Performance and energy recovery potential of anaerobic digestion of dairy UF permeate
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Abstract: Ultrafiltration (UF) permeate from whey protein production is commonly used for ethanol production,
yet its bioenergy recovery potential via anaerobic digestion (AD) remains underexplored. This study evaluated its
suitability as a substrate in a 100 L pilot-scale expanded granular sludge bed (EGSB) reactor operated under
mesophilic conditions with internal recirculation (HRT 24 h; UFV 3 m/h; pH 6.8-7.0). The organic loading rate
(OLR) was progressively increased while monitoring COD removal, VFA, alkalinity, nutrients, minerals, and
biogas production. The VFA/alkalinity ratio remained below 0.1, indicating stable operation. At OLR >8 kg
COD/m3-d, COD removal reached ~90%, with a specific biogas yield of 0.53 m3kg COD removed- These findings
highlight the strong potential of UF permeate for efficient bioenergy recovery.

Introduction

The dairy industry produces large volumes of whey, which after UF leaves a low-protein, high-lactose permeate.
Although this UF permeate is generally used for ethanol production (Parashar et al., 2016), its high COD and
readily biodegradable carbohydrate content make it suitable for AD. However, dairy wastewaters often promote
rapid acidification and methanogenic inhibition (Hassan & Nelson, 2012), challenges that are intensified in UF
permeate due to its high solubility, acidity, and weak buffering capacity(Azkarahman et al., 2025). This study
evaluates a continuous pilot-scale EGSB reactor treating UF permeate, focusing on COD removal, specific biogas
production, and performance at different OLRs.

Material and Methods

The 100 L EGSB continuous reactor was operated with a circulation system and an UFV of 3 m/h, an HRT of 24
h, and the pH was maintained between 6.8 and 7.0 using 3% NaOH, for 75 days. The operating temperature was
maintained at 37 °C by circulating hot water through the reactor’s external jacket. The reactor was subjected to
progressively increasing OLR up to 25 kg COD/m3-d, and process performance was monitored through daily
biogas production and COD removal efficiency. Table 1 shows the physicochemical characteristics of the UF
permeate, along with the analytical methods used. VFAs (measured as acetic acid) were measured adapting the
Standard Method 5560.C, while the alkalinity was measured following the Standard Method 2320.

Table 1. Composition of UF permeate

Parameter Method Unit Value
Chemical Oxygen Demand (COD) ISO 15705:2002 mg/L 41875 + 4180
Total suspendedsolids (TSS) Standard Methods 2540 D g/L 1.43+£0.11
Volatile suspended solids (VSS) Standard Methods 2540 E g/L 1.26 £ 0.10
Total Nitrogen (TNDb) ISO 11905-1 mg/L 405.15+ 24.3
pH Mettler FiveEasy F20 pH - 5.75+0.05
Lactose ISO 17025 g/100 g 3.77 £ 0.19
Calcium EN 13805:2014 mg/L 296 + 18
Magnessium EN 13805:2014 mg/L 59+4
Ammonium (NH4"-N) ISO 23695:2023 mg/L 52.2+3.1
Phosphate (PO,>P) ISO 6878:2004 mg/L 377.68 + 22.7

Results and Discussion

The OLR was gradually increased in steps from 1 to 25 kg COD/m?3-d over 75 days of continuous reactor operation.
As shown in the Figure 1, throughout the entire operation, the crucial VFA/Alkalinity ratio remained
consistently below 0.12. This indicates that the methanogenic activity effectively neutralized the acid production,
confirming high process stability and excellent buffering capacity even under the maximum OLR applied.
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Figure 1. VFA/alkalinity ratio as OLR increases throughout the operational period.
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Overall, as shown in Figure 2, effluent TNb and phosphate concentrations tend to increase proportionally
with the rise in OLR, reflecting these nutrients remains unassimilated by the biomass. In contrast, ammonium
exhibits low and highly variable concentrations, frequently approaching zero between days 50-70, despite the
concurrent increase in TNb. This suggests nitrogen limitation within the reactor (enhanced microbial uptake).
Importantly, none of the observed effluent nutrient concentrations approach the levels associated with inhibitory
effects on AD, supporting the stability of the reactor throughout the evaluated OLR range.

Figure 2. Effluent concentrations of total nitrogen, ammonium, and phosphate under increasing OLR conditions.
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The Figure 3 demonstrated that both calcium and magnesium effluent concentrations gradually increased
in response to the step changes in OLR. Calcium concentrations exhibit greater variability and a more pronounced
increase, reaching up to 60 ppm at the highest OLR. Magnesium concentrations remain consistently lower (mostly
below 30 ppm) and more stable throughout the operating period. No mineral concentration approached the levels
associated with inhibitory effects, particularly those related to precipitate formation (>600 ppm for calcium and
>1000 ppm for magnesium). This indicates that UF permeate within the evaluated OLR range promotes process
stability, as these macronutrients, when present in moderate concentrations, can contribute positively to the
structural integrity and metabolic activity of anaerobic granular sludge (Yepez-Ceron et al., 2025).

Figure 3. Effluent calcium and magnesium concentrations under increasing OLR conditions.
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The results showed in Figure 4 indicate that at OLR > 8 kg COD/m3-d, the system achieved stable COD
removal efficiencies around 90%.Short drops in COD removal were seen after each increase in OLR, but the
system quickly bounced back, showing good adaptability. In addition, as observed in Figure 5, the specific biogas
production showed greater variability but remained at an average of around 0.53 m3/kgCODremoved with peaks
above 0.59 m3/kgCODremoved suggesting efficient conversion of organic matter into biogas even at high organic
loads. The reactor continues to operate to evaluate its performance at higher OLR rates and determine its maximum
biogas production capacity.



Figure 4. COD removal efficiency as OLR increases during the operational period.
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Figure 5. Specific biogas production as OLR increases during the operational period.
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Conclusions

Based on operation data, the pilot-scale continuous EGSB reactor demonstrated strong stability and efficiency for
the high-rate anaerobic digestion of dairy UF permeate. The reactor achieved consistently high COD removal
efficiencies (greater than 90%) even at the maximum OLR of 25 kgCOD/m3-d, supported by robust specific biogas
production (averaging approximately 0.53 m3kgCODremoved). Process stability was confirmed by the
VFA/Alkalinity ratio, which remained consistently low (mostly below 0.1), indicating effective buffering despite
the increasing organic load and rising, though non-inhibitory, nutrient concentrations in the effluent (TN,
phosphate, calcium, and magnesium). Taken together, the results confirm that EGSB is a highly effective and
reliable technology for energy recovery from this challenging industrial wastewater stream.
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