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12 ABSTRACT

13 This study presents an innovative bioreactor system that employs density-graded floating carriers to 

14 effectively remediate complex uranium-contaminated effluents generated by the nuclear industry. 

15 By combining the advantages of fixed and fluidized bed reactors, our system utilizes floating carriers 

16 to create a stratified biofilm environment, optimizing biomass retention and mass transfer. 

17 Controlled redox potential (ORP) enhances the removal of uranium and associated contaminants, 

18 especially in effluents with high nitrate concentrations. The fluidized bed configuration, with a high 

19 carrier load, minimizes biofilm-induced clogging, ensuring sustained performance. Carriers were 

20 synthetized with acrylate polymers in different composition: HEMA50%/0AA – 

21 HEMA50%/25%AA w/w and HEMA50%/50%AA) to obtain different hydrodynamics properties. 

22 The particle terminal velocities and drag coefficients of carriers were 3.14×10-6 m/s, 5×10-5 m/s, 

23 and 2×10-4 m/s and 661976, 20734, and 26221, respectively. The system achieved nitrate and COD 

24 removal efficiencies of up to 90% and 84%, respectively, at a hydraulic retention time of 23.9h and 

25 with low energy consumption. The system behaved like a fluidized bed with a high carrier load 

26 similar to the PBBR, showing piston flux and variable column fluidization based on carrier densities. 

27 Frictions and collisions prevented clogging from biofilm formation, ensuring sustained performance. 

28

29
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32 To produce nuclear fuels, uranium ore must be converted into UO₂ ceramic grade, process involves 

33 using various substances such as kerosene, methanol, nitric acid, ammonia, and, to a lesser extent, 

34 tributyl phosphate (TBP). Effluents generated are characterized uranium typically ranging from 

35 300- 600 mg/L as U-U₃O₈, kerosene and methanol at levels of 900-1600 mg/L as COD, and  nitrogen 

36 compounds up to 1500 mg/L as N-NO₃⁻. High nitrate concentrations contribute to eutrophication, 

37 while uranium poses risks of radioactive contamination. Strict environmental regulations mandate 

38 effective treatment to minimize emissions and ensure compliance.

39 Conventional treatment methods, such as reverse osmosis, evaporation, and electrodialysis, canachieve high 

40 nitrate removal efficiencies above 82% at 1,000 mg/L N-NO₃⁻, uraniumcontaminated effluents pose a 

41 significant challenge in the nuclear industry. The treatment methods, such as Zero Liquid Discharge (ZLD) 

42 processes, rely on energy-intensive thermal operations like evaporation and crystallization, resulting in high 

43 operational costs. In contrast, the system proposed in this study employs a biological approach that avoids 

44 thermal operations, suggesting a potential advantage in terms of energy efficiency and operational costs. 

45 Added to that, ZLD require the use of corrosion-resistant materials, such as high-grade stainless steels, due 

46 to the highly corrosive nature of the effluents. This work focuses on the kinetics of nitrate removal in nuclear 

47 effluents, providing a sustainable alternative to conventional methods [1] [2] [3] [4]. 

48 Others methods often require extensive pretreatment stages (ultrafiltration, microfiltration, sand 

49 filtration) and incur high operating costs, limiting their sustainability. (e.g., IONAC SR-7) coupled 

50 with reverse osmosis [5] [6]. Additional approaches, such as supercritical water treatment at 374°C, 

51 electrochemical methods, and electrodialysis, are effective yet associated with high energy demands 

52 and potential NOx emissions [7] [8].

53 Biological treatment methods provide promising and economically viable alternatives, particularly for high-

54 nitrate and COD effluents in the uranium industry. Anaerobic biotechnologies excel at nitrate and COD 

55 removal under controlled conditions [9,10]. Biofilm-based reactors provide advantages such as robustness 

56 and tolerance to environmental variations. However, conventional biofilm reactors are susceptible to 

57 clogging, which limits mass transfer and hydrodynamic efficiency. To address these challenges, this study 

58 proposes a hybrid bioreactor system that combines the benefits of packed bed and fluidized bed reactors 

59 using density-graded hydrogel carriers [11] [12] [13]. These issues necessitate bioreactor designs that 

60 minimize clogging and maximize mass transfer, ensuring effective treatment of uranium-contaminated 

61 effluents with high nitrate and COD concentrations

62 Two major types of anaerobic biofilm bioreactors are widely used for industrial wastewater treatment: packed 

63 bed bioreactors (PBBRs) and fluidized bed bioreactors (FBBRs). PBBRs immobilize cells within stationary 



64 packing materials, such as plastic or ceramic rings, facilitating biofilm formation and enhancing mass 

65 transfer. PBBRs typically operate under laminar flow conditions, characterized by smooth, orderly fluid 

66 motion that maximizes contact between the fluid and the biofilm. However, laminar flow can also lead to 

67 clogging and dead zones, reducing treatment efficiency. In contrast, FBBRs suspend biofilm-attached carriers 

68 in a fluid, maintaining biofilm suspension through fluid velocity, Turbulence is quantified using the Reynolds 

69 number, which must exceed a minimum threshold to ensure fluidization of the carriers and the liquid phase. 

70 This configuration enables uniform particle mixing and continuous operation, reducing clogging due to 

71 biofilm accumulation. FBBRs have been shown to offer higher resistance to system disturbances and greater 

72 resilience to load fluctuations, enhancing long-term hydrodynamic stability and biofilm growth even under 

73 varying influent conditions [15] [16]. FBBRs generally require larger reactor volumes, higher pumping 

74 capacity, and greater energy inputs due to the fluidization requirements. Additionally, particle entrainment 

75 can affect their efficiency and scalability.

76 To overcome these limitations, FBBRs can be modified with specific biofilm carriers that optimize treatment 

77 efficiency while maintaining fluidization. Numerous commercially available carriers, including 

78 polyethylene, polypropylene, and biopolymer-based options, are designed with variations in density, shape, 

79 and buoyancy to suit specific applications. Methacrylate hydrogels are particularly promising carriers due to 

80 their ability to copolymerize with amides, creating carriers with variable densities and buoyancy 

81 characteristics [17] [18] [19] [20]. This flexibility supports hybrid bioreactor configurations that combine the 

82 mass transfer benefits of FBBRs with the surface area advantages of PBBRs, addressing limitations related 

83 to clogging and hydrodynamics. 

84 We hypothesize that by employing density-graded hydrogel carriers within a fluidized bed reactor, we can 

85 create a stratified biofilm environment, aimed at the advantages of a packed bed while mitigating the risk of 

86 clogging. This hybrid approach achieves high biomass retention and efficient mass transfer, characteristic of 

87 PBBRs, while maintaining the fluidization benefits and minimizing energy consumption associated with 

88 FBBR.

89 This study introduces a novel approach to bioreactor design by utilizing density-graded hydrogel carriers 

90 within a fluidized bed configuration. This approach differs from conventional FBBRs by creating a stratified 

91 biofilm environment, giving the advantages of packed bed reactors while Environmental Science: Water 

92 Research & Technology Page 4 of 31 maintaining the benefits of fluidization. The high nitrate and COD 

93 concentrations, combined with the presence of potentially inhibitory compounds, present significant 

94 challenges for the effective treatment of uranium-contaminated effluents



95 Packed bed and fluidized bed reactors are widely used in chemical and biotechnology industries due to their 

96 advantages over suspended cell systems, particularly in wastewater treatment, where they demonstrate high 

97 resistance to disturbances like inhibitors, pH fluctuations, and biomass loss [21]. While PBBRs typically 

98 operate under laminar flow, FBBRs predominantly function under turbulent conditions. This study 

99 contributes fundamental insights into laminar-regime FBBR hydrodynamics for nuclear wastewater 

100 treatment, emphasizing shear forces' role in balancing biofilm growth and detachment to prevent clogging. 

101 Strategic carrier selection and placement further enhance the reactor’s performance by optimizing biofilm 

102 growth and fouling control [22,23].

103 Successful development of this hybrid bioreactor system has the potential to significantly advance 

104 the field of wastewater treatment, providing a more sustainable and cost-effective solution for the 

105 remediation of uranium-contaminated effluents and other challenging industrial waste streams. The 

106 proposed biological system operates at ambient temperature and pressure, eliminating the need for 

107 energy-intensive thermal operations. Additionally, the system can be constructed using durable 

108 plastics, which are less expensive and more resistant to corrosion compared to stainless steels. This 

109 represents a potential advantage in terms of both energy efficiency and capital costs. 

110 Materials and Methods

111 2.1.1 Blended real nuclear wastewater (BRNW)

112 The production of UO₂ ceramic-grade fuel begins with yellow cake, which is dissolved in nitric 

113 acid, purified, and precipitated using methanol and kerosene at uranium concentrations of up to 200 

114 g/L. The final effluent from this process, known as Blended Real Nuclear Wastewater (BRNW), 

115 contains residual uranium (300–600 mg/L as U-U₃O₈), methanol, kerosene, and high nitrate 

116 concentrations (1000–1300 mg/L as N-NO₃⁻). This effluent was used in our experiments without 

117 additional pretreatment, except for pH adjustment and equalization to stabilize COD levels [24] 

118 [25]. Real nuclear wastewater samples used in this study were obtained from an Argentinian 

119 uranium conversion facility. This Blended Real Nuclear Wastewater (BRNW) was characterized by 

120 the composition shown in Table 1. Prior to use, the effluent underwent an equalization process to 

121 stabilize pH and COD levels, after which the resulting precipitate was discarded. The BRNW also 

122 contains methanol and kerosene as major organic contaminants. This industrial effluent, which Page 

123 5 of 31 Environmental Science: Water Research & Technology includes contributions from 

124 domestic wastewater, is further treated with surfactant compounds to adjust the pH to 8.



125

126 2.2 Synthesis of Hydrogel carrier

127 A range of carrier materials, including biodegradable polymers (BDP), high-density polyethylene 

128 (HDPE), polyvinyl alcohol (PVA), polyurethane sponge (PS), and granular activated carbon (GAC), 

129 are currently employed in various types of bioreactors, such as Moving Bed Biofilm Reactors 

130 (MBBRs) and Fluidized Bed Biofilm Reactors (FBBRs). Commercial polymeric carriers, such as 

131 Kaldness5 and Saddle Chips SC, exhibit properties including a density of 0.96 kg/m³, a surface area 

132 ranging from 800 to 700 m³/m³, and varying porosity levels (65-87%) [30]. 

133 In the present studies acrylic materials (HEMA and AA) were chosen according to properties of 

134 swelling (hydrogel) induced by gamma radiation synthesis. The concept behind synthesizing 

135 hydrogels via gamma polymerization is to achieve carrier polymerization and sterilization 

136 simultaneously in a single step, eliminating the need for elevated temperatures and crosslinking 

137 agents that may exert a toxic influence on microorganisms. Additionally, the gradual addition of 

138 acrylamide imparts primary amino groups to the polymer, enhancing its swelling properties and 

139 consequently reducing density through volume expansion HEMA was polymerized by gamma 

140 radiation and copolymerized with AA, which were purchased from Sigma (Aldrich, WI, USA). 

141 Following polymerization, the sample was homogenized and air was removed by bubbling with 

142 nitrogen. Samples were irradiated at 25 kgy (5kgy/h) by 60Co gamma-irradiation source at PISI – 

143 Centro Atómico Ezeiza (Argentina). The concentrations of HEMA (50%) and AA (25% and 50%) 

144 were chosen to optimize hydrogel properties. A 50% HEMA concentration balances mechanical 

145 strength and flexibility, while AA concentrations ensure optimal swelling without compromising 

146 structural integrity. These choices enable the hydrogels to support biofilm growth and withstand 

147 fluidized bed reactor condition.

Table 1:  Chemical composition of wastewater discharged from nuclear manufacturing industry
Parameter Unit Concentration

Ammonium mg/L 600 - 1400 ± 32

Nitrate mg/L 1000 - 1300 ± 36

COD mg/L 1500 ± 38

pH 7.0 - 7.8

Uranium mg/L 300 - 600 ±24



148 The swelling dynamic and equilibrium were determined by Cuggino methodology [31]. Swelling 

149 rate (qw) was determined gravimetrically at different times using Eq. 1a and during the equilibrium 

150 usign Eq 1b 

151 qw= mh / ms (1)                                                       Eq. 1a.

152 qw = me / ms                                                           Eq. 1b.

153 Equation 1: Hydrogel swelling

154 where mh is the swelled hydrogel (HG) mass at each time, me is the HG mass during the 

155 equilibrium, and ms is the dry HG mass. The HG Carriers were hydrated, previously dried at 35ºC, 

156 and then, they are weighed in determined periods of time. This test finished when the Carrier weight 

157 was stable in time (water equilibrium). This essay allowed to determine the maximum weight and 

158 volume rise. The carriers were constructed with a cylindrical shape with an external 15mm diameter 

159 and 5mm internal diameter with 20mm length. Different concentrations of HEMA were tested 50.0 

160 % v/v in water and the addition of AA 0, 25 and 50.0% (%V/V HEMA). Densities were decreased 

161 according to AA incorporating.

162 2.3 Bioreactors configuration and operational mode

163 This study utilized a comparative approach to evaluate the performance of two bioreactor 

164 configurations: a packed bed bioreactor (PBBR) and a fluidized bed bioreactor (FBBR)[26], aiming 

165 for high biomass retention while minimizing energy consumption and hydrodynamic properties. 

166 The PBBR was a single-unit, multi-layer fixed bed reactor fabricated using polypropylene sheets. 

167 This configuration offers several advantages, high volumetric organic removal rates, and efficient 

168 liquid-solid separation. The FBBR was designed to optimize fluidization characteristics and 

169 minimize clogging [15, 16]. This study comprehensively reviewed the fundamental aspects of 

170 FBBRs, including their applications, configurations, and recent advancements in reactor 

171 performance [27] [28] [29]. 

172 The FBBR was designed to optimize fluidization characteristics and minimize clogging. To achieve 

173 this, the reactor was loaded with hydrogel carriers exhibiting varying densities (50% p/p 

174 HEMA/AA, 25% p/p HEMA/AA, and HEMA only). This density gradient facilitated a stratified 

175 arrangement of carriers, promoting optimal biofilm growth while preventing clogging.



176 For scaling purposes, the HRT values were converted to dimensionless residence time units (RTU) 

177 using the following equation, where de RT was divided by HRT. The reference time unit (t₀) can 

178 be chosen based on the characteristic time scale of the system, such as the average particle size or 

179 the reactor volume. The output values and plotted obtaining curves that respond to functions of the 

180 log type Cs - log Co.e-a.tr, with Cs being the concentration of output nitrates, Co the initial nitrate 

181 concentration, tr the residence time and r radial position and a experimental coefficient and (a) was 

182 appropriate statistical methods. 

183 The Peclet number (Pe) was calculated using the standard equation for tubular systems:

184  Pe = (v * L) / Dz

185 Equation 2: Pecklet Number

186 where v is the superficial velocity, L is the reactor length, and Dz is the axial dispersion 

187 coefficient. The dispersion coefficient was estimated from the response curve using the method of 

188 moments. The obtained Pe values indicated a predominantly plug flow regime, with relatively low 

189 axial dispersion. This suggests that the reactor design promotes efficient conversion and minimal 

190 backmixing

191 2.3.1 Fluidized bed bioreactor (FBBR)

192 To evaluate the impact of operating conditions on nitrate removal efficiency, experiments were 

193 conducted at varying influent nitrate concentrations (1400, 2800, and 4200 mg/L) while maintaining 

194 a constant flow rate of 0.0029 L/min. This flow rate was selected to yield a Peclet number of 4, 

195 which was previously determined to optimize mass transfer within the reactor. To ensure effective 

196 denitrification under anaerobic conditions, This was achieved by supplementing the reactor with 

197 methanol by dosification based in C/N ratio 1.85 (Figure 1 and Table 2), continuous monitoring of 

198 nitrate and COD concentrations by ORP ensured optimal denitrification performance. The flow (Q) 

199 was 0.0029 l/min Peclet number was TRH2 / ∑ T(1/2), dispersion module= 1/ Peclet number, Axial 

200 dispersion=flux*length/Pecket Number. Nitrate was conducted to characterize the axial dispersion 

201 within the reactor. A step change in nitrate concentration was introduced, and the effluent was 

202 monitored over time. The time of peak concentration was used to determine the mean residence 

203 time, and the variance of the response curve was used to calculate the axial dispersion coefficient. 



204 The Peclet number, a dimensionless parameter that characterizes the relative importance of 

205 advection and dispersion, was then calculated using the following equation: 

206 Figure 1: Denitrification fluidized bed bioreactor

207 Three types of hydrogel carriers with varying densities (50% p/p HEMA/AA, 25% p/p HEMA/AA, 

208 and HEMA only) were used. The flow rate was carefully regulated using a valve to ensure optimal 

209 fluidization, preventing carrier escape from the top of the reactor while allowing for carrier 

210 mobilization. The distribution of carriers within the reactor was monitored over time. The average 

211 distribution and the minimum and maximum rise of each carrier type were determined. 

212 2.3.2 Packed bed bioreactor (PBBR)

213 The packed bed bioreactor (Fig 2) was constructed using a cylindrical acrylic column with a 

214 diameter of 20cm and a height of 110cm. Perforated polycarbonate plates were used to promote 

215 biofilm adhesion, with a diameter equivalent to that of the cylinder. 

216 Polycarbonate (PC) was chosen as the packing material based on its rugged surface, which enhances 

217 biofilm adhesion and promotes stable microbial colonization, as supported by previous Page 9 of 

218 31 Environmental Science: Water Research & Technology studies . While alternative materials were 

219 not tested in this study due to design constraints, the high denitrification efficiency achieved with 

220 PC confirms its suitability for PBBR applications 

221 Figure 2: Packed bed bioreactor

222 Recirculation was achieved using a peristaltic pump operating at variable speeds to produce 

223 downstream recirculation. A dosing pump was used to regulate the feed, while a hydraulic closure 

224 was employed to prevent oxygen entering the system from the outside. In the analysis of the results, 

225 the values of HRT were converted to residence time unit (RTU), where de RT was divided by time. 

226 The output values and plotted obtaining curves that respond to functions of the log type Cs - log 

227 Co.e-a.tr, with Cs being the concentration of output nitrates, Co the initial nitrate concentration, tr the 

228 residence time and r radial position and a experimental coefficient. The influence of nitrate 

229 concentration on the hydraulic retention time for levels of 125, 250, 500, 750, and 1000 mg/l N-

230 NO3
- in PBBR.



231 2.3.3 Drag Coefficient

232 Drag coefficient measures resistance to motion in a fluid, interpretation depends on specific context. 

233 The equation 3 was
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237 Equation 3: Drag coefficient

238 dp=the particle Diameter (m), VT=terminal velocity (m/s), = 𝐶 ∗
𝐷 = 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐷𝑟𝑎𝑔 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, ρ𝑙

239 fluid density (kg/m3), =particle density (kg/m3), R particle =particle Reynolds Number and ρ𝑝

240 =Fluid viscosity.μ1

241 2.4 Control of environmental conditions to monitor ORP 

242 Nitrate concentrations were determined according to standardized methods (refer to the test 

243 analysis section for details). 

244 The oxidation-reduction potential (ORP) in the system was modeled using the Nernst equation, as 

245 proposed by Chang and Venturini [32, 33]. This model, based on the Nernst equation, describes 

246 the relationship between ORP and the concentrations of redox couples in the system, assuming a 

247 1:1 stoichiometric ratio for each chemical reaction 

248
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249 In applying the Nernst equation, it was assumed that the substrate concentration remained constant 

250 and in excess. Thus, the modified Nernst equation used in this work is expressed as follows: The 



251 standard potential (E°) used in this work were ammonium oxidation to nitrite (NO2
- )=154mV and 

252 nitrate E0
 (NO3

-) =-340mV . The original equation was modified by replacing ln(1/[H+]) for 

253  according to the author  2.3026 𝑥 4  𝑝𝐻 :

254   �  aox/ared
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255 Where E is the potential activity of the reduced and oxidized species are aOx and aRed. E0 are the 

256 standard potential: E0 (NO2
-)=154mV or E0(NO3

-)=-340mV. 
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258 Equation 4: Nernst modification to ORP model

259 2.5 Test analysis

260 The system was monitored using chemical and physical analyses of influent and effluent samples 

261 according to Standard Methods for the Examination of Water and Wastewater. The parameters 

262 analyzed included: pH and ORP Measurements, Chemical Oxygen Demand (COD), Nitrate (N-

263 NO₃⁻) and Ammonium (NH₄⁺) Analyses. pH and oxidation-reduction potential (ORP) were 

264 monitored using a Mettler Toledo pH2100 sensor. The pH measurement sensitivity is ±0.01 units, 

265 and the ORP detection range is ±1200 mV, enabling accurate environmental monitoring during 

266 anaerobic processes. COD was analyzed using Method 5220 D, with detection ranges adaptable for 

267 high (0–1500 mg/L) and low (0–150 mg/L) concentrations. This dual range allowed precise 

268 monitoring of organic load variations in the reactor. Nitrate concentrations were measured using the 

269 4500 A Standard Method with UV absorption at 220/270 nm, providing a detection limit of 

270 approximately 0.1 mg/L. Ammonium levels were determined via the phenate method at 640 nm 

271 with a sensitivity threshold of 0.02 mg/L, which ensured accurate detection under fluctuating 

272 influent characteristics. These specific detection limits and equipment sensitivities ensure a high 

273 level of accuracy in measuring environmental conditions and pollutant levels throughout the 

274 experimental setup, supporting reliable monitoring and reproducibility



275 3   Results and discussion

276 3.1 Synthesis of hydrogel Carrier

277 The HG carrier was obtained by the radio-induced polymerization of hydroxyethyl methacrylate 

278 (HEMA) and copolymerized with Acrylamide (AA). The use of different ratios of HEMA and AA 

279 resulted in carriers with varying densities and swelling grades, depending on the percentage 

280 Environmental Science: Water Research & Technology Page 12 of 31 weight/weight of AA present 

281 in the dry HEMA. The results of the swelling of different compositions of HEMA/AA at 25 kGy 

282 are shown in table 2.

283 Table 2: swelling of hydrogel and effects of AA into HEMA

weigth (g) (/%Hema /% AA)

H 50 /0 SD +/- 50 /5 SD +/- 50 /10 SD +/- 50 /25 SD +/- 50 /50 SD +/-

0.00 4.97 0.40 3.34 0.55 3.01 0.33 4.06 0.24 6.18 0.17

24.00 6.34 0.36 5.16 0.44 5.26 0.33 8.90 0.26 15.00 0.20

48.00 6.79 0.36 6.00 0.41 5.88 0.34 10.89 0.27 17.50 0.24

96.00 7.50 0.37 6.50 0.39 7.30 0.37 12.57 0.28 21.11 0.22

120.00 7.67 0.38 7.00 0.39 8.50 0.41 14.00 0.34 23.00 0.24

144.00 9.89 0.40 7.70 0.41 9.23 0.44 15.36 0.34 26.00 0.26

720.00 9.90 0.45 8.40 0.44 9.35 0.58 17.32 0.50 33.09 0.40

Qw 1.99  2.50  3.10  4.20  5.30  

284 The samples swelled in proportion to the increased AA content. The HEMA sample swelled up to 

285 double its weight, while the incorporation of 50% w/w of AA increased the weight by several times. 

286 This was due to the high formation and superficial charge of ammonium incorporated, which 

287 promoted water interaction. Swelling kinetics and diffusion mechanisms indicated that the water 

288 penetration followed a first-order kinetic for the initial periods. These results are similar to those 

289 obtained by Cuggino and Zhang [34] [19]. 

290 The HG 50/50AA materials showed that they could be operated upper zone due to their low density. 

291 On the other hand, carriers obtained with high densities showed that this composition could be used 

292 in a bioreactor with a high fluidized regime, such as a Fluidized bed. This is because this material 

293 should stay in the lower zone to avoid recirculation by tubes and pumps, and media with low density 



294 could be stratified by the same liquid, establishing three definite zones and behaving like a packed 

295 bed. 

296 Microphotographs reveal that the dense materials have an elastomeric consistency when swelled in 

297 water, as shown in the additional figure. In this figure it is possible to see the biofilm in contact with 

298 the hydrogel, which could be due to a biocompatibility process.

299 The microorganisms were mainly Pseudomonas (1–2 μm), which adhered to the carrier surface. 

300 Culture samples were cultivated in nutritive agar and EMB (Levine). The colonies were stained by 

301 Gram Tinction and then, were analyzed using API strips. The API-20E multitest system identified 

302 Pseudomonas aeruginosa (CODE: 1-353-575) with a high identification scope and (CODE:1-000-

303 477) compatible with Xylosoxydans denitrificans. Additional tests, such as the acetamide reaction, 

304 growth at 42 °C, and the oxidative (OF) glucose test and the production of pyocyanin pigment 

305 support the speciation of P. aeruginosa.

306 Microbial processes driving COD and nitrate removal involve aerobic and anaerobic degradation 

307 for COD, with aerobic heterotrophs oxidizing organic compounds in aerobic conditions, and 

308 anaerobic bacteria utilizing alternative electron acceptors in anaerobic environments. For nitrate 

309 removal, denitrifying bacteria sequentially reduce nitrate to nitrogen gas under anaerobic conditions 

310

311 3.2 Bioreactor configuration and Operation modes

312 3.2.3 Packed Bed Bioreactor (PBBR) vs. Fluidized Bed Bioreactor (FBBR) - Peclet Number 

313 and HRT

314 Figure 3 illustrates the relationship between hydraulic retention time (HRT) and nitrate removal 

315 efficiency in the packed bed bioreactor (PBBR) for different initial nitrate concentrations (125, 250, 

316 500, and 1000 mg/L N-NO3
-). To achieve 90% nitrate removal, HRTs of approximately 10 hours 

317 were required for 1000 mg/L N-NO3
-, while significantly longer HRTs (up to 5 days) were necessary 

318 for lower initial nitrate concentrations (500 and 250 mg/L N-NO3
-). This trend suggests that 

319 treatment efficiency decreases at lower contaminant concentrations due to reduced substrate 

320 availability for microbial activity. 



321 It was observed that biofilm formation on the polycarbonate packing material was initially slow. 

322 However, once established, the biofilm exhibited excellent denitrification performance. The large 

323 surface area provided by the polycarbonate plates likely facilitated the development of a robust and 

324 active biofilm. For the fluidized bed bioreactor (FBBR), a constant flow rate of 0.0029 m³/h was 

325 maintained to ensure adequate fluidization of the carriers. Experiments were conducted with 

326 increasing nitrate concentrations (1400 to 4200 mg/L). Influent nitrate concentrations of 1400, 2800, 

327 and 4200 mg/L N-NO₃⁻ were chosen to reflect realistic conditions in nuclear wastewater treatment 

328 and to evaluate the system’s capacity to reduce hydraulic retention time (HRT). Higher treatment 

329 rates in a mature biofilm allow for smaller reactor sizes or shorter treatment times, optimizing the 

330 system’s efficiency and scalability.

331 In Figure 3 shows the influence of nitrate concentration on the hydraulic retention time for levels of 

332 125, 250, 500, and 1000 mg/l N-NO3
- in PBBR and 1400, 2800 and 4200 for PBBR. To obtain 

333 efficiencies at PBBR 90% concentration of 1000 mg/l N-NO3
- , roughly 10 hours are requisite, while 

334 for 750 mg/l N-NO3
- , it extends to nearly 5 days, akin to the period for 500 mg/l N-NO3

- . At lower 

335 concentrations, treatment processes are less efficient due to reduced contaminant levels available 

336 for reaction with treatment agents. This necessitates a longer time for adequate chemical reactions 

337 to occur, achieving desired contaminant removal. For initial concentrations of 250 and 125mg/l N-

338 NO3
- , there is an approximate reduction of 3 days in residence time. This signifies that at higher 

339 concentrations, particularly at 1000 mg/l N-NO3
- , the retention periods escalate twofold to achieve 

340 commensurate efficacy in the treatment process. Thus, in order to sustain a conversion efficiency of 

341 90%, it is advisable for the system to manage concentrations no exceeding 1000 ppm. 

342 Fig 3: Denitrification Performance in function of HRT at PBBR

343 For FFBR, the flux was 0.0029 m3 /H to matain the fluidification, however the nitrate concetracion 

344 was increased from 1400 to 4200 mg/l. The FBBR demonstrated high nitrate removal efficiencies 

345 across the tested concentration range. The high Peclet number observed in the FBBR (range: 4.62 - 

346 5.1) indicates that the reactor exhibited minimal axial dispersion, promoting efficient flow through 

347 the bed and minimizing backmixing. This characteristic is beneficial for maximizing the residence 

348 time of the substrate within the reactor and enhancing the overall treatment efficiency 

349 The proposed system combines the advantages of fixed-bed biofilm reactors (PBBR), which provide 

350 a high surface area for biofilm formation even under low Reynolds or laminar flow conditions, with 

351 those of fluidized-bed reactors (FBBR), which offer excellent mixing and mass transfer due to their 



352 dynamic fluid motion. However, conventional PBBR systems are prone to clogging, while FBBR 

353 systems are limited by carrier loading capacity and often struggle to support robust biofilm 

354 formation. To address these limitations, this study utilizes variable-density carriers, which increase 

355 loading capacity and prevent excessive biofilm accumulation through carrier collisions. This hybrid 

356 approach enhances both efficiency and practicality, enabling efficient fluidization at low flow rates 

357 while mitigating clogging issues commonly observed in conventional systems 

358 3.2.4 Fluidized bed bioreactor (FBBR) denitrification of nuclear effluents

359 It appears that the fluidized bed reactor has advantages over other types of bioreactors, particularly 

360 in avoiding issues related to clogging and channeling that may be encountered in other systems. The 

361 acclimatization of the column started with a synthetic medium containing methanol (200ml/45l 

362 equivalent to 0.1M), potassium nitrate (N-NO3
- 1650mg/l), and phosphoric acid 85% (35ml/l), 

363 filling the column with carrier to 90% capacity (30x30x30). Nitrite, a key intermediate in 

364 denitrification, was evaluated in laboratory tests. At pH < 7, low nitrite concentrations were 

365 detected, while at pH > 7.5, nitrite was absent, indicating rapid conversion to N₂. Given these results, 

366 nitrite monitoring was deemed unnecessary in full-scale experiments. 

367 The reactor operated in a closed-loop batch system with recirculation to acclimate the biofilm. After 

368 14 days, the concentration of N-NO3
- dropped to zero. The system can operate more efficiently and 

369 effectively, reducing the need for frequent maintenance and allowing for longer operating times 

370 between cleanings or replacements of the packing material. Ultimately, this can lead to cost savings 

371 and better system performance as shown in fig 4. The process continues with a 24hs HRT. Fig. 6 

372 shows the denitrification process and different nutrient (PO4
-3) fluxes within the fluidized bed 

373 reactor

374 Fig 4: Kinetic behavior of culture at three different periods to check the development of the 

375 biofilms a semi-continuous experiment to establish the capacities of maximum denitrification 

376 at different PO4
-3 concentrations.

377 In the first period the initial charge of KH2PO4
-3 was 0.02M with an initial charge of 1400 mg/l N-

378 NO3
- , the maximum rate was 600 mg/l N-NO3

- in 60 days. 



379 Shear forces play a critical role in maintaining biofilm stability and reactor performance. In fluidized 

380 bed reactors (FBBRs), shear stress generated by particle collisions and fluid turbulence prevents 

381 excessive biofilm accumulation, ensuring a balance between biofilm growth and detachment. This 

382 dynamic enhances mass transfer efficiency and minimizes clogging. In contrast, fixed biofilm 

383 reactors (PBBRs) experience lower shear stress, leading to thicker biofilms, clogging, and reduced 

384 hydrodynamic efficiency. 

385 Studies have identified critical shear thresholds (e.g., 0.1–0.5 Pa) necessary for effective biofilm 

386 detachment while maintaining active biomass [34]. These findings underscore the importance of 

387 shear forces in optimizing reactor design and performance, particularly for treating high-nitrate and 

388 uranium-contaminated effluents. 

389 In the second instance, the concentration of the KH2PO4
-3 in the media was increased to 0.01M. 

390 Establishing that there was a limitation in phosphates amounts of suspended biomass retained by 

391 HG may have played an important role in the observed differences in process performance regarding 

392 the biomass composition (CH1.7O0.5N0.2P0.01). Initial concentration of N-NO3
 - was 2800 mg/l,day 

393 the maximum velocity achieved by the removal of the biofilm was approximately 1200 N-NO3 - 

394 mg/l.day. 

395 Enhanced denitrification may result from an increased capacity for active biofilm formation that 

396 enhances performance, avoiding clogging and phosphorus limitation. It seems that it requires the 

397 shortest times to achieve almost complete nitrate removal observed at an efficiency, up to 96.6%. 

398 Fluidization facilitates solid-liquid mass transfer a pesar de tener un Pe>1,5 (5), which promotes 

399 good contact. Additionally, fluidization eliminates preferential flow paths and prevents bed 

400 clogging, reduces the need for frequent cleaning or replacement of the packing material, which is 

401 another common problem encountered in packed-bed reactors..

402 The HRT and properties of denitrification reaction were obtained by empirical data through first 

403 derivate of an adimensional number as was shown in materials and methods section. The values 

404 were calculated by first derivate of the denitrification rate as shown in table 3:

405

Table 3: Hydrodynamic parameters in FBBR 



and PBBR

Flux(l/min) 0.0029

Large (m) 1.155

Nº Peclet 4

406 Nitrate removal efficiency reached high values of around 95% in a short time. The application of 

407 slow agitation in the biological packet-bed ensured high nitrate conversion at the same time, which 

408 shows that the slow agitation of biological Slow Agitation Media has a positive effect on nitrate 

409 removal. Peclet number of 4 suggests that diffusion is higher compared to the rate of convective 

410 transport system of PBBR, however the flug was piston. 

411 The slow agitation in the FBBR was effective in ensuring high nitrate conversion while avoiding 

412 clogging formation. This was achieved through a combination of low Reynolds number and high 

413 residence times (HRT). 

414 In the upflow reactors, the hydrogels had a differential distribution. The carriers with a HEMA 

415 composition were scattered in the lower zones of the column, while the hydrogels with HEMA 50% 

416 AA were promoted and "washed from the column," eventually settling in the upper zones. When all 

417 three types of hydrogels were incorporated into the column, they were distributed in two zones: the 

418 low zone consisted of HEMA, while the middle zone contained HEMA + 25% AA and HEMA + 

419 50% AA in equal proportions fig 4.

420 These findings suggest that the distribution of hydrogels in the column can have a significant impact 

421 on the performance of the system, and careful consideration of their placement may be necessary to 

422 optimize the process for specific applications [35].

423 The hydrodynamic carriers’ properties obtained in FBBR are shown in table 4 and the results were 

424 graph in fig 5: 

425 Table 4: Hydrodynamic characteristics of HG carriers

HG HEMA only

Drag Coefficient at Terminal Settling Velocity (CD*) - 0.04

Particle Reynolds Number at Terminal Settling Velocity (R*particle) - 0.000

Particle Terminal Settling Velocity (vT) m/s 6.12e2



HG HEMA 50/AA25

Particle Drag Coefficient at Terminal Settling Velocity (CD*) - 0.25

Particle Reynolds Number at Terminal Settling Velocity (R*particle) - 0.001

Particle Terminal Settling Velocity (vT) m/s 6.1

HG HEMA 50/AA25

Particle Drag Coefficient at Terminal Settling Velocity (CD*) - 0.18

Particle Reynolds Number at Terminal Settling Velocity (R*particle) - 0.008

Particle Terminal Settling Velocity (vT) m/s

1.47e1

426 Table 5: Maximun and minimun high (cm)determination of HG in column

HG type Minimum Medium Maximum

Min HG 1 5 18

Max HG 37 39 40

Min HG50 75 90 95

MaxHG50 110 110 110

MinHG25 56 58 58

MinHg25 20 78.5 81

427 .

428 The head loss in FBBR are shown in fig. 5. The inflexion point was at 2, 2.5 and 3 m/s respectively. 

429 which is low values to operate a FBBR, to achieve a great quantity of HG, and therefore, for a 

430 superficial area to biomass adhesion. Reynolds number (R2) was 117893 (turbulent), velocity (V) 

431 0.79 m/s and Darcy friction factor (fD) 0.017.

432 Fig. 5: Head Loss in FBBR

433 The differences between Fluidized Bed Bioreactors (FBBRs) and Packed Bed Bioreactors (PBBRs) 

434 stem from their operational principles and design objectives. PBBRs aim to provide a large surface 

435 area to support biomass through laminar flux, enhancing media mass transfer. Conversely, FBBRs 

436 feature a smaller superficial area but operate under turbulent flux conditions, which increase mass 

437 transfer rates and prevent the formation of biofilms. 



438 In PBBRs, the emphasis is on maximizing the surface area available for biomass attachment, 

439 facilitating efficient substrate utilization and biological treatment. This configuration promotes 

440 In PBBRs, the emphasis is on maximizing the surface area available for biomass attachment, 

441 facilitating efficient substrate utilization and biological treatment. This configuration promotes 

442 laminar flow, ensuring thorough contact between the substrate and the biofilm for effective pollutant 

443 removal.

444 On the other hand, FBBRs prioritize turbulent flow to enhance mass transfer rates and prevent 

445 biofilm formation. The fluidization of particles in FBBRs promotes agitation and mixing, ensuring 

446 uniform distribution of substrates and preventing the accumulation of biomass on the reactor 

447 surface. 

448 These distinctions in operational principles contribute to the overall performance of each bioreactor 

449 type. PBBRs excel in providing extensive surface area for biomass attachment, facilitating efficient 

450 substrate utilization and pollutant removal. In contrast, FBBRs leverage turbulent flow to enhance 

451 mass transfer rates, preventing biofilm formation and maintaining operational efficiency. 

452 Hybrid packed-bed bioreactors (PBBs) with HG biofilm carriers emerge as simple and highly 

453 productive options with favorable hydrodynamic characteristics that promote biofilm performance 

454 at the bench scale. These systems offer advantages such as low-cost catalyst carriers, high biomass 

455 retention and reduced clogging, they can be operated for extended periods, reducing process costs.

456 When comparing fluidized bed bioreactors (FBBRs) with other systems, FBBRs are particularly 

457 suitable for environmental bioremediation. Successful scale-up can be achieved by maintaining 

458 similar chemical and physical conditions in both scales while using carriers with different densities. 

459 However, further research is needed to assess pilot-scale feasibility and improve the anaerobic 

460 digestion system for bacterial adhesion in FBBRs.

461 The disadvantages of FBBRs include reactor size limitations due to the height-to-diameter ratio and 

462 high energy requirements resulting from high recycle ratios. Considering the beneficial 

463 characteristics of FBBRs, they are expected to become increasingly applied in wastewater treatment, 

464 as well as in many physical and chemical process applications, such as incineration, phosphate 

465 recovery, and advanced oxidation processes.



466 FBBRs have been widely used for anaerobic bioreactors. The system consists of coated particles in 

467 wastewater, which are sufficiently fluidized to keep [36] The support materials of FBBRs normally 

468 have extremely specific surfaces, achieving elimination levels in a shorter time than conventional 

469 biological treatment. This is because fluidization maximizes contact surface between pollutants and 

470 the biofilm on support materials. The fluidized bed bioreactor (FBBR) prevents clogging by 

471 maintaining biofilm stability through continuous carrier movement and fluid turbulence, unlike 

472 packed bed bioreactors (PBBRs), where biofilm accumulation leads to clogging and dead zones. 

473 Additionally, the turbulent flow in FBBRs enhances mass transfer by promoting uniform mixing 

474 and efficient nutrient diffusion, resulting in higher denitrification rates. These advantages make 

475 FBBRs more effective for treating high-nitrate nuclear effluents.

476 These results demonstrate that the fluidized bioreactor, hybrid behavior, offers stability, avoids 

477 clogging formation, increases operation efficiency of the activated sludge process, and provides 

478 advantages over stirred tanks. This new innovative type of bioreactor combines the high availability 

479 of catalytic converters from the packed bed, avoiding excessive formation of biofilm and plugs, with 

480 lower power consumption compared to fluidized bed.

481 The chosen configuration bears similarities to MBBR, under agitation with paddles and aerobic 

482 conditions. Comparing the results to MBBR, we observe similar performances to those obtained in 

483 our system. For instance, Dong ed at [37] achieved an HRT of 10-18 with an efficiency of 90% 

484 using ceramic carriers with a density of 1, while Hou [22] achieved an HRT of 5 with efficiency 

485 close to 61% using MBBR with carriers made of PP, PP and PS. . 

486 The effluent was equalized and treated by aerobic treatment to remove ammonia, before being 

487 transferred to the FBBR for monitoring of ORP and pH levels. Figure 6 displays the denitrification 

488 performance 

489  Fig 6. Denitrification process in FBBR A) denitrification performance and B) Monitored 

490 parameters: pH, T°C. and COD.

491 The average denitrification rate was 1631 (+/- 380) mg/l N-NO3.day. Between 200 and 400 hours, 

492 it was necessary to incorporate methanol because the stoichiometry ratio of C/N was low. Then, the 

493 system was operated with an excess of carbon. Despite the pre-established acclimatization phase, 



494 the cultivation exhibited a delay of over 72 hours in initiating the intended process. Furthermore, 

495 observations at 250 and 400 hours revealed an elevation in the load to 3000 mg/l, yet the process 

496 exhibited inefficiency. This inefficacy could be attributed to the adverse toxic attributes of the 

497 effluent and the resulting inhibitory effects. Subsequent to a prolonged duration, the system finally 

498 attained a stable operational state. Therefore, a strategic decision was made to cap the maximum 

499 load at 2000 mg/l. 

500 In contrast, Rout et at showed the efficacy and efficiency in nitrogen and COD elimination when 

501 operating at a C/N ratio of 5 impeding the nitrification process crucial for ammonium nitrogen 

502 conversion. At a COD/NO3
- ratio of 2.5, a strategy of partial enhancing nitrate removal efficiency 

503 while concurrently diminishing microbial diversity. Likewise, hydraulic retention time of 32 hours 

504 and an influent nitrate concentration of 50 mg/L emerging as the quintessential recipe for fostering 

505 elevated nitrate removal rates, removing 99.4% [37]. Strategic regulation of the carbon to nitrogen 

506 ratio within freshwater ponds presents a promising avenue for bolstering nitrate removal efficacy 

507 while mitigating nitrite accumulation, thereby mitigating environmental adversities. 

508 PBBRs excel in providing surface area for biomass attachment, while FBBRs enhance mass transfer 

509 rates and prevent biofilm formation. Considerations include reactor size, energy requirements, and 

510 operational stability. Despite challenges, FBBRs show promise for wastewater treatment and other 

511 processes, fostering further research for optimization and broader application. This potential extends 

512 to biotechnology processes involving enzyme or eukaryotic cell immobilization, as low-flow 

513 conditions minimize the risk of cell damage. 

514 Advancements in wastewater treatment, particularly in the context of uranium industry wastewater 

515 treatment, have been really significant. Various technologies and methods have been developed to 

516 address the challenges associated with treating radioactive wastewater effectively, however very 

517 few treatments have demonstrated efficient and robust advances. Some key contributions to 

518 advancements in wastewater treatment, especially in uranium industry wastewater treatment, 

519 included: Chemical Precipitation Method, Ion Exchange, evaporation concentration, adsorption, 

520 precipitation, biotechnology, membrane separation, and photocatalysis. However, these 

521 technologies have a high energy demand, the use of a low heat rate when processing the residual 

522 liquid, rapid corrosion of the equipment to be used, strict control of the system temperature and 

523 possibility of secondary contamination. Indeed, the advancements showed in this work, contribute 

524 significantly to the field of wastewater treatment, especially in the uranium industry, by offering 



525 more efficient, cost-effective, and environmentally friendly solutions for treating radioactive 

526 wastewater

527 The innovative bioreactor system developed in this study demonstrates strong potential for real 

528 world applications, particularly in treating complex effluents with high nitrate and uranium 

529 concentrations. Its scalability is supported by a modular design, high carrier load capacity, energy 

530 efficiency, and adaptability to variable effluent compositions. These features make it a promising 

531 solution for large-scale industrial wastewater treatment, contributing to sustainable water 

532 management and environmental protection.

533 4 Conclusions

534 When compared with other systems, HG carriers emerge as highly productive, cost-effective options 

535 with favorable hydrodynamic characteristics. Based on the results, we conclude that the Fluidized 

536 Bed Bioreactor (FBBR) with HG biofilm carriers demonstrated superior performance compared to 

537 the Packed Bed Bioreactor (PBBR) in terms of nitrate and COD removal efficiencies. The FBBR’s 

538 fluidized design provided enhanced mass transfer, minimized clogging through uniform biofilm 

539 distribution, and showed greater resilience to variable influent conditions. These results highlight 

540 the FBBR with HG carriers as a robust option for industrial applications, particularly in treating 

541 high-contaminant and fluctuating wastewater sources. Comparing fluidized bed bioreactors with 

542 other systems, FBBR is suitable for environmental bioremediation. Successful scale-up can be 

543 achieved by maintaining similar chemical and physical conditions in both scales while using carriers 

544 with different densities. Further research is needed to assess pilot-scale feasibility and improve the 

545 anaerobic digestion system a for bacterial adhesion. 

546 Future research should focus on several key areas to advance the pilot-scale feasibility of these 

547 bioreactor systems. Firstly, there is a need for comprehensive studies to optimize the operating 

548 parameters and design configurations of PBBs and FBBRs to ensure efficient performance and 

549 scalability into the long-term stability and robustness of these systems are essential to assess their 

550 performance under varying environmental conditions and fluctuating influent characteristics. 

551 Understanding the dynamics FBBRs over extended operational periods is crucial for reliable and 

552 sustainable operation at pilot-scale. Additionally, further exploration to improve bacterial adhesion 

553 and enhance. Strategies such as surface modification of carrier materials. Furthermore, 



554 interdisciplinary research efforts integrating bioreactor engineering, microbiology, and 

555 environmental science will be instrumental in addressing the complex challenges associated with 

556 scaling up FBBRs for practical applications. 
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