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ABSTRACT
Agro-industries, sugar and distillery complexes, dairies, palm and olive oil mills, starch and tapioca units, breweries, slaughterhouses, poultry processors and fruit and vegetable canneries generate effluents that are seasonal, hydraulically erratic and extraordinarily concentrated, with chemical oxygen demand (COD) frequently between 2,000 and 200,000 mg L-1 and nutrient loads far above those of municipal sewage. Conventional end of pipe disposal wastes both water and the nitrogen, phosphorus and potassium these streams carry, while land application of untreated effluent degrades soil structure, salinizes the root zone and depresses crop performance. This review organises the treatment of agro-industrial wastewater as a sequence of chemical engineering unit operations rather than a catalogue of technologies. Effluent characteristics are first compiled by sector and translated into design-relevant descriptors - COD/BOD5 ratio, C:N:P stoichiometry, alkalinity, suspended and colloidal fractions, oil and grease, phenolics, colour and salinity - that determine process selection. Preliminary and physicochemical operations (equalisation, coagulation–flocculation, dissolved air flotation, chemical precipitation), biological reactor engineering (activated sludge and its sequencing-batch and attached-growth variants; upflow anaerobic sludge blanket, expanded granular sludge bed and anaerobic membrane bioreactors), advanced oxidation and electrochemical processes, adsorption on agro-residue-derived biochar, and pressure- and osmotically driven membrane separations are each examined in terms of governing kinetics, mass transfer limitations, loading rates, energy demand and residual management. Particular attention is given to resource recovery biomethane, struvite, ammonia, volatile fatty acids, polyphenols and reclaimed water and to the agronomic quality of reclaimed effluent, evaluated through electrical conductivity, sodium adsorption ratio, residual sodium carbonate, trace-element burden and pathogen indicators. The review argues that no single unit operation is adequate for these matrices, and that robust performance comes from deliberately sequenced trains in which an anaerobic bioreactor handles the bulk organic load and energy recovery, a polishing step addresses recalcitrant colour and micropollutants, and a nutrient-recovery loop diverts N and P to a fertiliser product rather than to a receiving water. Optimisation approaches (response surface methodology, artificial neural networks, life cycle and techno economic assessment) and the principal barriers to adoption in small and medium agro-enterprises are discussed, and research priorities are identified for low-energy, low-sludge, recovery-oriented process trains suited to tropical and subtropical agricultural economies.
Keywords: Agro-industrial effluent; anaerobic digestion; advanced oxidation processes; membrane separation; nutrient recovery; struvite; treated wastewater reuse; circular bioeconomy.
1. INTRODUCTION
Agro-processing converts perishable biomass into storable, tradable commodities, and in doing so it consumes and contaminates very large volumes of water. Washing, blanching, peeling, extraction, fermentation, distillation, rendering, clean in place and cooling all discharge streams whose composition mirrors the raw material: dissolved and colloidal carbohydrates, proteins, lipids, organic acids, plant pigments, phenolics, and in animal processing - blood, fats and faecal matter. Because these constituents are almost entirely of biological origin, the effluent is nutritionally rich and highly biodegradable in bulk, yet contains recalcitrant fractions (melanoidins, tannins, lignin-derived phenolics, surfactants, disinfectant residues) that resist ordinary biological treatment and persist as colour, toxicity and oxygen demand in receiving waters (Chowdhary et al., 2018; Paraskeva & Diamadopoulos, 2006; Kushwaha et al., 2011).
The scale of the problem is not marginal. A single cane sugar and attached distillery complex may discharge 8–15 L of spent wash per litre of alcohol produced, at COD values two orders of magnitude above domestic sewage. Palm oil mills generate roughly 0.6–0.7 m3 of palm oil mill effluent (POME) per tonne of fresh fruit bunches processed. Dairies use 1–10 L of water per litre of milk handled, most of it leaving as a warm, alkaline, fat and protein bearing stream from clean-in-place cycles. Olive mills, slaughterhouses, cassava starch units, breweries and fruit canneries each contribute seasonal pulses of concentrated waste that overwhelm municipal works designed for a steady, dilute, largely domestic influent (Poh & Chong, 2009; Bustillo-Lecompte & Mehrvar, 2015; Simate et al., 2011).
Two features distinguish agro-industrial wastewater from most other industrial effluents and shape the engineering response. First, its organic load is largely recoverable energy: one kilogram of COD converted to methane yields approximately 0.35 m3 CH4 at standard temperature and pressure, so a distillery or palm oil mill effluent is better understood as a fuel stream than as a disposal liability. Second, its nitrogen, phosphorus and potassium content is agronomically meaningful. Distillery spent wash carries substantial potassium; slaughterhouse and poultry effluent is nitrogen rich; dairy and food-processing streams are phosphorus bearing. Discharging these nutrients causes eutrophication; recovering them displaces mineral fertiliser whose manufacture is itself energy and carbon intensive. The treatment objective, therefore, is not simply the destruction of pollutants but their directed transformation into products methane, struvite, ammonium salts, organic amendments and reclaimed irrigation water (Mekonnen & Hoekstra, 2016; Batstone et al., 2015; Puyol et al., 2017).
That reframing is where chemical engineering contributes most directly. Treatment plants are chemical plants: the same mass and energy balances, reaction kinetics, mass transfer correlations, separation theory, reactor residence time distributions and process control logic that govern a fermenter or a distillation train govern an upflow anaerobic sludge blanket (UASB) reactor, a dissolved air flotation (DAF) cell or a nanofiltration skid. Selecting a technology because it is fashionable, rather than because a rate limiting step has been identified, is the most common reason agro-industrial effluent plants underperform after commissioning.
2. ORIGIN, CHARACTERISTICS AND DESIGN DESCRIPTORS OF AGRO-INDUSTRIAL EFFLUENTS
2.1 Sector-wise characterisation
Table 1 summarises typical ranges reported for the major agro-industrial sub sectors. The ranges are wide because they reflect differences in raw material, process technology, degree of water recycling and sampling point; they should be read as indicative of magnitude and of the dominant contaminant, not as design values. Site specific characterisation over at least one full processing season remains indispensable.
Table 1. Indicative characteristics of major agro-industrial effluents (Chowdhary et al., 2018; Paraskeva & Diamadopoulos, 2006; Kushwaha et al., 2011; Poh & Chong, 2009; Bustillo-Lecompte & Mehrvar, 2015; Simate et al., 2011; Satyawali & Balakrishnan, 2008; Ahmad et al., 2003; Rajesh Banu et al., 2007; Sridevi et al., 2012; Kaushik & Thakur, 2013))
	Sector
	COD (mg L-1)
	BOD5/COD
	TSS (mg L-1)
	pH
	Dominant challenge

	Distillery spent wash
	80,000–150,000
	0.40–0.55
	10,000–40,000
	3.5–4.5
	Melanoidin colour, K+, sulphate, acidity

	Sugar mill (cane)
	1,500–6,000
	0.50–0.65
	500–3,000
	5.0–7.5
	Seasonality, sugars, mill-house oil

	Palm oil mill (POME)
	45,000–65,000
	0.50–0.60
	15,000–30,000
	4.0–5.0
	Oil and grease, high temperature, solids

	Olive mill (three-phase)
	40,000–200,000
	0.20–0.35
	1,000–20,000
	4.0–5.5
	Polyphenol phytotoxicity, low biodegradability

	Dairy processing
	1,000–6,000
	0.55–0.70
	300–3,000
	4.5–11.0
	Fat, protein, pH swings from CIP chemicals

	Slaughterhouse / meat
	2,000–8,000
	0.50–0.65
	500–4,000
	6.0–8.0
	Blood, fat, high TKN, pathogens

	Poultry processing
	1,500–5,000
	0.50–0.70
	500–2,500
	6.5–8.0
	Nitrogen load, feathers, grease

	Cassava / tapioca starch
	10,000–30,000
	0.55–0.70
	2,000–10,000
	3.8–5.5
	Cyanogenic compounds, starch solids, acidity

	Brewery
	2,000–6,000
	0.55–0.70
	200–1,500
	3.0–12.0
	Shock loads, alkaline/acidic CIP pulses

	Coffee wet processing
	3,000–20,000
	0.45–0.60
	500–5,000
	3.5–5.0
	Caffeine, tannins, pulp solids, acidity

	Fruit & vegetable canning
	1,000–8,000
	0.50–0.70
	200–3,000
	4.5–8.0
	Strong seasonality, pigments, caustic peeling


2.2 Descriptors that govern process selection
Biodegradability index (BOD5/COD). Values above about 0.4 indicate that biological treatment can carry the main organic load; values below roughly 0.3 as in olive mill wastewater and in biologically pretreated distillery effluent signal a recalcitrant residue that will pass through a bioreactor and require chemical oxidation, adsorption or membrane rejection. The index is therefore the single most useful first screening parameter, and it should be re-measured after each treatment stage, because a process that removes readily degradable COD necessarily lowers the index of what remains (Chowdhary et al., 2018; Oller et al., 2011).
Nutrient stoichiometry. Anaerobic digestion operates well near a COD:N:P ratio of about 350:5:1 (equivalently a C:N ratio of roughly 20–30:1); aerobic systems require closer to 100:5:1 on a BOD basis. Carbohydrate-dominated streams (starch, sugar, brewery, fruit) are nitrogen-deficient and either need supplementation or, preferably, co treatment with a nitrogen-rich stream such as slaughterhouse effluent or livestock slurry. Protein-rich streams (dairy, meat, poultry) carry excess nitrogen that appears as ammonia during digestion and can inhibit methanogens above roughly 1,500–3,000 mg L-1 free ammoniacal nitrogen, depending on acclimation, pH and temperature. Matching complementary streams is thus a stoichiometric design decision, not merely an operational convenience (Mata-Alvarez et al., 2014; Yenigün & Demirel, 2013).
Alkalinity and buffering. Acidogenesis generates volatile fatty acids (VFAs) faster than methanogens consume them during load increases. Without sufficient bicarbonate alkalinity commonly expressed as an intermediate-to-partial alkalinity (IA/PA) ratio below about 0.3 for stable operation - pH falls, methanogenesis is inhibited and the reactor sours. Acidic agro-effluents (cassava, coffee, POME, spent wash) therefore need alkali dosing, effluent recirculation or co-digestion with an alkaline stream.
Suspended, colloidal and dissolved fractions. Particle size distribution determines whether gravity, flotation, coagulation or membrane rejection is appropriate. In POME and starch effluent much of the COD is particulate and can be removed physically at low cost; in spent wash and dairy permeate the COD is predominantly dissolved and cannot.
Oil, grease and fat. Lipids are energy dense substrates but form long-chain fatty acids that adsorb to biomass, cause sludge flotation and inhibit methanogenesis. Fat, oil and grease above roughly 100–150 mg L-1 entering a high-rate anaerobic reactor is a design fault; upstream DAF or a grease trap is mandatory.
Colour, phenolics and toxicity. Melanoidins from Maillard reactions in distillery and molasses streams, tannins in coffee and cassava, and polyphenols in olive mill wastewater all exert antimicrobial activity, absorb strongly in the visible range and resist aerobic degradation. Their presence dictates a polishing stage and, in some cases, argues for selective recovery rather than destruction.
Salinity and sodicity. Electrical conductivity (EC), sodium, chloride and sulphate largely determine whether treated effluent can be reused for irrigation. Caustic based clean-in-place, brine curing and ion-exchange regeneration all raise sodium, and no conventional biological or oxidative process removes it. Salinity is consequently a constraint to be managed at source rather than a load to be treated downstream, a point returned to in Section 10.
3. THE CHEMICAL ENGINEERING FRAMEWORK: FROM UNIT OPERATIONS TO TREATMENT TRAINS
A treatment plant is a process flowsheet. Its design begins with a material balance over the whole works flow, COD, nitrogen, phosphorus, solids, salinity - and proceeds by allocating each load to the unit operation that removes it at the lowest combined capital, energy and residual cost. Three principles organise the exercise.
Load segregation at source. Mixing a concentrated stream with a dilute one destroys the value of both: it dilutes the concentrated stream below the threshold at which anaerobic energy recovery is attractive, and it contaminates the dilute stream that might have been reused directly after minimal treatment. Segregating cooling water, condensate, floor washings and process condensates from high-strength process liquor is almost always the highest-return intervention in an agro-industrial plant, and it costs pipework rather than process equipment (Wang et al., 2006).
Sequencing by removal mechanism. Physical separation precedes chemical conditioning, which precedes biological conversion, which precedes advanced polishing. Each stage is sized to deliver an influent that lies inside the operating envelope of the next. An anaerobic reactor is not a solids separator; an advanced oxidation process is not a bulk COD destroyer. Placing an ozonation or Fenton unit ahead of a biological stage is justified only when the aim is to raise the biodegradability of a recalcitrant matrix partial oxidation as a conditioning step, at a deliberately sub-stoichiometric oxidant dose and not to mineralise the load, which would be prohibitively expensive.
Design for the residual. Every separation concentrates what it removes. Coagulation produces chemical sludge; membranes produce a retentate of one-fifth the volume and five times the concentration; evaporation produces a brine or a solid. A flowsheet that does not specify the fate of each residual is incomplete, and the cost of residual management frequently exceeds that of the primary treatment step.
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Figure 1. Generic treatment-train architecture for high-strength agro-industrial effluent.
Figure 1 shows the resulting generic architecture: screening and grease removal, equalisation and neutralisation, coagulation–flocculation with dissolved air flotation, a high-rate anaerobic reactor with biogas recovery, an aerobic polishing stage for residual BOD and nitrogen, a nutrient-recovery loop yielding struvite or ammonium sulphate, a polishing step (advanced oxidation, adsorption or nanofiltration/reverse osmosis) and finally disinfection and storage ahead of irrigation reuse or discharge. Each recovery outlet biogas, fertiliser, reclaimed water is what distinguishes a resource-oriented flowsheet from an end-of-pipe one.
4. PRELIMINARY AND PHYSICOCHEMICAL TREATMENT
4.1 Equalisation and neutralisation
Agro-processing is batch driven: a clean-in-place cycle, a vessel drain or a shift changeover sends a concentrated slug into the drain in minutes. Downstream biological reactors respond to concentration and load, not to averages, so an equalisation basin sized for 8–24 hours of average flow with adequate mixing to prevent settling and, for warm effluents, provision for temperature moderation is the cheapest reliability measure available. Neutralisation to pH 6.5–7.5 follows, using lime, sodium hydroxide, sulphuric acid or, preferably, the plant's own acidic and alkaline streams blended against each other to reduce both chemical cost and the salinity penalty that neutralisation otherwise imposes.
4.2 Coagulation–flocculation
Colloidal organics in agro effluent are stabilised by surface charge and hydration. Coagulation destabilises them through charge neutralisation and sweep flocculation. Aluminium sulphate, ferric chloride, ferrous sulphate and polyaluminium chloride are conventional; their performance depends sharply on pH, since the hydrolysis speciation that produces the active polynuclear species occurs over a narrow window (roughly pH 6–7 for alum, 5–6 and above 8 for ferric salts). Typical removals from agro-industrial matrices are 40–70 % COD, 70–95 % turbidity and, for melanoidin-bearing effluents, 50–90 % colour (Amuda & Amoo, 2007; Prazeres et al., 2012).
Two considerations matter for agro-industries specifically. First, natural coagulants Moringa oleifera seed protein, cactus mucilage, chitosan, tannin-based polymers and starch derivatives are locally available, biodegradable and produce a sludge that can be composted rather than landfilled, though they generally require higher doses and may add COD (Yin, 2010). Second, the chemical sludge volume is the real cost driver: a plant treating 500 m3 d-1 with 300 mg L-1 alum generates several tonnes of wet sludge daily, and dewaterability, not removal efficiency, often decides coagulant choice. Jar testing across dose, pH and mixing intensity (velocity gradient G and the Gt product) remains the standard design method, and increasingly is combined with response surface designs to map interactions rather than optimise one factor at a time.
4.3 Dissolved air flotation and oil water separation
Where particles are low-density fat globules, protein flocs, oil droplets, fibre flotation outperforms sedimentation. In DAF, water saturated with air at 4–6 bar is released into the cell; the resulting 20–100 µm bubbles attach to flocs and carry them to a skimmed float layer. DAF is standard practice in dairy, meat, poultry, fish and palm oil applications, reducing fat, oil and grease by 80–95 % and COD by 30–60 % ahead of biological treatment, at surface loading rates of about 5–10 m3 m-2 h-1 and air to solids ratios of 0.01–0.05 kg air kg⁻¹ solids (Edzwald, 2010). The float is lipid rich and, in meat and rendering contexts, is a saleable or digestible by-product rather than a waste.
4.4 Chemical precipitation
Precipitation converts a dissolved nutrient into a recoverable solid. The most important reaction for agro-industry is struvite (magnesium ammonium phosphate hexahydrate) formation:
Mg2+ + NH4+ + PO4 3- + 6H2O → MgNH4PO4·6H2O (s)
optimum near pH 8.5–9.5 with Mg:N:P approaching 1:1:1
Struvite precipitation is discussed in detail in Section 9.2 because it is better understood as a recovery operation than a treatment step. Lime precipitation of phosphate as hydroxyapatite and sulphide precipitation of trace metals are conventional alternatives, but both yield a residue of low agronomic value.
5. BIOLOGICAL TREATMENT AS REACTOR ENGINEERING
Biological processes are catalytic reactors in which the catalyst is a self-replicating microbial consortium. Design is therefore a question of retaining catalyst (solids retention time, SRT), supplying substrate at a rate the catalyst can accept (organic loading rate, OLR), and removing products before they inhibit.
5.1 Kinetic basis
Substrate utilisation is conventionally described by Monod kinetics, with specific growth rate
µ = µmax · S / (Ks + S) − kd
where S is the limiting substrate concentration, Ks the half-saturation constant and kd the endogenous decay coefficient
The practical consequence is the minimum SRT: the reactor must retain biomass longer than its inverse net growth rate, or the organisms wash out. Because methanogens  particularly the acetoclastic genera grow slowly, with doubling times of days rather than hours, anaerobic reactors must decouple SRT from hydraulic retention time (HRT). Every successful high-rate anaerobic configuration is a different solution to that single problem: granulation in UASB and EGSB reactors, attachment in fixed and fluidised bed systems, and membrane retention in anaerobic membrane bioreactors (AnMBRs).
5.2 Anaerobic processes and energy recovery
Anaerobic digestion proceeds through hydrolysis, acidogenesis, acetogenesis and methanogenesis, with hydrolysis rate limiting for particulate substrates and methanogenesis rate-limiting for soluble ones. Its appeal for agro industry is arithmetic: it produces energy rather than consuming it, generates roughly a tenth of the sludge of an aerobic process per unit COD removed, and tolerates the high organic strengths that would make aeration economically absurd.
Table 2. High-rate anaerobic configurations for agro-industrial effluent
	Reactor
	OLR (kg COD m-3 d-1)
	COD removal
	Best suited to
	Principal limitation

	Covered anaerobic lagoon
	0.5–1.5
	60–85 %
	POME, starch, low-cost sites with land
	Large footprint, long HRT, poor control

	UASB
	5–15
	75–90 %
	Soluble effluents: brewery, sugar, distillery
	Granulation loss with fats and solids

	EGSB / IC
	15–35
	80–95 %
	Dilute-to-medium soluble streams, small footprint
	Higher recirculation energy, solids-sensitive

	Anaerobic filter / fixed film
	5–15
	70–90 %
	Variable-load, intermittent operation
	Clogging with suspended solids

	CSTR digester
	2–6
	50–80 %
	Slurries, solids-rich waste, co-digestion
	SRT = HRT, large volume, mixing energy

	AnMBR
	5–20
	>90 %
	High-strength, solids-laden, reuse-driven cases
	Fouling, cost, dissolved CH4 loss



Methane yield follows directly from COD conversion: theoretically 0.35 m3 CH4 per kilogram of COD removed at STP, with 0.20–0.30 m3 realised in practice after accounting for biomass synthesis, dissolved methane losses and sulphate reduction. A palm oil mill processing 60 t of fresh fruit bunches per hour, with POME at 50,000 mg L-1 COD and 85 % conversion, generates biogas in the megawatt range enough to displace fossil fuel in the mill's own boilers and, where grid interconnection exists, to export power.
Inhibition and control: Ammonia (from protein-rich dairy, meat and poultry streams), sulphide (from sulphate-rich spent wash, where sulphate-reducing bacteria compete with methanogens for electrons), long-chain fatty acids (from lipid-rich flows), phenolics (olive mill, coffee) and cyanogenic compounds (cassava) are the recurring inhibitors. Countermeasures are dilution or co-digestion to shift stoichiometry, biological or chemical sulphide removal from the gas and liquid phases, upstream lipid separation, and gradual acclimation of the inoculum. Operationally, VFA concentration and the IA/PA alkalinity ratio give earlier warning of instability than either pH or biogas flow, and should be the primary control variables (Chen et al., 2008; Appels et al., 2008).
Co-digestion. Because agro-industries cluster geographically, complementary substrates are usually available within a short haul  press cake, bagasse, fruit pomace, whey, manure, crop residues. Co-digestion corrects C:N ratio, dilutes inhibitors, adds trace elements (Fe, Ni, Co, Mo) essential to methanogenic enzymes, and improves the economics by raising volumetric methane productivity in an already-built reactor. It is, in most settings, the single most cost-effective intensification available (Hagos et al., 2017).
5.3 Aerobic processes for polishing and nitrogen management
Anaerobic effluent still carries residual COD, ammonium (released, not removed, during digestion), colour and odour. Aerobic polishing addresses these.
Sequencing batch reactors (SBRs) perform fill, react, settle, decant and idle in one vessel, and their time-based operation suits batch-wise and seasonal agro-processing particularly well. By varying aeration within the cycle, a single tank achieves nitrification under aerobic conditions and denitrification under anoxic conditions, with the influent's own organic carbon serving as the electron donor avoiding the methanol dosing that external carbon sources would require.
Moving bed biofilm reactors (MBBRs) and integrated fixed film activated sludge retain biomass on suspended carriers, decoupling SRT from HRT without the settleability problems that plague high-load activated sludge treating carbohydrate-rich effluent where filamentous bulking and viscous sludge are chronic. Carrier based systems also absorb the shock loads typical of seasonal industries.
Membrane bioreactors (MBRs) replace clarification with membrane filtration, permitting mixed liquor suspended solids of 8–15 g L-1, a compact footprint and an effluent free of suspended solids and most pathogens, the appropriate choice where reuse is the objective and where land is scarce. The cost is aeration energy for fouling control and periodic chemical cleaning.
Aeration as the dominant energy term. Oxygen transfer typically accounts for 45–60 % of the energy demand of an aerobic plant. Transfer rate is governed by OTR = kLa · (C* − CL) · α · β · θ(T−20), with α accounting for the depression of kLa by surfactants and dissolved organics  frequently 0.4–0.6 in agro-effluent. Fine-bubble diffused aeration with dissolved-oxygen-based variable-speed blower control, and correct α-factor selection at design stage, are the practical levers. Over aeration is both an energy waste and a process fault, since it suppresses the anoxic zones on which denitrification depends.
6. ADVANCED OXIDATION AND ELECTROCHEMICAL PROCESSES
Advanced oxidation processes (AOPs) generate hydroxyl radicals (E0 ≈ 2.8 V), which attack organic molecules with little selectivity. They are the standard answer to the recalcitrant fraction that survives biological treatment - melanoidins, polyphenols, tannins, pesticide residues, colour.
6.1 Fenton and related processes
The classical Fenton reaction couples ferrous iron and hydrogen peroxide:
Fe2+ + H2O2 → Fe3+ + OH• + OH−
optimum near pH 3, with Fe3+ regenerated photochemically in photo-Fenton or cathodically in electro-Fenton
Fenton oxidation removes 60–90 % of COD and most colour from distillery and olive mill effluents, but demands acidification, produces iron sludge and requires post-neutralisation. Photo-Fenton, driven by solar ultraviolet and visible light, regenerates Fe2+ and lowers reagent consumption  a meaningful advantage in tropical agricultural regions with high insolation, where compound parabolic collector reactors can be built at modest cost. Electro Fenton generates peroxide in situ at a carbonaceous cathode, eliminating peroxide storage and transport (Babuponnusami & Muthukumar, 2014; Malato et al., 2009).
6.2 Ozonation, catalytic ozonation and photocatalysis
Ozone oxidises both directly and through hydroxyl radicals at elevated pH. It decolourises melanoidin bearing effluent efficiently and, at sub-stoichiometric doses, cleaves aromatic rings to produce more biodegradable fragments the basis of ozone biological hybrid schemes in which ozone is deliberately used as a conditioning rather than a mineralising agent. Its drawbacks are the energy cost of generation (roughly 10–20 kWh per kilogram of O3 from air) and low aqueous solubility, which makes gas liquid mass transfer the limiting step and makes contactor design  venturi injectors, static mixers, membrane contactors as important as the chemistry.
Heterogeneous photocatalysis over TiO2 and its visible-light-active modifications (nitrogen doping, ZnO, g-C3N4, composite semiconductors) generates radicals under illumination without chemical dosing. Laboratory results are consistently encouraging; scale-up is constrained by photon transport in a turbid, strongly coloured matrix and by the need to immobilise or recover the catalyst. Photocatalysis is therefore best placed at the end of a train, on an already-clarified stream, where optical path length is not the limiting factor (Chong et al., 2010).
6.3 Electrochemical processes
Electrocoagulation dissolves sacrificial aluminium or iron anodes in situ, producing coagulant without added salts and generating hydrogen microbubbles that assist flotation. Reported performance on dairy, slaughterhouse, olive mill and distillery effluent is 50–90 % COD removal at energy demands of 1–10 kWh m-3, with the advantages of compactness, simple control and low sludge volume, offset by electrode passivation and replacement (Moussa et al., 2017).
Anodic oxidation on boron-doped diamond or mixed-metal-oxide anodes mineralises organics directly and through electrogenerated oxidants. Where chloride is present common in food processing active chlorine species contribute substantially, but the same chemistry risks chlorinated by-products, which must be assessed before any reuse application. Electrochemical units are modular, need no chemical storage, and run on electricity that can be supplied by on-site biogas or solar generation attributes that suit decentralised agro-processing sites. Their weakness is electrode cost and durability in a fouling prone matrix.
6.4 Placement logic
AOPs are energy-intensive per unit COD removed and should never carry bulk load. Their correct position is either (i) after biological treatment, sized only for the recalcitrant residue, or (ii) before biological treatment at deliberately partial conversion, to raise the BOD5/COD ratio of an intrinsically non-biodegradable matrix such as olive mill wastewater from below 0.2 to above 0.4. Treating an AOP as a substitute for a bioreactor rather than a complement to one is the most frequent and most expensive design error in this area.
7. ADSORPTION AND ION EXCHANGE
Adsorption removes colour, phenolics, residual COD and trace metals by partitioning them onto a solid surface. Activated carbon is the benchmark, with Langmuir and Freundlich isotherms describing equilibrium and pseudo second order models usually fitting the kinetics; fixed-bed design follows from breakthrough curve analysis and the Bohart–Adams or Thomas models.
For agro-industries the compelling development is that the adsorbent can be made from the industry's own residue. Rice husk, bagasse, coir pith, sawdust, coconut shell, groundnut shell, olive stones, cassava peel and fruit seeds all pyrolyse to biochar with surface areas from a few tens to over 1,000 m2 g-1 after chemical (KOH, H3PO4, ZnCl2) or physical (steam, CO2) activation. This closes two loops at once: a solid residue becomes a treatment material, and the spent, nutrient-loaded adsorbent becomes a soil amendment that returns carbon, phosphorus and ammonium to the field  provided that what it has adsorbed is agronomically benign rather than a heavy-metal or micropollutant burden. Where the loading is hazardous, regeneration or controlled disposal is required, and the apparent circularity disappears (Ahmad et al., 2014; Bhatnagar et al., 2015).
Ion exchange is applied more narrowly, for selective ammonium removal on natural zeolites such as clinoptilolite, for nitrate polishing, and for water softening ahead of membranes or boilers. Its limitation in agro-effluent is the regenerant brine, which reintroduces a concentrated, saline residual requiring disposal and which, if land applied, transfers a sodicity problem to the soil.
8. MEMBRANE SEPARATION
Membranes separate by size exclusion, charge and solution diffusion, and they are the only family of processes considered here that can produce water of a quality permitting unrestricted reuse while simultaneously concentrating the rejected material into a recoverable product.
Table 3. Membrane processes in agro-industrial applications
	Process
	Driving pressure
	Retains
	Agro-industrial role

	Microfiltration
	0.1–2 bar
	Suspended solids, bacteria
	Clarification; MBR/AnMBR solids barrier

	Ultrafiltration
	1–10 bar
	Macromolecules, proteins, colloids
	Whey protein recovery; RO pretreatment

	Nanofiltration
	5–40 bar
	Divalent ions, sugars, colour bodies
	Colour and hardness removal; lactose and polyphenol concentration

	Reverse osmosis
	15–80 bar
	Monovalent ions, nearly all solutes
	Reclaimed water for reuse; volume reduction toward ZLD

	Forward osmosis
	Osmotic gradient
	As above, low hydraulic pressure
	Concentrating high-fouling streams; fertiliser-drawn FO

	Membrane distillation
	Thermal gradient
	All non-volatiles
	Brine concentration using waste heat



Two aspects deserve emphasis. First, fouling  organic adsorption, colloidal cake formation, inorganic scaling and biofouling is the governing operational reality in agro-effluent, whose foulants are precisely the proteins, polysaccharides and lipids that membranes retain best. Control is a design question (crossflow velocity, spacer geometry, flux operated below the critical value, air scouring) before it is a cleaning question (alkaline, acidic and enzymatic cycles), and chronic over-flux operation shortens membrane life far more than inadequate cleaning does.
Second, fertiliser-drawn forward osmosis is of particular interest to this journal's readership: a concentrated fertiliser solution (KCl, KNO3, NH4H2PO4) serves as draw solution, water permeates from the treated effluent to dilute it, and the diluted draw solution is applied directly through fertigation without a regeneration step. The economics depend on the diluted draw meeting agronomic concentration requirements, and reverse salt flux must be quantified, but the concept removes the energy penalty of draw recovery that limits forward osmosis elsewhere (Phuntsho et al., 2011; Shannon et al., 2008).
9. RESOURCE RECOVERY AND THE CIRCULAR AGRO-INDUSTRIAL PLANT
9.1 Energy
Biogas is the primary recovered product. Raw biogas at 55–70 % methane can fuel boilers directly; combined heat and power engines supply electricity and hot water; upgrading by water scrubbing, amine absorption, pressure swing adsorption or membrane permeation yields biomethane of pipeline or vehicle-fuel quality. Hydrogen sulphide removal biological, iron-oxide or activated carbon based is non-negotiable upstream of any engine or upgrading unit, since H2S corrodes rapidly and poisons catalysts. Where digester heat and mill waste heat coincide, as in sugar and palm complexes, integrating the digester with the existing steam system is usually more valuable than power export.
9.2 Nutrients
Struvite crystallisation, introduced in Section 4.4, recovers phosphorus and ammonium as a granular, slow-release fertiliser with low solubility in water but availability in the rhizosphere, and with negligible heavy metal content compared with some rock phosphate derived products. Crystalliser design typically a fluidised bed with controlled supersaturation, seed recycle and residence time tuned to produce granules of 1–3 mm rather than unusable fines is a classical crystallisation engineering problem: nucleation and growth must be balanced, and supersaturation controlled through magnesium dosing, pH adjustment by aeration-driven CO2 stripping rather than caustic addition where possible, and mixing intensity.
Ammonia stripping at elevated pH and temperature, with acid absorption of the stripped gas, produces ammonium sulphate solution again a direct fertiliser product. This is well matched to the high-ammonia digestate from slaughterhouse, poultry and dairy digestion, where it also relieves ammonia inhibition in the digester if applied to a recycle stream. Potassium rich distillery spent wash, after controlled bio methanation and composting with press mud, yields an organic manure whose potassium content is agronomically significant the basis of long established bio-composting practice in cane-growing regions (Le Corre et al., 2009; Rahman et al., 2014).
9.3 Chemicals and materials
Arrested anaerobic digestion halting the process at the acidogenic stage by controlling pH, SRT and inoculum produces volatile fatty acids as platform chemicals rather than methane. Olive mill and coffee wastewaters are sources of polyphenols with antioxidant value that may exceed the cost of treating them, recoverable by resin adsorption or membrane fractionation before the effluent enters biological treatment. Protein-rich dairy and starch effluents support single-cell protein production for feed. Microbial fuel cells and other bio electrochemical systems convert organic matter directly to electric current or, in microbial electrolysis mode, to hydrogen; power densities remain too low for economic bulk treatment, but the technology is credible as a sensor and as a niche process for low strength polishing (Logan & Rabaey, 2012).
9.4 Water and zero liquid discharge
Reclaimed water displaces freshwater abstraction for cooling, floor washing, initial produce washing (subject to food-safety constraints) and irrigation. In water-stressed regions and under stringent discharge regulation, zero liquid discharge (ZLD) is sometimes mandated, combining RO volume reduction with multiple-effect evaporation, mechanical vapour recompression and crystallisation. ZLD is thermodynamically expensive energy demand scales with the water evaporated, not the salt removed and its honest assessment requires a life cycle view, since the carbon cost of evaporating water may exceed the environmental benefit of eliminating a discharge unless waste heat is genuinely available (Tong & Elimelech, 2016).
10. AGRONOMIC QUALITY OF RECLAIMED EFFLUENT: THE SOIL AND PLANT INTERFACE
Because agro-industries sit inside agricultural landscapes, the most natural destination for treated effluent is the field. This makes treatment objectives agronomic as well as environmental, and shifts the relevant quality criteria away from BOD and COD toward the parameters that determine soil behaviour and crop response.
Table 4. Quality parameters governing irrigation reuse of treated agro-industrial effluent
	Parameter
	Concern
	Guideline sense

	EC (dS m-1)
	Osmotic stress, yield depression
	<0.7 unrestricted; 0.7–3.0 slight to moderate restriction

	SAR with EC
	Sodicity: clay dispersion, loss of infiltration
	Interpreted jointly; SAR >9 at low EC is hazardous

	Residual sodium carbonate
	Precipitation of Ca/Mg raising effective SAR
	<1.25 meq L-1 generally safe

	Chloride, boron
	Specific ion toxicity, especially in perennials
	Crop-specific; boron toxic above 1–2 mg L-1 in sensitive species

	N and P
	Fertiliser value; excess causes lodging, leaching
	Credit against the fertiliser schedule

	Trace elements
	Accumulation in soil and produce
	Cumulative loading limits, not concentration alone

	E. coli / helminth ova
	Public health, especially raw-eaten crops
	Tiered by irrigation method and crop category

	Residual organics, phenolics
	Phytotoxicity, germination inhibition
	Verify by bioassay before field-scale reuse


Several implications follow for process design. Salinity is not removed by biological or oxidative treatment; if reuse is intended, either source control of sodium-bearing chemicals or a desalting step (NF/RO) must be designed in from the start. Conversely, nitrogen and phosphorus should not be removed to the lowest achievable concentration if the effluent is destined for fertigation nutrient removal and nutrient reuse are competing objectives, and the flowsheet must be built for one or the other, with a bypass and blending arrangement if the destination changes seasonally. Phytotoxicity of phenolic residues, well documented for untreated olive mill and distillery effluents, means that compliance with chemical limits alone is insufficient evidence of agronomic safety; germination indices and pot trials remain necessary confirmation (Ayers & Westcot, 1985; Pedrero et al., 2010).
Controlled field application also requires attention to timing and hydraulic loading. Applying a full season's effluent volume during a non-cropping window, when evapotranspiration is low, moves salts and nitrate below the root zone toward groundwater; storage capacity sized to the cropping calendar is therefore part of the treatment system, not an afterthought. Long-term monitoring of soil EC, exchangeable sodium percentage, organic carbon and available P in effluent-irrigated plots is the only reliable basis for confirming that a reuse scheme is sustainable rather than merely permitted.
11. PROCESS INTEGRATION, MODELLING AND SUSTAINABILITY ASSESSMENT
Statistical and data-driven optimisation. Response surface methodology- Box–Behnken and central composite designs has largely replaced one factor at a time experimentation for coagulation, Fenton, electrocoagulation and adsorption studies, because it quantifies interactions between pH, dose and time with a manageable number of runs. Artificial neural networks and hybrid ANN genetic algorithm schemes model the strongly non-linear behaviour of full-scale biological plants and can be embedded in soft sensors for variables that are otherwise measured too slowly, such as effluent COD. Both approaches predict well and extrapolate badly; neither replaces mechanistic understanding, and their validity is confined to the experimental domain sampled (Bezerra et al., 2008; Hamed et al., 2004).
Mechanistic models. The IWA Activated Sludge Models and Anaerobic Digestion Model No. 1 (ADM1) remain the reference frameworks for dynamic simulation, calibration and control design, and their use for agro-industrial substrates requires careful re-fractionation of the influent COD into readily and slowly biodegradable, inert soluble and inert particulate components -  a step frequently omitted, and the usual reason a calibrated model fails on a new substrate.
Life cycle and techno-economic assessment. LCA reveals trade-offs that removal efficiency conceals: an AOP achieving stringent discharge limits may carry a global warming burden exceeding the eutrophication benefit it delivers; an anaerobic train with biogas utilisation typically shows net environmental credit. Techno-economic assessment in the agro-industrial context must include revenue from recovered products electricity, heat, fertiliser, reclaimed water, avoided disposal cost because treatment considered as pure cost will always appear unaffordable to a low-margin processor. Sensitivity analysis on energy price, fertiliser price and discharge penalty usually determines the outcome more strongly than capital cost estimates do (Corominas et al., 2013; Guest et al., 2009).
Instrumentation, control and digitalisation. Online pH, oxidation–reduction potential, dissolved oxygen, conductivity, turbidity, UV254 absorbance and biogas composition, combined with supervisory control, convert a plant from reactive to predictive operation. Digital twins calibrated on plant data allow load changes to be rehearsed before they are imposed. For small and medium agro-enterprises, however, the binding constraint is rarely sensor availability but calibration discipline and trained operators, and an instrument that is not maintained is worse than none because it produces confident wrong numbers.
12. CHALLENGES, RESEARCH GAPS AND FUTURE PERSPECTIVES
1. Seasonality and intermittency. Sugar, fruit and coffee processing operate for a few months each year. Biological systems lose activity during shutdown and need weeks to recover. Preservation strategies for granular sludge, rapid start-up protocols and modular designs that can be idled and restarted are practical research needs rather than academic ones.
1. Scale mismatch. Much of the reported work is on synthetic effluent at laboratory scale under steady conditions. Real matrices vary hourly, foul surfaces and contain interfering species. Long-duration pilot studies on actual effluent, reported with failures as well as successes, would be disproportionately valuable.
1. Residual streams. RO retentate, AOP-treated concentrate, chemical sludge and spent adsorbent receive far less attention than the primary treatment step. A flowsheet is not complete, and should not be published as complete, without specifying their fate.
1. Micropollutants. Pesticide residues, veterinary antibiotics, disinfection by-products and antibiotic resistance genes travel from farm to processor to effluent to field. Their fate through agro-industrial treatment trains and their accumulation in effluent irrigated soils are inadequately characterised.
1. Energy- and carbon-positive design. The achievable target for most high-strength agro-effluents is a plant that is a net energy exporter. Meeting it requires maximising anaerobic capture of influent COD, minimising aerobic polishing, recovering dissolved methane from anaerobic effluent - a real and frequently ignored emission and integrating waste heat.
1. Affordability and decentralisation. Most agro-processors are small or medium enterprises for whom a conventional effluent treatment plant is unaffordable and unstaffable. Cluster based common facilities, container-scale modular units, and designs deliberately constrained to low operator skill and low chemical dependence are more likely to be adopted than technically superior alternatives that assume a resident engineer.
1. Policy and standards alignment. Discharge standards written for concentration encourage dilution; standards written for mass load and for reuse quality encourage recovery. Aligning regulation, fertiliser product standards for recovered struvite and digestate, and renewable energy incentives would remove much of the current disincentive to build recovery-oriented plants.
13. CONCLUSION
Agro-industrial wastewater is concentrated, seasonal, nutrient-rich and treated as a raw material rather than a liability valuable. No single unit operation addresses it adequately: coagulation removes colloids but not dissolved COD; anaerobic digestion removes bulk organics and recovers energy but releases ammonium and leaves colour; advanced oxidation destroys recalcitrant molecules at a cost that forbids its use on bulk load; membranes produce reusable water but concentrate rather than eliminate the contaminants. Effective design consists in assembling these operations into a sequence in which each stage delivers an influent within the next stage's operating envelope, and in which the material removed leaves the plant as a product wherever possible.
The chemical engineering contribution is specific and practical: segregate streams at source so that concentration is preserved where it is useful; identify the rate-limiting step before selecting equipment; size reactors on kinetics and retention time rather than on precedent; treat mass transfer oxygen into water, ozone into water, water through a membrane as the design variable it usually is; and account explicitly for every residual. Applied with a recovery orientation, this framework converts an agro-industrial effluent plant from a compliance cost into a source of biomethane, fertiliser and irrigation water. For agricultural economies where processing units, arable land and water scarcity coincide, that conversion is the difference between a treatment system that is installed and one that is actually operated.
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