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Water Impact Statement
Photogranular technology presents potential to treat wastewater without energy intensive aeration. It 
also shows an ability to recover potential chemical energy in wastewater by carbon fixation. The current 
study presents new methods to produce seed oxygenic photogranules, involving hydrodynamic batches 
of activated sludge. The study discusses why granulation of photogranules occurs in widely varying 
settings but still in limited environments.  
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10 ABSTRACT

11 Oxygenic photogranules (OPGs), granular assemblages of phototrophic and chemotrophic 

12 microbes, offer a promising biotechnology for wastewater treatment with self-aerating 

13 potential. Currently, the seed OPG is produced under hydrostatic conditions with activated-

14 sludge inoculum. We investigated the development of OPGs under hydrodynamic conditions 

15 employing batches with different light, shear, and inoculum conditions. The results 

16 demonstrated hydrodynamic granulation of OPGs from activated sludge, presenting 

17 opportunities for rapid (less than 8 days) and bulk development. From the matrix of 

18 conditions investigated, we found that granulation occurs only with some combinations of 

19 different magnitudes of these input energies. For example, x4 dilute inoculum combined with 

20 low light supported granulation under the different shear conditions utilized. However, x4 

21 dilution inoculum with high light and high shear did not support granulation. This observed 

22 disparity in applied conditions suggests that OPG granulation ensues only with favorable 

23 interaction of variable induced energy pressures coupled with biological response selecting 

24 for spheroidal aggregates. Multi-regression analysis on temporal changes in the ratio of 

25 sludge volume index for 5 min to 30 min settling, a metric for granulation, confirmed the 

26 intercorrelation of these energy inputs on OPG granulation. This granulation scheme, 

27 dependent on goldilocks interaction of selection pressures, can potentially be extended to 

28 other granules applied in wastewater treatment.

29
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30 INTRODUCTION

31 Phototrophs harness solar energy to power synthesis of biomolecules constituting the basic 

32 production system for the biosphere.1 Phototrophic microbes are often integrated into 

33 different architectural assemblages in their environmental niches.2 While these assemblages 

34 can have deleterious environmental impacts3 and cause infrastructure damage,4 they can also 

35 be beneficially utilized for anthropogenic applications, such as photogranular wastewater 

36 treatment.5–7

37 Granular sludge consists of self-immobilized microbial consortia with high density and 

38 spheroidal profiles. Each granule is effectively a ‘micro-reactor’ in which biochemical 

39 transformations occur. The granules’ compact structure can also withstand high-strength 

40 wastewater and shock loadings.8,9 These characteristics facilitate higher retention of biomass, 

41 giving cost and space savings compared to conventional wastewater treatment operations.10,11 

42 Anaerobic granules consist of co-operative methanogenic, acetogenic, and hydrolytic 

43 fermentative trophic groups.10 Aerobic granules, on the other hand, have a microbial 

44 consortium comprising aerobic heterotrophic bacteria and nitrifying bacteria on their outer 

45 layers with facultative, anaerobic bacteria in their cores.12 While the apparent disparity in 

46 microbial dominance between the above granules is dependent on environmental niche 

47 occupied, microbial colonialization evolves along a spatial gradient, resulting in generic 

48 layered granular structures. These self-immobilized granular bioaggregates can thus be 

49 considered homologs, similar in structure but differing in microbial species dominance. 

50 Oxygenic photogranules (OPG) bear resemblance to this ubiquitous granular morphology.13–

51 18 The microbial community in OPGs consists of filamentous cyanobacteria and algae species 

52 dominating the phototrophic outer layer with light exposure while non-phototrophic bacteria 

53 dominate the inner core.16–18 Unlike other granules reported,19–23 OPGs have been cultivated 

54 and applied in illuminated reactors without supplemental aeration.8,16–20 Presently the 
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55 protocol for the generation of OPGs involves inoculating activated sludge in glass vials with 

56 light under hydrostatic conditions.13–18 The setup usually results in the generation of a single 

57 OPG aggregate in each vial that can subsequently be introduced into a reactor for wastewater 

58 treatment.13

59 Selection pressures reported to enhance the formation of other granules19,20,23–25 can also be 

60 inferred for OPGs. Sequencing batch reactor (SBR) operation of OPGs, with a 10 min settling 

61 period,13 effectively retains rapidly-settling biomass. This settling-time based selection 

62 together with SBR cycle lengths (4 h)13 induced hydraulic selection pressure (HSP).25,26 It has 

63 been reported that long settling and cycle periods induced minimal HSP and hence did not 

64 promote the propagation of aerobic or nitrifying granules, while too short settling times 

65 resulted in washout of microbes and small granules hence no granulation.23,24 Therefore, for 

66 successful granulation, the rate of removal of unsettled granules via HSP control should 

67 consider their growth rate (  to ensure retention of juvenile granules and sufficient ������	
�)

68 biomass for functionality.

69 Feast and famine selection pressure inherent in SBR operations has also been reported as 

70 necessary to granulation.26 Granular systems, including OPG reactors,13 are predominantly 

71 operated in this scheme.11,20 SBR cycling operation fosters substrate diffusion gradients into 

72 the granular matrix27 with convective mass transport also distributing substrates in bulk fluid 

73 and into the granules through their porous structure.28,29 Furthermore, OPG reactors were 

74 configured with operational cycling of dark and light periods creating feast and famine 

75 conditions for ‘light-substrate’.13 For OPGs developed under hydrostatic conditions, famine 

76 conditions persisting initially in activated-sludge inoculum are followed by a feast state due 

77 to biomass decay.14,15 In these conditions, compaction of activated-sludge inoculum was 

78 promoted and light-induced phototrophic enrichment resulted in OPG development.14–16
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79 The presence of shear pressure in granular systems serves to suspend the biomass and 

80 distribute bulk substrate flux. Shear is also essential for sizing and ‘shaping’ granules, with 

81 higher shear resulting in smaller and more spherical aggregates.30,31 Shear force increases 

82 hydrophobicity and particle density while also aiding in initiating and enhancing collision of 

83 particles in the fluid media.31 Agitation in OPG reactors, provided by mechanical mixing, not 

84 only has similar influences but also critically facilitates the interaction of the granules with 

85 the light substrate. Light supplied at the surface of reactors penetrates the fluid media and 

86 decays per Beer-Lamberts law.32 The turbidity33 in the reactor bulk matrix limits light 

87 penetration necessitating the suspension of OPGs to ‘see’ light substrate.34 For cyanobacteria 

88 which form the structural backbone of OPGs,14 growth is strongly correlated to light intensity 

89 and weakly to carbon assimilation in a growth optimization strategy.35 Mixing is therefore 

90 essential to ensure optimal interaction of OPGs with light to sustain granular functional and 

91 structural integrity.

92 The ubiquity of granulation and selection pressures promoting granule formation and 

93 function led to a hypothesis that the formation of seed OPGs from activated sludge should 

94 also occur under hydrodynamic conditions. We likewise hypothesized that granulation of 

95 OPGs occurs within a ‘goldilocks zone’ due to the interaction of chemical energies, shear 

96 pressure, and light energy in varying magnitudes. This study aims to examine these two 

97 hypotheses by conducting matrices of batch experiments with varying energy flows. If 

98 successful, the formation of OPGs under hydrodynamic conditions would be a preferred 

99 seeding protocol to hydrostatic cultivation. Nevertheless, the work associated with the second 

100 hypothesis may explain why OPGs, and potentially other granules, would still occur under 

101 limited sets of environmental conditions. 
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102 MATERIALS AND METHODS

103 Experimental set-up

104 A jar-test rig mixer was used to induce mixing in batch reactors. The mixer’s variable speed 

105 drives were calibrated to run at speeds of 20 rpm, 50 rpm, and 80 rpm. The paddle-blade 

106 impellers had diameter of 5 cm, width 2.9 cm and were set at a clearance of 5 cm from the 

107 vessel bottom. Clear cylindrical-glass jars (1 L) were used for the experiment with an 

108 operating volume of 800 mL. The 20 rpm, 50 rpm, and 80 rpm mixing speeds induced 

109 theoretical shear stresses36 of  0.01 N m-2 (11 s-1), 0.04 N m-2 (39 s-1), and 0.07 N m-2 (73 s-1), 

110 respectively–see supporting information for more hydrodynamic property information. 

111 Batches were operated under three light intensities of 6.4±1 KLux, 12.7±1 KLux, and 25±1 

112 KLux, using 9 W LEDs (EcoSmart, daylight 5000 K) with a luminosity of 840 Lumens. 

113 These light conditions are equivalent to photosynthetic flux densities of 117, 216, and 450 

114 µmol m-2 s-1, respectively, and were provided continuously for a duration of 8 days. There 

115 was no supplemental aeration in all batch systems.

116 Reactor seeding

117 We collected activated-sludge inocula from a local wastewater treatment plant on three 

118 different days for the current study. The collected activated sludge had mixed-liquor 

119 suspended solids (MLSS) of 5300 mg/L, 3900 mg/L, and 4400 mg/L for 20 rpm, 50 rpm, and 

120 80 rpm sets, respectively. The biomass had an average ratio of 85% between volatile 

121 suspended solids (VSS) and MLSS. This inoculum was diluted with deionized water giving 

122 x4, x2 and x1 dilution inocula. The batch reactors were then seeded and capped to minimize 

123 evaporation. Each batch ensemble was set up with a constant mixing speed with different 

124 light intensities and dilution (e.g., 9 batches for 80 rpm ensemble combined with three light 

125 conditions and three dilutions). Total 27 batches, each in duplicate, were operated (Table 1). 
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126 Analytical methods

127 Sludge volume index (SVI) after 5 min and 30 min settling of biomass, SVI5 and SVI30, was 

128 determined based on Standard Methods (2710D).37 Total and volatile suspended solids (TSS 

129 and VSS), chlorophyll pigments, and dissolved oxygen (DO) were either measured or 

130 determined following a designated method in Standard Methods.37 

131 Imaging analysis and microscopy

132 We periodically collected samples (5 mL) of mixed biomass in Petri dishes and obtained 

133 high-resolution images. Image pro®v10 software (MEDIA CYBERNETICS) was utilized to 

134 characterize for particle sizes and number. A Weibull distribution was used to describe the 

135 particle size distribution (PSD).38 Additionally, we conducted light microscopy (EVOS FL 

136 Color AMEFC-4300) using bright field and epifluorescence (RFP light cube-532 

137 excitation/590 Emission) to characterize changing morphology and microbial composition.17 

138 Enrichment of cyanobacteria expected with OPG granulation results in golden-orange 

139 fluorescence due to the cyanobacteria’s phycobiliproteins, specifically phycoerythrin.39

140 Statistical analysis

141 Minitab (Minitab v.17) and Excel (2010) were applied for all statistical analysis. The 

142 significance of the results was determined at the 0.05 probability level. A metric SVI5/SVI30 

143 ratio was used to describe temporal settleability40 of samples. Multiple regression models 

144 (least squares) were fit to the change in SVI5/SVI30 ratio data for day 6 and day 8 using the 

145 experimental parameters (light, mixing, and dilution) as predictor variables. Models were 

146 developed without (M) and with (Mi) parameter interactions. More details on the model setup 

147 are presented in supporting information. Pearson correlation was used to evaluate the 

148 correlation between variables. 
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149 RESULTS 

150 Generation of OPGs by hydrodynamic batches using activated-sludge inoculum

151 Granular aggregates appeared in several batches operated with different magnitudes of 

152 mixing, light, and inoculum concentration (Figure 1). The images of 5 mL grab-sample 

153 biomass on day 8 showed that batches with lower mixing speeds (20 rpm and 50 rpm) and 

154 higher biomass dilutions (x4 and x2) across all three light conditions yielded granular 

155 aggregates. Granular aggregates were observed in these sets by day 5. Under 80 rpm mixing, 

156 mainly one set (x4, 6.4 KLux) was discernable for granule formation. Furthermore, all 

157 batches conducted with undiluted (x1) inoculum did not reveal identifiable granules, 

158 regardless of any mixing and light conditions provided.

159 Light microscopy confirmed that granules formed in these hydrodynamic batches were 

160 analogous to OPGs cultivated under hydrostatic conditions or those produced in reactor 

161 operation seeded with hydrostatically-formed OPGs (Figure 2; Figure S1). Like previously 

162 reported OPGs,14,15,41 the granules’ outer surface was dominated by filamentous 

163 cyanobacteria that formed an interwoven mat-like structure. Autofluorescence microscopy 

164 also led to clear visualization of these filamentous cyanobacteria due to their phycobilin 

165 pigment. The flexing and gliding motility of filamentous cyanobacteria was observed, 

166 indicating that they belong to the subsection III cyanobacteria, which are different from other 

167 filamentous cyanobacteria (i.e., the subsections IV-V) that are non-motile and also undergo 

168 cell differentiation.42,43 The enrichment of the subsection III cyanobacteria, or 

169 “Oscillatoriales” in the traditional sense,42 is well documented from OPGs cultivated under 

170 hydrostatic conditions and reactor operation.14
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171 Evolution of particle sizes 

172 We investigated  the change in particle sizes that occurred in the hydrodynamic batches. An 

173 increase of the consortia particle concentration around the mean size was observed under all 

174 conditions with 20 rpm agitation (Figure 3a-c; Table S1). The mean particle sizes for x4 and 

175 x2 dilution ensembles, most of which showed the formation of OPGs (Figures 1, 2), changed 

176 from an average of 0.08 mm and 0.06 mm both to 0.15(±0.004) mm, while the mean size of 

177 undiluted ensemble increased from an average of 0.06 mm to 0.11(±0.004) mm. The increase 

178 in mean particle size was also accompanied by positively skewed distributions. 

179 For 50 rpm sets (Figure 3d-f; Table S1), the mean particle size exhibited decreases for x4 and 

180 x1 dilutions and an increase for x2 dilutions. For the x4 dilution ensemble, the mean particle 

181 size decreased from 0.16 mm to 0.14(±0.019) mm. The mean particle size for x2 dilutions 

182 increased from 0.13 mm to 0.15(±0.008) mm, while those of undiluted ones decreased from 

183 0.11 mm to 0.10(±0.01) mm. While PSD was observed to shift towards smaller sizes for the 

184 entire 50 rpm batches, the sets with x4 and x2 dilutions in which OPGs appeared exhibited 

185 more significant positive skews towards larger sizes. The overall decrease in both mean and 

186 median size for the 50 rpm ensemble can be attributed to particle breakage and detachment 

187 resulting from higher mixing-induced particle-particle collisions.24,31 However, the positive 

188 skews observed in higher-dilution sets indicate an increase in the concentration of larger 

189 particle sizes, including granules (Figures 1, 2). This increase in sizes for 50 rpm suggests a 

190 microbially driven aggregation withstanding the shear limitations.44 

191 The 80 rpm ensemble had an average initial mean particle size of 0.12(±0.002) mm. This 

192 mean was conserved at 0.12(±0.026) mm for x4 dilution while decreasing to 0.10(±0.008) 

193 mm and 0.08(±0.018) mm for x2 and x1 dilutions, respectively. Compared to day 0 samples, 

194 most 80 rpm sets experienced a shift towards smaller PSD. It is worth noting that PSD 
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195 became significantly positively skewed in x4 dilutions with two lower light conditions, 

196 indicating increase in the concentration of larger particle sizes.

197 Assessment of settleability with SVI

198 The SVI is used to assess the ease of solids separation in wastewater treatment.45 Activated 

199 sludge with effective settling typically shows SVI30 <150 mL/g.46,47 OPGs from reactor 

200 operation have a reported average SVI30 of 53 mL/g.13 Aerobic granules have a reported 

201 average SVI5 of 88 mL/g48,49 and algal-bacterial granules an average SVI5 of 48 mL/g.19 

202 The undiluted activated-sludge inoculum had an average SVI5 of 221 mL/g (Figure 4) and 

203 SVI30 of 219 mL/g (Figure S2). Activated-sludge inocula with x4 and x2 dilutions showed 

204 average SVI5 values of 798 mL/g and 432 mL/g and SVI30 of 235 mL/g and 246 mL/g, 

205 respectively. The significant increase of SVI5 with dilution indicates poor settleability 

206 reflecting dilution-induced reduction of inter-particle interaction that diminishes flocculent 

207 (Type II) and hindered (Type III) settling effects in activated sludge.28 

208 In 20 rpm and 50 rpm batches, all x4 dilution sets, all of which clearly showed the formation 

209 of OPGs (Figures 1, 2), exhibited clear decline in SVI5 over the batch period. Except for one 

210 set, their terminal SVI5, 65±5 mL/g, was comparable to that of aerobic granules and algal-

211 bacterial granules. The incongruent 20 rpm-12.7 KLux-x4 batch, which clearly produced 

212 OPGs, had SVI5 of 245 mL/g. The SVI result therefore indicates that the formation of 

213 granules in this set was not sufficient to lower SVI5 for bulk biomass. This statement may 

214 also apply to the sets with 20 rpm, x2 dilutions under all light conditions, although granule 

215 formation was less conspicuous than the former batch. In contrast, batches with 50 rpm, x2 

216 dilution showed SVI5 proximate to or much less than 100 mL/g, indicating that these sets 

217 overall resulted in effectively settling biomass, including granules. The undiluted sets in 20 

218 rpm and 50 rpm had little or marginal change in SVI5 as well as high terminal SVI5 values 
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219 (197±12 mL/g). The 80 rpm batch ensemble showed similar trend to the lower-mixing 

220 counterparts. However, only one set (80 rpm-6.4 KLux-x4), which showed the formation of 

221 OPGs, resulted in SVI5 <100 mL/g. The settleability of this set was concordant with 6.4 

222 KLux-x2 and 12.7 KLux-x2 batches with SVI5 at 109 mL/g and 105 mL/g, respectively. As 

223 with 20 rpm and 50 rpm batches, there was little change in SVI5 for undiluted sets at 80 rpm 

224 agitation.

225 Temporal change in SVI5/SVI30 ratio

226 A temporal increase in settling velocities of biomass ensues with transition from floc to 

227 granular morphology, which translates to both decrease and convergence of the ratio of 

228 SVI5/SVI30 over the batch period.40 We hence examined this ratio as a characteristic metric 

229 for granulation (Figure 5).

230 Batches with x4 dilute inoculums in 20 rpm and 50 rpm mixing under all three light 

231 conditions, which produced easily observable OPGs, showed clear decreases in the 

232 SVI5/SVI30 ratio over the 8-day experimental period. The decrease from the peak to the day 8 

233 ratio in these six sets was by 60(±6)%. The counterparts in 80 rpm mixing showed an average 

234 decrease of 36(±8)%, while the set with 6.4 KLux, x4 dilution showed the highest difference 

235 at 50%.

236 The x2 dilutions in 20 rpm under all light conditions showed increases in SVI5/SVI30 over the 

237 batch period. Hence, although OPGs were formed in these sets (Figure 1) and the settleability 

238 of biomass significantly improved, as seen with 66(±4)% decrease in SVI30 (Figure S2), both 

239 biomass morphology and SVI5/SVI30 ratio data suggest that granulation in these sets was 

240 weaker than the x4 dilution sets. In 2x, 50 rpm sets where photogranules were formed under 

241 all light conditions, the SVI5/SVI30 ratio decreased by day 8 after an initial increase. The 

242 average difference between the peak and the day 8 ratios was 48(±9)%. The 80 rpm, x2 
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243 dilution sets showed weaker convergence in the SVI5/SVI30 ratio, compared to 50 rpm 

244 counterparts, or increased over the batch period. 

245 Undiluted sets under all mixing and light conditions had increasing or unchanging 

246 SVI5/SVI30. These are the batches that also showed no or little change in SVI5 during the 

247 experimental period (Figure 4). Furthermore, both macroscopic and microscopic 

248 examinations did not reveal observable granules. These results suggest that the undiluted 

249 batches were the least favourable for photogranulation to occur regardless of the conditions 

250 of mixing and light provided.

251 With the SVI5/SVI30 ratio as a characteristic metric for granulation, multiple regression 

252 models50 were fit to the change in SVI5/SVI30 ratio data over the batch period to evaluate the 

253 significance and dependence on experimental parameters: light, mixing, and dilution (Table 

254 2). Model fits without interactions (M) had R2 of 49% on day 6 and 62% on day 8. On the 

255 other hand, the model results with parameter interactions (Mi) had R2 of 56% and 70% for 

256 day 6 and day 8, respectively. Interaction of the predictors improved the model fit with lower 

257 deviation and better model fit for the data (R2), suggesting significance of their 

258 interdependence on the SVI ratios. Moreover, improvements were also seen on the model fit 

259 adjusted for additional terms (R2-adj) and in the model predictive capacity (R2-pred). This 

260 improvement was, on average, 16% (std. dev 0.21) on day 6 and 11% (std. dev 0.01) on day 8 

261 in the R2 measures. On day 6 only mixing and dilution interactions showed significant impact 

262 on the SVI ratio changes and model-fit coefficients. However, day 8 showed significant 

263 interaction by all three parameters–model details are provided in supporting information. This 

264 can be attributed to continued illumination altering the phototrophic composition of biomass 

265 and impacting the settleability and granulation–the following section describes more about 

266 this.
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267 Phototrophic enrichment

268 In 20 rpm sets, each batch was characterized by an initial decay phase with decreasing DO 

269 (Figure S3). This phase was followed by a phototrophic bloom seen with increasing 

270 chlorophyll pigments to day 4 (Figure 6a,b) and increase in DO indicating photosynthetic 

271 oxygenation. Between days 4 and 6, the three x4 dilution sets, which clearly supported 

272 granulation, showed a plateau phase for chlorophyll a but clear declining phase for 

273 chlorophyll b–chlorophyll a is the essential pigment for all phototrophs while chlorophyll b is 

274 accessory pigment associated with eukaryotic phototrophs.51 This result, also with 

275 microscopic analysis (Figure 2; Figure S1), therefore suggests enrichment of cyanobacteria in 

276 these batches. Between days 6 and 8, an increase in both chlorophyll a and b was observed, 

277 inferring increased population of microalgae.13,15,51 In the other 20 rpm sets, a consistent 

278 increase of chlorophyll a and b ensued between days 4 to 8, in the majority of sets, 

279 suggesting prevalence of microalgal enrichment.13,15,51

280 For sets under 50 rpm agitation, a general increase in chlorophyll a by day 4 was 

281 accompanied by minor changes in chlorophyll b (Figure 6c,d). These chlorophyll trends 

282 allude to cyanobacterial enrichment in the ensemble. The chlorophyll a increased beyond day 

283 4 to the end of the experiment, generally increasing with dilution to day 6. Moreover, 

284 chlorophyll a in the x4 and x2 sets, those producing OPGs, were clustered higher than non-

285 granulating undiluted sets by day 6–one exception was the 6.4 KLux-2x batch. Chlorophyll b 

286 concentrations increased with dilution and light intensity after day 4 in contrast to 20 rpm 

287 sets, which primarily increased after day 6. These faster increases, an indicative of faster 

288 microalgal growth, can be ascribed to elevated light energy interactions per particle 

289 concentration from higher agitation. 

290 Under 80 rpm, both chlorophyll a and b concentrations in most sets had marginal increases 

291 up to day 4 and further increases up to day 8 (Figure 6e,f). Analogous to the 50 rpm 
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292 ensemble, the increase was proportional to dilution alluding to light penetration expediency 

293 within the batch vessels. The pigment concentrations in x2 and x1 dilutions increased with 

294 light intensity but not in x4 dilution sets which had potentially higher variability in light 

295 interactions. In this 80 rpm set, the trends in chlorophyll a concentrations were strongly 

296 correlated to that of chlorophyll b with an average r=0.97, indicating that microalgal growth 

297 was dominant in these batches. Basically, only one set which had the lowest light, and the 

298 lowest amount of biomass rendered the formation of OPGs (Figure 1).  

299 DISCUSSION

300 Current research on granule-based wastewater treatment focuses on understanding granules’ 

301 operational and functional characteristics to improve their engineering application.40,52–54 For 

302 photogranular biomass, photosynthesis presents additional functional complexity due to its 

303 interaction with light.1,22,55 The phototrophic microbes are essential for either granular 

304 structure such as in algal-bacterial aggregation with aeration19–21 or both the structure and 

305 function for OPGs with self-aeration.13–15,18 In the latter, maintaining functional integrity 

306 involves balancing the photosynthetic rate generating oxygen and the microbial consortia 

307 respiration rates consuming oxygen for organic matter removal and nitrification. 

308 This study examined the potential for hydrodynamic granulation of OPGs from activated-

309 sludge inoculum, which was previously generated under hydrostatic conditions.14–16 While 

310 different combinations of conditions were examined, the batch sets having 20 rpm and 50 

311 rpm mixing, combined with x4 and x2 dilute activated-sludge inoculum and the three 

312 different light conditions tested were found to be amenable for formation of OPGs (Figures 1, 

313 2). These results present not only an additional way to produce seed OPGs but also 

314 opportunities for rapid (5-8 days) and bulk development of OPGs compared to the previous 

315 singular generation using hydrostatic cultivation (21 days).15 
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316 We showed that high agitation rates with 80 rpm mixing (0.07 N m-2; 73 s-1) resulted in a 

317 decline of particle sizes and curtailed aggregation in contrast to the lower agitation rates 

318 (Figure 3; Table S1). However, when combined with low-light intensity 6.4 KLux and x4 

319 dilution, OPGs were formed even at this high shear. The batch sets with 20 rpm and 50 rpm 

320 mixing, on the other hand, resulted in granulation under a broader range of light intensities 

321 and dilution. While no OPGs were observed in hydrodynamic batches with undiluted 

322 inoculum regardless of any combination with mixing and light conditions provided, OPG 

323 granulation has occurred with undiluted activated-sludge inoculum under negligible kinetic 

324 energy (i.e., hydrostatic photogranulation).14–16 These variable experimental outputs, 

325 therefore, indicate a granulation promoting confluence of diverse magnitudes of applied 

326 variables (i.e., kinetic, biochemical, and light energies). 

327 Various investigators have reported on the importance of shear as a core selection pressure 

328 for granulation.26,30,31 Hydrodynamic forces distribute the mass flux within the reactor and 

329 initiate particle-particle interaction with induced shear sculpting the resultant three-

330 dimensional structure.31 Moreover, the increase in hydrophobicity induced by strong shear is 

331 essential for the initial cell-to-cell contact as it reduces the surface free Gibbs energy of the 

332 cells, resulting in their separation from the liquid phase.26,31,49 The changes in biomass 

333 morphology and the decrease and convergence of SVI5/SVI30 ratio indicate sustained 

334 aggregation of biomass in the lower shear environment compared to the high shear rate 80 

335 rpm sets. Propagation of OPGs has been reported in reactor operations with a calculated shear 

336 rate of 38 s-1,13 comparable to 50 rpm conditions employed in this study. This similarity 

337 suggests an ideal shear range for granulation in a hydrodynamic environment. 

338 We also examined the effect of shear on photogranulation from the perspective of particle 

339 size distribution. The 80 rpm mixing in this study resulted in a calculated Eddy length scale56 
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340 of 119 µm, comparable to or smaller than the inoculum’s mean and median particle size of 

341 118 µm and 220 µm, respectively (Table S1). Enhanced particle collisions and dissipation of 

342 kinetic energy,57 therefore, most likely limited aggregation in the 80 rpm ensemble and 

343 decreased the bulk consortia size. This shear effect will be particularly enhanced in undiluted 

344 sets because increasing solids concentration (mean MLSS 1061 mg/L and 4523 mg/L in x4 

345 and x1 dilutions, respectively) distorts the viscosity of the bulk fluid transforming its 

346 rheology from a Newtonian dominated flow into a particle-particle interaction flow 

347 suspension.58,59 A higher viscosity in undiluted sets would therefore result in higher shear 

348 stress on particles compared to diluted sets, which is supported by PSD trends (Figure 3) and 

349 average mean and median particle sizes among the 80 rpm ensemble (Table S1)–this trend 

350 also holds true for the lower mixing sets. Nevertheless, some granulation observed under 80 

351 rpm mixing can be attributed to the microbial resistance to particle interactions and shear 

352 stress,44 especially with dilution. For 50 rpm batches, an Eddy length of 164 µm was 

353 determined with a mean inoculum particle size of 132 µm and a median of 220 µm. On the 

354 other hand, the 20 rpm set had an Eddy scale of 301 µm compared to the inoculum mean size 

355 of 72 µm and median 153 µm. The higher length scales of shear energy dissipation compared 

356 to particle sizes and a reduced particle-particle collision could explain the enhanced 

357 granulation in the 20-50 rpm ensembles. 

358 In OPGs, the light substrate is an  essential source of energy for photosynthesis to occur. 

359 Among various phototrophs, enrichment of the subsection III filamentous cyanobacteria 

360 possessing motility42,43 and their entanglement have been postulated to be responsible for 

361 OPG development.16,17 In the batch operation adopted, the utility of light substrate is a 

362 function of light intensity provided as well as both dilution and agitation. Phototrophic 

363 enrichment showed a high sensitivity to increasing light intensity (Figure 6). Inoculum 

364 dilution likewise allows for penetration of light, increasing light-biomass interaction 

Page 17 of 34 Environmental Science: Water Research & Technology



17

365 compared to undiluted sets at the same mixing speed. Supporting this, the change in mean 

366 particle sizes had a high positive correlations to the light intensity (r >0.85) and dilution (r 

367 >0.92) across all mixing speeds. In addition, a higher mixing speed increases the incidence of 

368 light exposure at the same light intensity. Consequently, the proportion of phototrophic 

369 enrichment generally increased with both the dilution and mixing speed under the same 

370 intensity of light. 

371 However, no OPGs were formed in high-shear and high-light substrate conditions (80 rpm-25 

372 KLux) (Figure 1). The high-energy inflow from high agitation and light intensity were found 

373 to favor microalgae growth rather than filamentous cyanobacteria, seen with both microscopy 

374 (Figure 2) and the trend of chlorophyll a and b concentrations (Figure 6). Algae are known 

375 for higher shear tolerance compared to both cyanobacteria and dinoflagellates,44 which may 

376 explain the persistence of algae under the 80 rpm agitation. Moreover, microalgae are tolerant 

377 and can adapt to high-intensity light,60 whereas filamentous cyanobacteria are well known for 

378 their photophobic characteristic.61 Hence, the lack of granulation of OPGs in these ‘high-

379 energy’ sets could be due to repressed growth of cyanobacteria, which may arise from light 

380 induced photoinhibition and shear-induced limitation. 

381 Despite the different morphologies of biomass, both activated sludge and granular biomass 

382 systems employ similar inputs, namely, agitation, a wastewater stream, and a microbial 

383 consortium. In conventional activated sludge operations for wastewater treatment, no 

384 spontaneous granule formation has been reported to date. However, altered operational 

385 conditions have resulted in the formation of granular biomass using activated-sludge 

386 inoculum. 14,15,48,52 Moreover, similar inputs exist in other environments, such as in 

387 waterways, where niche colonization takes the morphology of mats and biofilms.2 Thus, 

388 despite the prevalence of analogous conditions, the form and interactions of those conditions 
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389 likely select for enhancement of different phenotypes.54,62 It thus seems evident that 

390 operational or ecological conditions inducing specific bio-physiological response are 

391 responsible for granulation.

392 It can be surmised that granulation of OPGs, or any granulation, occurs under the influence of 

393 macro inputs coupled with biological responses. Results presented with OPG granulation in 

394 this study indicate the existence of multiple granulation frontiers with different combinations 

395 of energy inputs: light, shear, and biochemical energies. This statement also applies to a 

396 previous discovery that granulation of OPGs occurs even in a hydrostatic environment, which 

397 is considered a rare phenomenon.16–20 The various ensembles of energy can be presented as a 

398 ‘zone of granulation interactions’ (Figure 7). When these ‘goldilocks conditions’ are 

399 achieved, a bio-structural response is expected to ensue favouring spheroidal structures and 

400 enhancing selection of aggregating characteristics of filamentous cyanobacteria for OPGs. 

401 Similar optimal interaction of shear and substrate energies has recently been reported from 2-

402 D modelling for aerobic granules. The selection pressure strategies applied influenced 

403 substrate availability which was shown to promote granulation.54 

404 We propose that particle-particle attachment coupled with ecological associations as 

405 microbes seek a survival niche63 occurs at the onset of granulation. This initial aggregation is 

406 compounded by increasing sizes of the micro flocs due to microbial growth, particle 

407 adherence, and filamentous entanglement.15,31 Thereafter, microbial translocation aided by 

408 cell motility and dominance in response to persisting environmental conditions,16 seem to 

409 occur in tandem with granular growth. Current approaches seek to identify discrete 

410 environmental selection conditions within this granulation enabling zone.9 The outcome of 

411 this study indicates the existence of a wide array of ‘granulating’ conditions. A systems-based 

412 broad perspective, such as conditional flux-based analysis,62 can be used to identify the trade-
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413 offs for operational conditions selecting for granulation. Further research is necessary to 

414 develop appropriate formalism and to identify similarities in the biological response of 

415 different granules morphologies.

416 CONCLUSION

417 Different morphologies have been observed between similar microbial populations and 

418 comparable environmental stresses of varying magnitudes. These suggest potential links 

419 between the magnitudes and interactions and resulting bio-physiological structures. This 

420 study shows activated sludge which experienced shear, light and nutrient (substrate) pressure 

421 from dilution was transformed into OPGs by varying the magnitudes of these stresses. This 

422 presents potential opportunities for in-basin transformation of conventional activated sludge 

423 floccular biomes into granular form by varying operational conditions. Further investigations 

424 and optimization are needed to translate the various process benefits enumerated for granular 

425 biomass in wastewater treatment.
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Table 1. Experimental set-up with combinations of different conditions of light, mixing, and 

biomass dilution.

 Light                            Mixing                     20 rpm (0.01 N m-2) 50 rpm (0.04 N m-2) 80 rpm (0.07 N m-2)

6.4 KLux (117 µmol m-2 s-1)
x4, x2, and x1 

dilution 

x4, x2, and x1 

dilution 

x4, x2, and x1 

dilution  

12.7 KLux (216 µmol m-2 s-1)
x4, x2, and x1 

dilution  

x4, x2, and x1 

dilution 

x4, x2, and x1 

dilution  

25 KLux (450 µmol m-2 s-1)
x4, x2, and x1 

dilution  

x4, x2, and x1 

dilution  

x4, x2, and x1 

dilution  
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Table 2. Multiple regression fit parameters for SVI5/SVI30 ratio change.* 

SVI day Std. Dev (S) R2 R2 (adj) R2 (pred)

Day 6 (M) 0.85 49.33% 46.35% 44.06%

Day 6 (Mi) 0.79 56.21% 53.63% 52.02%

Day 8 (M) 0.81 62.17% 59.94% 58.81%

Day 8 (Mi) 0.73 69.54% 67.11% 64.89%

*M: model results without interactions of experimental parameters (light, mixing, and 

dilution), Mi: results with experimental parameter interactions.
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Figure 1. Petri dish images of 5 mL grab-sample mixed biomass from each batch reactor on 

day 8 run under different experimental conditions. Scale bars are 1cm.
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