Recovery of nutrients from liquid fraction of digestate via struvite precipitation in a
fluidized bed reactor using waste-derived reagents
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Introduction

Biogas plant effluents pose significant environmental risks due to their high nitrogen (N) and phosphorus (P)
contents, the untreated release of which may increase the potential for eutrophication in aquatic ecosystems
(Daneshgar et al., 2018). On the other hand, these are vital resources hence not only removal, but recovery of
nutrients is essential to prevent pollution and improve resource efficiency. Struvite (MgNH4PO4 6H,0)
precipitation is recognized as a sustainable technology for simultaneous N and P recovery, producing a value-
added product with various potential applications (Kutlar et al., 2024). However, effluents from biogas plants
typically contain excess nitrogen compared to magnesium and phosphorus, thus requiring external addition of Mg
and P (Yilmazel and Demirer, 2011). In this study, waste-derived sources; bone meal (BM) and waste magnesite
dust (WMD) were utilized as low-cost sources of P and Mg, respectively, with the aim of reducing chemical costs
and contributing to the circular economy-oriented solid waste management through industrial symbiosis. In this
work, struvite precipitation was investigated in a laboratory-scale fluidized bed reactor (FBR), which offers
enhanced solid-liquid contact and effective mixing compared to batch systems (Shim et al., 2020). Even though,
systematic reviews have reported that most of the lab studies in this field have been conducted in batch systems,
continuous FBR operations dominate the full-scale applications (Lorick et al., 2020). To ensure efficient operation
initially, the FBR system was optimized based on a Box-Behnken design (BBD) with synthetic wastewater
prepared to simulate a manure digester effluent.

Material and Methods

Synthetic wastewater (Table 1) was prepared based on the characterized biogas effluent composition
reported by Kutlar et al. (2024). An acidic dissolution was applied to both BM and WMD. To evaluate the effects
of hydraulic retention time (HRT), recirculation rate, and P:N molar ratio a BBD within response surface
methodology was employed. Each factor was tested at three levels, and the experiments were conducted over three
HRTs. Experiments were performed at room temperature in a laboratory-scale FBR (working volume: 2.7 L)
within a pH range of 8.5-9. The reactor was equipped with four inlets for synthetic wastewater, BM, WMD, and
NaOH, one outlet, one harvest port and a recirculation. For each experiment, each input flow rate was set to achieve
the desired molar ratio of Mg:N:P inside the reactor and to control the pH. At the end of each HRT a harvest was
collected, and the effluent was filtered for N, P, and Mg analysis. The filtered harvests were collected at the end
of each HRT and dried at 35 +1 °C for 24 h, and the total weight of precipitate was recorded.

Table 1. Characteristics of synthetic wastewater

Parameters Synthetic Wastewater Parameters Synthetic Wastewater

POs-P 5.80 mmol L™ Zn 0.125 mmol L*
NH,-N 35.80 mmol L™ Al 0.125 mmol L™
K 12.8 mmol L™ Cu 8.25 pmol L™
Mg 9.98 mmol L Cr 0.125 pmol L*
Fe 4.725 mmol L* Ni 3.4 pmol L*
Na 9.775 mmol L Pb 0.005 pmol L™
Ca 3.05 mmol L™ Cd 0.03 pmol L™!

Results and Discussion
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NH.-N recoveries ranged from 72-83%, PO,-P recoveries 47-91.4%, and Mg** recoveries 89-95% (Fig. 1).
Although P recoveries decreased at higher P:N ratios, this trend reflected the increased initial phosphorus load
rather than diminished reaction performance. The initial results show that the P:N ratio and HRT are the main
factors controlling nutrient recovery in FBR, while the recirculation rate has a comparatively limited effect. Based
on the N recoveries, experiments 3 and 4 achieved the highest levels. However, their PO4-P residual concentrations
were higher than the initial PO,-P content of the feed (Table 2).

Table 2. BBD experimental parameters and residual concentrations of NH,-N, PO4-P and Mg**

Parameters Residual (mmol L?)

Experiment HRT  Recirculation Rate P:N NH,-N  POs-P Mg*

1 45 225 1.0 8.47 3.06 2.88
2 45 225 2.0 7.88 33.81 2.76
3 45 50 1.5 5.78 16.99 1.82
4 45 400 1.5 6.61 17.71 1.86
5 10 225 1.0 11.70 4.64 4.05
6 10 225 2.0 9.59 35.86 1.68

Considering both factors together, among the investigated experimental conditions, relatively high and balanced
recoveries were obtained at a P:N ratio of 1.1, HRT of 45, and a recirculation rate of 225. The most optimized
conditions of synthetic sample will then be tested by a real digestate sample.
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Figure 1 Recovery efficiencies of NH,-N, PO,-P, and Mg**
Conclusions

This study demonstrates that struvite precipitation using waste-derived Mg and P sources in a laboratory-
scale FBR is an effective and sustainable approach for nutrient recovery. Initial findings indicate that the recoveries
are mainly governed by the P:N ratio and HRT, while recirculation has a limited effect. High nutrient recoveries
achieved with low-cost materials underscore the potential to reduce chemical demand, promote circular economy
practices, and enable struvite synthesis entirely from waste-derived resources.
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