and Briški 2003; Foglar et al. 2005). At the nitrate loading rate of 11.76 mg NO3 −-N L−1 the generated nitrogen gas volume accounted for 9.7 mL N2 L−1 h−1 which was in agreement with the previously published data (Clifford and Liu 1993). 
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Fig. 4 Continuous-flow denitrification with bacterial cells attached to zeolite at 25 °C and pH = 6.8: Inlet nitrate-N (●), effluent nitrate-N (–○–) and effluent nitrite-N ([image: image13.png]


) concentrations 



[image: image14.png]30004 P

i % 5 g

- 3

“}

P 55

e oot 8
St 0

T —
G5 1015 30 50 3 40 15750 $5 60 65 70 75 80
Time (Days)




Fig. 5 Continuous-flow denitrification with bacterial cells attached to zeolite at 25 °C and pH = 6.8. COD values ([image: image15.png]


) in the feed, in the effluent (+) and COD removal values (— × —) 



During the experiment the dissolved O2 was regularly checked. The influent value was in the range of 5.4 to 6.2 mg O2 L-1 and the level of the residual DO in the effluent was 2.3 ± 0.4 mg O2 L−1 (Fig. 6). Kesserü et al. 2003 observed similar effluent values during denitrification in the continuous-flow bioreactor containing immobilized Pseudomonas butanovora cells. According to them and the literature data (Lemmer et al. 1997; Patureau et al. 1997; Huang and Tseng 2001; Foglar et al. 2005), it could be concluded that brine denitrification was possible even at partially aerobic conditions. The temperature was also monitored and it was always close to 25 °C, except on day 34 and within the period from days 63 and 65 when it was 22 °C (Fig. 6). The volumetric denitrification rates were calculated from results obtained during the tests. During first 30 days it was 3.96 ± 0.48 mg NO3 −-N L−1 h−1 and until day 42 it raised to 7.61 ± 0.25 mg NO3 −-N L−1 h−1. On day 43, the inlet nitrate concentration went up to 300 mg NO3 −-N L−1. Consequently, volumetric denitrification rate was raised to 11.79 ± 0.15 mg NO3 −-N L−1 h−1. Having reached steady state on day 55 the approximate inlet nitrate concentration was 500 mg NO3 −-N L−1 and volumetric denitrification rates was 19.36 ± 0.90 mg NO3 −-N L−1 h−1. Finally, on day 66 the nitrate concentrations in feed were raised again to 700 mg NO3 −-N L−1 and therefore denitrification rates increased to 28.43 ± 0.35 mg NO3 −-N L−1 h−1. Comparison of the obtained volumetric denitrification rates and the temperature indicated that lower ambient temperature caused reduction of denitrification rates. Observed increase of the volumetric denitrification rate with the increase in the influent nitrate concentration was supported by the fact that denitrification rates are dependent on nitrate concentration. That was demonstrated by the presented results, which were in a range between 3.96 ± 0.48 mg NO3 −-N L−1 h−1 and 28.43 ± 0.35 mg NO3 −-N L−1 h−1. The obtained denitrification rates were compared with literature data (Table 1). Those recorded after day 66 compare well with the references (Roennefahrt et al. 1986; Kesserü et al. 2003) as shown in Table 1. Conversely, Park et al. 2001 used immobilized freshwater denitrifier consortium for salinity acclimation. They achieved NO3 −-N removal rate of 0.33–0.75 mg NO3 −-N L−1 h−1 at HRT = 12 h. Since their values were significantly lower than ours, it could be assumed that the selected mixed culture was advantageous for brine denitrification. 
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Fig. 6 A continuous nitrate removal from BW2 with bacterial cells attached to zeolite at 25 °C and pH = 6.8 under anoxic conditions. Denitrification rates (◆), temperature values (×) and DO concentrations (□) 



Table 1 Comparison of denitrification rates obtained during the denitrification processes with immobilized or attached bacterial cells 

	System
	Carrier
	Electron donor
	Denitrification rate (mg N L−1 h−1) 
	Reference

	Biological
	Na-alginate (cell entrapped)
	Ethanol
	22.5–36.67
	Kesserü et al. 2003 

	Biological 
	Buoyant carriers
	Ethanol
	31.25
	Roennefahrt et al. 1986 

	Biological/ion exchange 
	Na-alginate
	Acetate
	16.67
	Richard et al. 1989 

	Biological 
	Macroporous cellulose
	Soluble starch
	19.16
	Kim et al. 2002 

	Biological 
	Polyvinil alcohol gel beads
	Glucose
	0.73–1.42
	Park et al. 2001 

	Biological 
	Zeolite
	Methanol
	4–28.5
	This study


The proposed system was obviously a stable process. Therefore, nitrate-N concentration in the influent was further increased to 700 mg NO3 −-N L−1 on day 66, as shown in Fig. 4. On day 71, the attached biomass was found on the wall of the bioreactor opened for scratching of the attached biomass. Its presence there had been recorded during some previous investigations and might have been due to the excess organic carbon and optimal conditions for the microbial growth. The bacterial cells attached to zeolite at the top of the bioreactor increased to 7.5 × 108 CFU g−1, but in the effluent they amounted to 2.1 × 107 CFU mL−1. Previously determined free bacterial cells in the effluent never exceeded 1.0 × 102 CFU mL−1. The obtained values were similar to the previous ones from denitrification study (Kim et al. 2004). However, the presence of free bacterial cells in the effluent suggested that the results of the denitrification were boosted with the presence of free cells rather than being fully attributable to the attached bacterial cells. 

Furthermore, it was assumed that the increase of nitrate-N to 5.57 mg NO3 −-N L−1 on day 72 occurred because the reactor was opened. During next week its concentration fluctuated and finally stabilized at 6.5 mg NO3 −-N L−1 (Fig. 4.). Surprisingly, nitrite-N concentration at that time was still below 1 mg NO2 −-N L−1, but from day 77, the effluent nitrite-N slowly increased to 2 mg NO2 −-N L−1. The effluent COD values, from day 66 on increased and the organic removal rate was lowered to 80% (Figs. 4 and 5). Peristaltic pump hosepipe had been released gradually during that period. It broke down on day 80 and was immediately replaced with a new one. Probably this caused the fluctuations of nitrate and nitrite concentrations. The steady state was reached on the day 82. Nitrate and nitrite concentrations and COD removal were 6.3 mg NO3 −-N L−1, 2 mg NO2 −-N L−1 and 75% respectively. Therefore, on day 85, denitrification was discontinued. At the end of the experiment the number of bacterial cells attached to zeolite at the top and at the bottom of the bioreactor was 1.8 × 109 CFUg-1 and 3.1 × 109 CFUg-1 respectively. The CFUg-1 resembled that obtained during denitrification with immobilized cells (Shrimali et al. 2001). 

Irrespective of the breakthrough after day 70, this study has shown that the mixed culture attached to zeolite is an advantageous system for brine denitrification. 



Conclusions

Biodenitrification with immobilized or attached bacterial cells is an effective method for the removal of nitrates from brine wastewaters. Furthermore, proper selection of the carrier for bacterial immobilization can improve the process. The study of synthetic brine wastewater denitrification was aimed at investigating stability and denitrification of the bioreactor with bacterial cells attached to quartz sand and zeolite. According to obtained results denitrification was more efficient in presence of zeolite as a carrier. The results indicate that during continuous brine denitrification (at up to 500 mg NO3 −-N L−1 in the influent) with the mixed bacterial cells attached to zeolite, nitrate and COD removal exceeded 99 and 90% respectively. Complete nitrate removal with the mixed bacterial culture containing dominant Pseudomonas sp. and Paracoccus sp. species was achieved in the presence of DO concentration of 2 mg O2 L−1. Moreover, during that period the effluent nitrite-N concentration was below 0.5 mg NO2 −-N L−1. The obtained results suggests that biological denitrification with the mixed bacterial cells attached to zeolite, is an operationally promising solution to denitrification of the spent regenerant. 
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