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Introduction: Methane recovery from agro-industrial effluents represents a key pathway for advancing circular
economy and waste-to-energy strategies in the food sector (Pandey et al., 2025). Dairy processing generates
multiple liquid by-products and wastewater streams with markedly different organic strength and biodegradability.
While whey is recognized as a high-energy substrate due to its elevated soluble COD content, auxiliary streams
such as cleaning-in-place (CIP) and floor-cleaning wastewater are often managed collectively despite their lower
recovery potential (Bella and Rao, 2021). Differentiated assessment of these streams is essential to optimize
anaerobic digestion performance, enhance energy recovery, and support integrated valorisation strategies. This
study comparatively evaluates the methane recovery potential of three major dairy processing streams from a full-
scale facility in Qatar through comprehensive physicochemical characterization and theoretical biogas estimation,
providing a foundation for stream-specific waste-to-energy design.

Materials and Methods: Samples of whey, CIP wastewater, and floor-cleaning wastewater were collected and
analysed in duplicate. Physicochemical characterization included pH, electrical conductivity (EC), turbidity, and
total suspended solids (TSS). The pH was measured using a pH meter (Orion Star, Thermo Scientific, USA).
Turbidity was determined using a TB1 Portable Turbidimeter (Lovibond, Germany). TSS was measured according
to Standard Methods (APHA, 2012) using gravimetric analysis. Samples were filtered, dried at 105 °C to determine
TSS. Total and soluble chemical oxygen demand (COD) were determined using the USEPA Reactor Digestion
Method 8000 with high-range COD vials (Hach, USA) in a digital reactor block (DRB 200, Hach, USA). For
soluble COD, samples were filtered through 0.2 pm syringe filters prior to analysis. Total organic carbon (TOC),
total carbon (TC), inorganic carbon (IC), and total nitrogen (TN) were measured using a TOC-L Analyzer equipped
with a TNM-L unit (Shimadzu, Japan). Volatile fatty acids (VFAs) and major anions were quantified by ion
chromatography using a 940 Professional IC Vario system (Metrohm, Switzerland). Elemental concentrations
were determined using inductively coupled plasma optical emission spectroscopy (ICP-OES; Agilent
Technologies, USA) to quantify macro- and trace elements and assess nutrient availability and potential inhibitory
risks. Theoretical methane potential was estimated based on the stoichiometric relationship of 1 mol CHs4 per 64 g
COD, corresponding to 0.35 m*> CHs kg'! COD at standard temperature and pressure (Heidrich et al., 2011). The
calculation was performed using total COD concentration, assuming complete conversion of organic matter to
methane.

Results and Discussion: Comprehensive characterization results are summarized in Table 1. Whey exhibited
markedly high organic strength, with total COD of 38,000 + 905 mg L' and a dominant soluble fraction,
confirming strong biodegradability. In contrast, CIP wastewater showed moderate COD (5,880 + 1,005 mg L),
while floor-cleaning wastewater contained minimal organic load (54 = 6 mg L!). Soluble COD closely matched
total COD in whey and floor-cleaning wastewater, indicating a predominantly soluble organic fraction.VFA
profiling revealed that whey was dominated by malate and lactate, indicating readily biodegradable substrates,
whereas CIP wastewater showed elevated butyrate concentrations, suggesting partial fermentation processes.
Floor-cleaning wastewater contained only minor VFA concentrations. Anion and elemental analyses further
highlighted the nutrient-rich character of whey, particularly its high sodium, calcium, potassium, and phosphate
content. CIP and floor-cleaning wastewaters exhibited significantly lower nutrient densities. Whey demonstrated
a methane potential of 13.30 + 0.32 m* CHa m?, compared with 2.06 + 0.35 m* CHs m? for CIP wastewater and
only 0.019 £ 0.002 m* CHs m? for floor-cleaning wastewater (Table 1). The methane potential of whey was
approximately 6.5 times higher than CIP wastewater and over 700 times higher than floor-cleaning wastewater.
These differences directly reflect the variation in total organic strength among the streams, confirming substrate-
dependent methane recovery potential.

Conclusion: Clear compositional differences among the dairy wastewater streams indicate substantial variation in
biodegradability and recovery potential. Whey represents the dominant energy-rich substrate, while CIP
wastewater may serve as a complementary co-substrate, and floor-cleaning wastewater contributes minimal
recoverable energy. These findings support a differentiated, stream-specific valorisation strategy rather than
uniform treatment, reinforcing the importance of selective integration for enhanced resource recovery within a
circular bioeconomy framework. Future work should include biochemical methane potential (BMP) assays to
validate theoretical estimates and quantify actual biodegradability. Co-digestion trials integrating whey with CIP
wastewater are recommended to optimize nutrient balance and process stability. Long-term reactor studies will be
necessary to evaluate operational performance, inhibition risks, and scale-up feasibility under continuous-flow
conditions.
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Table 1. Comprehensive physicochemical, organic, anion, elemental, and methane characteristics of dairy

processing streams (mean + SD, n = 2)

Parameter Whey CIP Wastewater = FC Wastewater
pH 3.41+£0.00 7.18 £0.02 7.20 £0.00
Total COD (mg L) 38,000 = 905 5,880 + 1,005 54+6
Soluble COD (mg L) 37,620 + 198 2,785+ 120 53+1
TOC (mg L) 5,112+ 102 165+1 7.0+0.3
TN (mg L) 95714 152+0.0 1.06 £ 0.03
IC (mg L") 7.03 £0.38 27.06 +1.10 10.5+0.1
TSS (mg L) 968 + 6 613 £25 3+1
Turbidity (NTU) 477+4 1226 +7 7.37+0.03
VFAs (mg L)
Lactate 849 + 24 58+ 74 ND
Formate ND 0.56 £0.78 ND
Acetate 63.3+8.8 0.94+1.02 ND
Butyrate 10.8+ 1.8 89.2+78.8 232+29
Malate 18,227+ 114 ND ND
Major Anions (mg L")
Chloride ND 103.8+5.9 41.2+4.7
Nitrate 3845+14 50.9+0.14 7.42 +£0.05
Phosphate 18,481 +£ 356 44.1£0.57 ND
Sulfate 3,383.5+43.8 12.1+0.49 16.5+14
Bromide 348.0£2.1 5.6+0.0 ND
Fluoride 28,148.8 £ 457 ND ND
Macro-elements (mg L)
Sodium 19,220 + 1,400 434+40 25.9=+0.1
Calcium 918+4 48.1+44 13.2+0.2
Potassium 805 £ 106 38.8+22 223+0.13
Magnesium 58+4 4.84+0.55 1.02 +£0.01
Zinc 10£0 0.07£0.02 0.01 £0.00
Theoretical CHs (m? CHs m™) 13.30+0.32 2.06 £ 0.35 0.019 £ 0.002

ND = Not detected
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