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Abstract


The global dairy sector produces upwards of 900 million tonnes of milk each year, resulting in 2.25 billion tonnes of wastewater being generated. This is significant in the South African context as a large percentage of the population lives without reliable access to clean, reliable water. The treatment of dairy wastewater (DWW) in this context would help alleviate the unavailability for many people in this country. DWW has a high fat content along with a high chemical oxygen demand (COD), which makes it problematic to dispose of. Biological treatment processes have shown great success in the remediation of this water. However, these are not without their shortfalls. A variety of biological processes have been listed here as well as suggestions to improve their effectiveness. To improve the treatment efficiency, there are two main lines of thinking: First, to optimise the process through the manipulation of the physical parameters of the systems (e.g., temperature, pH, hydraulic retention time (HRT), agitation, etc.). Second, to add either pre-treatment or post-treatment processes to the main process to increase the effectiveness of the entire process overall. These different options have been discussed, with suggestions being made on the way forward.
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1. Introduction


Globally, the dairy sector is a substantial industry amounting to 900 million tonnes of milk being produced annually [1]. However, this large-scale production raises concerns about the resulting wastewater. It is estimated that the volume of wastewater generated during milk processing is 2.5 times greater than the volume of milk processed, amounting to a staggering 2.25 billion tonnes of dairy wastewater produced annually [2].



In South Africa, 40% of the population live in rural areas. According to recent estimates, 74% of the rural population rely on groundwater to meet their water needs. However, 19% of the rural population lack access to reliable water, and 33% lack basic sanitation. Inadequate water access is also a problem for 26% of all schools and 45% of clinics [3]. Water scarcity is a significant issue in South Africa, where the agricultural industry uses 60% of the available water. This poses a challenge as a large portion of the population lack reliable access to water [4]. To exacerbate the problem, the dairy refinement industry alone consumes around 7 million tonnes of water per year [5]. However, there is an opportunity to address this issue by implementing dairy wastewater (DWW) treatment strategies. By doing so, a substantial amount of water can be recovered and reintroduced into the water grid, thereby aiding in reducing the water shortage experienced by many South Africans.



The disposal of wastewater is a topic of great importance as improper disposal may lead to a detrimental effect on the lives of people as well as the degradation of the environment. Many laws and regulations have been put in place to ensure that the wastewater being released from various industrial processes meets a minimum standard of safety [6]. Different industries release varying quantities of wastewater with different types of contamination. The release of DWW into water systems without proper treatment causes an array of environmental issues due to its high organic content. The decomposition of DWW in a water source causes the dissolved oxygen (O2) inside the water body to drop as the microbes (especially algae) flourish in the nutrient-rich environment. This results in a hypoxic environment which is unsuitable for aquatic animal and plant life. The increased algal growth produces elevated levels of CO2 which lowers the pH of the body of water, which in turn slows the growth of fish and shellfish. The addition of DWW into fresh water also provides a breeding ground for various insects, which can upset the balance of the surrounding ecosystem. The degradation of casein also causes the formation of a sludge which is harmful to aquatic organisms [7]. This impacts the health of aquatic life and the potential for fishing which has a negative economic impact. In addition to these environmental implications, the processing of dairy products and the release of DWW can lead to several social impacts. These stem from two main sources, namely, the discharge of untreated or partially treated wastewater into nearby water bodies and the odour produced by the plant and effluents. The contamination caused by the release of DWW can promote the spread of bacteria such as Salmonella and E. coli, which can cause illness in humans and animals which use the water sources. Once contracted, these illnesses can easily be spread throughout the community.



The unique characteristics of dairy wastewater make it a challenging and complex category of industrial wastewater, namely, the high fat content and high levels of COD, which can be seen on Table 1. Within the dairy industry, different types of wastewaters are produced depending on the part of the process from which the water is sampled and the product being made. However, the contaminants contained in DWW which are of most relevance during treatment can be captured by the following parameters: BOD5 (biological oxygen demand over 5 days), COD (chemical oxygen demand), FOG (fats, oils, grease), TSS (total suspended solids), TP (total phosphorous) and TN (total nitrogen). Table 2 shows information on the typical characteristics of effluents from different dairy products. In addition to elevated levels of problematic compounds, dairy wastewater is also warmer (17–25 °C) than municipal water (10–20 °C) [8]. This causes increased biological degradation rates, which can promote eutrophication if disposed of into water bodies. These warm temperatures can also negatively impact the growth of plants and organisms in these water bodies.



Due to the large variation in the characteristics of DWW, the choice of appropriate technology is crucial for achieving an effective treatment of different types of wastewater. This review highlights different biological treatment methods which can be applied to DWW, along with their strengths and weaknesses. It also considers possibilities to optimize the various types of processes by altering parameters or adding additional process steps. Most experimental studies focus on the effects of certain parameters on methane production during the anaerobic treatment of DWW. The effects of various parameters on the processes, specifically for the reduction of COD, BOD5 and FOGs, have not been thoroughly investigated. Therefore, this review considers various optimization options that can be implemented and the predicted effects on process efficiency.




2. Treatment Options


Biological treatments have been highly effective in reducing the organic load in various types of wastewaters. The nature of microbial systems allows for biological treatment methods to be versatile with respect to the type of wastewater being remediated. However, the physical conditions of the system, such as pH, temperature, and O2 levels, need to be carefully controlled to avoid damaging the microbial consortia. It is also necessary to ensure that certain compounds do not exceed the microbes’ tolerance, as an excess would kill them. One of the downsides to biological treatment methods is that there are certain substances (such as heavy metals) which cannot be processed as they would poison the microbial colonies. There are two main types of biological treatment methods: aerobic and anaerobic treatment. Anaerobic and aerobic treatments are commonly used in conjunction with one another as they each treat different components of the DWW. A combination of aerobic and anaerobic is a suitable solution for treating different components of DWW, replacing traditional one-phase biological systems [21]. A summary of the below treatment options can be seen on Table 1.





 





Table 2. Summary of the removal percentages of the previously mentioned biological systems.
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	Process
	Process Type
	%Removal
	Merits and Demerits
	Reference





	Activated sludge
	Aerobic
	BOD5: 95%
	
	
Accumulation of sludge



	
Low resistance to environmental shock



	
Effective at removing complex compounds





	[22]



	SBR
	Aerobic & Anaerobic
	COD: 95–98%

TS: 60%

TN: 40%

NH3: >90%

TP: >90%
	
	
Highly flexible system



	
Lower productivity due to being a batch system





	[8,23]



	MBR
	Aerobic & Membrane filtration
	COD: 95%

BOD5: 95–99%

TN: 96%

NH4: 99.9%

TP: 80%
	
	
Susceptible to membrane fouling



	
Low energy usage



	
Compact design





	[24,25]



	PBR
	Anaerobic
	COD: 96%

BOD5: 93%

VSS: 90%
	
	
Prone to clogging



	
Low biomass retention





	[7]



	AFs
	Anaerobic
	COD: 90%

FOG: 47%
	
	
Ineffective at treating high FOG content DWW





	[26,27]



	UASBR
	Anaerobic
	COD: 96.3%
	
	
Suitable for high COD streams



	
Prone to accumulation of fats on the sludge blanket



	
Higher resistance to environmental shock due to granular sludge use





	[28]



	AF + SBR
	Aerobic & Anaerobic
	COD: 90%
	
	[27]



	UASBR + Aerobic Denitrification
	Aerobic & Anaerobic
	COD: 95%
	
	[20]








2.1. Aerobic Treatment Processes


Aerobic treatment occurs when the microbes are exposed to air and thus oxygen whilst anaerobic occurs without the presence of air. Aerobic treatment is effectively used to reduce the BOD5 as well as the phosphorous and nitrogen content in dairy wastewater. Aerobic processes are additionally more cost-effective than anaerobic ones for the removal of fats from DWW [21]. Importantly, the removal of nitrogen is largely associated with the oxidation of ammonia into nitrates, which in turn reduces the odour of the DWW. Aerobic systems are associated with high biomass growth and are susceptible to clogging if solely used to treat DWW [5]. Additionally, aerobic treatments suffer from the high energy demand due to aeration. The following are aerobic treatment methods which have been used to treat DWW, both in a lab setting and on an industrial scale.




2.2. Activated Sludge


Activated sludge treatment methods are processes which introduce microbes into the wastewater stream to both treat the water and stimulate the growth of microbes. The microbial colonies are then separated from the bulk stream using a clarifier or filter, with a portion of the sludge being reintroduced to the reactor. A schematic representation of an activated sludge system can be seen in Figure 1. These methods are preferred for the removal of carbon, nitrates, and ammonia [4]. The constant recirculation of sludge allows for the microbes to acclimatize to the waste stream composition and increases the performance of the system, the longer it is operated for. These systems are also effective at breaking down complicated compounds such as lactose, FOG, and proteins [29]. Studies have shown a reduction of BOD5 in DWW of up to 95%, using activated sludge [22], demonstrating its effectiveness at reducing organic compounds. Activated sludge processes tend to suffer from low resistance to environmental shocks and a build-up of toxins. In addition, sludge settling can be problematic, which reduces the recovery of biomass. These shortfalls have been overcome using granular sludge, i.e., a type of sludge which forms solid spherical granules from microorganisms and flocs. These granules have a higher resistance to shocks and better settling properties [30]. Another downside to activated sludge processes is the disposal of sludge. This can be somewhat mitigated by reusing the sludge as fertilizer or as part of an animal feedstock.




2.3. Sequencing Batch Reactors


Sequencing batch reactors (SBRs) comprise a series of process steps within a single bioreactor. These steps occur in the sequence of filling, reacting, settling, decanting, and idling. The filling stage is the addition of the DWW and liquor, which contains microbes. The reaction stage can consist of cycles of aerobic and anaerobic phases. This can be achieved by alternating between periods of aerating and no aeration. For the settling stage, the aeration and mixing are stopped for the suspended solids to settle and be easily separated from the treated water. The decanting stage involves the removal of the supernatant fluid (treated wastewater). The idle stage is mostly needed for multi-reactor systems where there is a time delay between the filling stage in between units [21]. A schematic representation of a SBR system can be seen in Figure 2. SBRs have been observed to reduce COD by up to 95%, total solids by up to 60%, and up to 40% of the total nitrogen [8] from DWW. These systems do suffer from relatively low removal rates for phosphorous, nitrogen, and limited solid removal. A study [23] utilizing a hybrid up-flow–downflow reactor was able to achieve a stable treatment of DWW with an average organic loading rate of 10,000 mgCOD/L/day. This system demonstrates the flexibility of an SBR system as it contains both downflow pre-acidification chambers and up-flow methanation chambers. It achieved a COD conversion into biogas of 98%, with an additional removal of NH3 and TP of over 90% [29]. Studies have also been carried out with an SBR coupled with membrane filtration to remedy these limitations. However, the inclusion of a membrane brings the new challenge of membrane fouling, which requires additional strategies to mitigate this risk. SBRs also have the drawback of being a batch system, which necessitates the loading and unloading of the reactors along with cleaning for each batch. This results in lower productivity than that of a continuous system.




2.4. Membrane Bioreactor


Membrane bioreactors (MBR) incorporate the principle of membrane filtration with a bioreactor. A schematic representation of an MBR can be seen in Figure 3.There are two main configurations of MBR, one where the membrane is submerged within the reactor and one where the membrane is located externally with a recycle back into the reactor. MBRs with submerged membranes are more popular as they are compact and have low energy usage [31]. One of the downsides of submerged membranes is that they are more prone to fouling than the external configuration. This is an issue that must be dealt with for most membrane systems. However, with an MBR, soluble microbial products add to the risk of fouling. This can be somewhat mitigated by treating the membranes with sodium metabisulfite to prevent microbial growth on the membrane [32]. In lab-scale operations, when treating DWW, an aerobic MBR has been observed to decrease the BOD5 level by up to 99% and the ammonium levels by up to 99.9% [24]. Another study, treating high-strength ice-cream wastewater (13,300 mgCOD/L & 6500 mgBOD5/L), was able to achieve a COD and BOD5 reduction of over 95%, TP by 80% and TN by over 96% [25].




2.5. Anaerobic Processes


Anaerobic treatment processes are primarily aimed at reducing the organic content of wastewater and are suited for the remediation of wastewater with high organic loads [5]. Anaerobic systems are also effective at decreasing the nitrites and nitrates by reducing them into nitrogen gas. These systems are, however, less effective at removing the FOGs, ammonia, and phosphorous [4] and may require further downstream treatment or a suitable pre-treatment method to meet discharge standards. FOGs and other complex polymeric compounds are difficult to break down using anaerobic consortia and usually require a hydrolysis or oxidation step to break them down into smaller, soluble molecules such as short-chain fatty acids and alcohols [33]. Hydrolysis is the process whereby a complex polymeric organic compound is broken down into smaller soluble compounds in the presence of water [34]. This process can be catalysed by the addition of acids or enzymes to the solution. This is relevant for anaerobic processes as the lipid content is usually a limiting factor for performance [35]. Anaerobic treatment also has the potential of methane production from organic-rich wastewater. Common uses of anaerobic technology include anaerobic filters, sludge blanket reactors, and packed bed digestors.




2.6. Anaerobic Filters


Anaerobic filters (AFs) are reactors that are packed with a porous support media with biomass in the packing void. AF reactors contain at least two filtration chambers within the system, with the filter media used to prevent biomass from passing through. A side effect of these filtration chambers is enhanced solid removal, which can be observed [7]. A schematic representation of an AF system can be seen in Figure 4. This treatment method is most appropriate for wastewater with low organic loading and struggles with high-strength wastewater streams [36]. As the organic material in the wastewater stream degrades, it adheres to the support media, which acts as a physical barrier. The selection of media is an important aspect of the AF system, as the characteristics of the media will affect the microbial activity and, ultimately, the performance of the system. Studies have shown that a reduction in COD of up to 90% can be achieved when treating a DWW stream [26]. However, it is not effective at dealing with high-fat DWW, showing low FOG removal rates of around 47% [27]. This highlights the need for the further downstream treatment of the effluent and sludge produced by AF systems when treating wastewater with high organic loading. Alternatively, appropriate pre-treatment systems can be implemented to overcome these difficulties. This has been successfully implemented by the addition of an SBR to remedy the low FOG removal, where a 99% overall FOG removal was achieved [27].




2.7. Anaerobic Packed Bed Reactors


Anaerobic packed bed reactors (APBRs) utilize sludge which has been immobilized, through which the wastewater is pumped either in an up-flow or downflow configuration. This reactor uses a packing material at the top and/or bottom to fix the biomass in place. This packing material is intended to support biofilm formation and not to act as a physical barrier for the solids contained within the DWW. This is a very similar configuration to that of an anaerobic filter; however, there are no filtration chambers present within the APBR configuration. An issue with this technology is that it can be prone to clogging due to the accumulation of biomass. This issue can be bypassed by allowing biomass to flow out of the reactor with the effluent stream, necessitating further downstream treatment. This solution also raises another issue of low biomass retention within the system. A remedy to this would be to use granulated sludge within the reactor body. The benefits of using granulated sludge would be higher shock resistance, higher toxicity resistance, and higher retention within the reactor. Packed bed reactors were highly effective at reducing COD, BOD5, and volatile suspended solids content of up to 96%, 93%, and 90%, respectively [7].




2.8. Up-Flow Anaerobic Sludge Blanket Reactors


Up-flow anaerobic sludge blanket reactors (UASBRs) are some of the most used systems for the treatment of DWW. These types of reactors are fed wastewater through the bottom of a reactor column which is packed with anaerobic sludge granules that have been somewhat fixed in place. The treated effluent is then extracted from the top end of the reactor, with the methane being siphoned off through a vent at the top of the reactor. A schematic representation of an UASBR can be seen in Figure 5. UASB reactors are highly suited for treating wastewater streams which have a high COD content of up to 40,000 mg/L [28], making them an ideal choice for treating DWW. They have been observed to achieve a COD reduction of up to 96.3% with a hydraulic retention time (HRT) of 3 h [37]. A common issue experienced with ASB reactors is the accumulation of organic material in the sludge blanket, possibly due to the difficulties in the breakdown of the FOG of anaerobic bacteria. This problem can be resolved by implementing a hydrolysis stage before the reactor or by increasing the HRT of the reactor [37].




2.9. Aerobic–Anaerobic Systems


Aerobic–anaerobic systems have been widely investigated for various wastewaters with high organic contents. The combination of these two technologies allows for a more complete remediation of DWW as each stage focuses on different pollutants within the wastewater. The aerobic stage effectively reduces the ammonia, phosphorous, H2S, and BOD5 content, whereas the anaerobic stage reduces the COD and nitrate content of the water [21]. In theory, it should be possible to achieve removal yields from a two-stage system similar to the yields that can be achieved by the individual processes. This is due to the different pollutants that are being processed by each individual system. In a practical study of an anaerobic filter combined with an aerobic one, an SBR was able to achieve a COD removal of 90% from a high-strength dairy stream with an influent COD content of approximately 8000 g/L [27]. Another study achieved a COD removal of 95%, in a full-scale plant, using an up-flow anaerobic sludge bracket reactor followed by aerobic denitrification [20]. These systems are highly versatile as the selection of reactor configurations is not limited to those found in the literature and can be evaluated on a case-to-case basis. This ultimately depends on the strength of wastewater being treated and the discharge standards to be met. One of the main benefits of using aerobic–anaerobic systems is that a more complete remediation of the wastewater can be achieved. This means that the treated wastewater has the potential to be used for a larger variety of applications when compared to standalone aerobic or anaerobic systems.





3. The Effects of Experimental Parameters on the Performance of Biological Treatment Systems


Certain shortfalls that occur with the biological systems outlined above can be resolved by manipulating various physical parameters. However, this is not a straightforward task when dealing with microbial colonies as they have a complex makeup and can sometimes express unwanted behaviour if taken out of their ideal conditions. Conversely, microbial systems can be highly adaptable to sustained changes in their environments and can therefore be manipulated to perform in a more favourable way through the changes in physical parameters. The following parameters are considered as critical as they can have significant effects on the performance of a biological system without inherently changing the feed characteristics.



3.1. pH Adjustment


There are three main groups of microorganisms which are found in AD: acidogenic (acid producing), acetogenic (acetate-producing), and methanogenic (methane-producing). Each of these has a pH range which it prefers. Acidogens have an optimal pH range between 5.2 and 6.5; acetogens from 6.6 to 7.6; and methanogens from 7.5 to 8.5 [38]. The pH of the system should be carefully controlled because an imbalance, either too high or too low, can lead to an overproduction or accumulation of certain compounds, which can then result in digestor failure [39]. It is important to select an appropriate pH based on the specific need of the system. However, the reactions which occur during the remediation of DWW produce volatile fatty acids (VFAs) from the breakdown of FOGs, which alter the pH as the process occurs. This necessitates the need for constant pH adjustment throughout the process in order to remain at an optimal pH whilst VFAs are being produced.




3.2. Dissolved O2 Levels


Aerobic digestion is enhanced by higher levels of dissolved O2; it therefore follows that anaerobic digestion will be enhanced by the removal of dissolved O2 from the wastewater. One straightforward approach to eliminate dissolved oxygen is to pass another gas through the wastewater. Some potential deoxygenating agents for anaerobic digestion are nitrogen or biogas. Biogas is a convenient option as an amount of CO2 and methane is produced by anaerobic digestion. However, the use of biogas poses an environmental issue due to methane being a greenhouse gas. Nitrogen gas is a suitable gas to use as it is non-reactive and does not pose any inherent environmental risks [39]. Another method of deoxygenation is to increase the temperature of the wastewater. The heating of the water decreases the solubility factor between oxygen and water and allows for the dissolved gas to escape. Pressure is another factor which has an inversely proportional effect on the solubility factor between oxygen and water, which is described by Henry’s Law. In other words, the lower the pressure of the system, the less dissolved oxygen will be present within the wastewater. However, both changing the temperature and the pressure within a system can be energy-intensive and costly to run on a large scale. The use of deoxygenating agents is not energy-intensive; however, it may increase the operating costs as large quantities of gas may be needed when implemented in a real-world scenario.




3.3. Hydraulic Retention Time


Hydraulic retention time (HRT) refers to the average time that a liquid substrate will spend within a reactor. HRT is largely dependent on the type of reactor being used and the organic load of the wastewater being treated. A small HRT can sometimes result in high biomass washout, whereas a long HRT can require large reactor volumes [39]. The growth of the various groups of microorganisms used in AD are favoured by different HRTs. Methanogens prefer a longer HRT period as opposed to acidogenic bacteria, which prefer low HRTs. The determination of optimal hydraulic retention time (HRT) is a complex decision that requires the consideration of both the process and the desired outcomes, and it should be evaluated on a case-by-case basis. As previously mentioned, increasing the HRT improved the ability of an ASB reactor to better metabolize FOGs, which is the prevailing shortfall of anaerobic systems. A higher HRT usually results in greater reactor performance in terms of removal efficiency and has been observed to do so for an SBR with dairy wastewater influent COD levels between 10,000 mg/L and 20,000 mg/L [40]. This system was shown to increase the removal efficiencies of all major components of interest in the wastewater for longer HRT periods. However, there is a point of diminishing returns for a system where increasing the HRT will yield either minimal increases in removal efficiency or efficiencies that have exceeded the levels which are required for the system. HRT is an easily manipulated variable, which can produce significant results when optimised according to the needs of the system.




3.4. Aeration and Agitation


An important factor in aerobic treatments is the aeration which is introduced into the system. It is the driving force behind the reactions which aerobic digestion is utilized for, namely, the oxidation of ammonia and the breakdown of complex organic compounds. Therefore, an optimal aeration regime is essential for the performance of any treatment method used. At lower aeration levels, it was observed that there was a significant decrease in COD removal efficiency and an even more drastic decrease in the efficiency of ammonia removal [40]. This indicates that the available oxygen is being used to oxidise the carbon substrates in the wastewater as opposed to the ammonia. The most likely explanation is that ammonia requires a larger amount of O2 when compared to the organic components. The same study also observed that there was a decrease in biodiversity at lower aeration levels, likely due to the difficulty of certain species of microbes to adapt to prolonged anoxic conditions [41]. This could result in a decrease in the removal of certain components as the microbes best suited for their breakdown would no longer be present in the colonies. Higher levels of aeration were seen to improve the removal of both ammonia and COD, with the highest levels showing the greatest performance. Aeration has the additional effect of dislodging a certain percentage of dissolved gasses, which is also the principle behind using nitrogen gas to reduce the DO content in the wastewater.



Agitation or physical mixing within an aerobic bioreactor has been seen to increase both cell growth and enzymatic activity. This is due to the agitation facilitating the efficient dispersion of macromolecules within the medium [42]. High agitation can negatively affect both the growth and enzymatic activity of the microbes due to the shearing effect [43]. This can prevent larger colonies of biomass from forming due to the lack of fluid stability. Similar to aeration, agitation has the benefit of allowing some of the dissolved gas, which is produced by the treatment process, to escape from the water.




3.5. Temperature


The temperature plays a critical role in the reactions involved in wastewater remediation. Different temperature ranges can have both favourable and unfavourable effects on the performance of a bioreactor. High temperatures can cause the denaturation of proteins within the microbes, causing them to lose their enzymatic activity and die. Low temperatures can cause the microbes to become dormant, inactive, or die. It is, therefore, essential that the temperatures within a bioreactor are carefully controlled and are not allowed to go beyond the range within which the microbes are able to thrive. However, choosing an optimal temperature for which to run a system at depends on the specific microorganisms used within it. Most anaerobic digesters used for wastewater treatment typically operate at mesophilic conditions, between 35 °C and 37 °C. Temperature needs to be carefully controlled as large fluctuations can be detrimental for these processes [44].



An important effect which temperature has on DWW has to do with the physical properties of the fats found within the wastewater. The main lipids found in milk are known as triglycerides, with the main fatty acids being long-chain fatty acids, accounting for around 67%, and with the remainder being short-chain fatty acids. This results in milk fats having a melting point temperature of 37 °C [44], which is significant as it means that the fatty solids in DWW can be easily removed from the wastewater through physical methods, namely, reducing the temperature of the wastewater followed by passing the water through a strainer to remove the larger solid particles.





4. Accessory Treatment Options


Another route for overcoming the shortfalls of certain biological systems is the addition of either pre-treatment or post-treatment systems to compensate for the weaknesses in the main treatment process. This can sometimes be easier than manipulating system parameters to obtain a better performance, as the accessory processes can be specifically tailored for the main system and can be implemented without too much trouble. The downside is that this is usually a more costly option. The following are processes which can be integrated into biological systems smoothly, as they do not utilize harsh chemicals or change the feed characteristics in a way that would interfere with the main biological system. A summary of the below accessory treatment options can be seen in Table 3.



4.1. Hydrolysis


Anaerobic systems generally have difficulty in degrading FOGs and ammonia, as these are oxidation reactions which occur. High concentrations of FOGs can contribute to clogging within the reactor as they are poorly broken down through AD. An effective solution to these problems is a hydrolysis stage before the anaerobic digestor. An up-flow ASB reactor (UASB) was observed to be able to effectively treat wastewaters with high FOG contents which had been hydrolysed before treatment. It was noted that when fed unhydrolyzed wastewater, the UASB showed unstable COD removal and a tendency to accumulate some of the fats within the sludge [45]. This suggests that the inclusion of a separate hydrolysis stage can mitigate the risk of clogging within the reactor. Additionally, studies show that DWW that has been hydrolysed increases the production of methane when compared to unhydrolyzed DWW [35]. This can be attributed to the oxidation degradation of the complex organic molecules into more easily digested compounds.



One study, using an up-flow anaerobic sludge bracket reactor, observed that the inclusion of a hydrolysis pre-treatment stage showed small improvements in the COD removal of the reactor, with an average of 90% COD removal compared to the 82% which was observed using unhydrolyzed wastewater. However, it was also seen that utilizing high-strength unhydrolyzed wastewater (1000 mgFOG/L) caused FOG build-up in the reactor and resulted in sludge with 25% higher FOG content than that observed from the reactor utilizing hydrolysed wastewater [45]. Additionally, the FOG content of the effluent stream from the reactor using the high-strength (1000 mgFOG/L) hydrolysed wastewater was observed to be between 100 and 200 mgFOG/L. This is significantly lower than the FOG content of the unhydrolyzed effluent stream, which was observed to be in the region of 700 mgFOG/L [45]. Another study showed a COD removal of 90% and a biogas production of 4710 mL using pre-hydrolysed wastewater, compared with a COD removal of 66% and biogas production of 2330 mL when using unhydrolyzed wastewater of the same initial FOG content [46]. These studies highlight the weakness of single-stage anaerobic digestion when it comes to processing high FOG-content wastewater. The addition of an enzymatic pre-hydrolysis treatment stage has been seen to improve the efficiency of single-stage anaerobic digestors in processing high-strength DWW by increasing both the COD and FOG removal efficiency which results in a more complete remediation of the wastewater. An important effect of reducing the FOG content before anaerobic digestion is that the risk of clogging is reduced within the system. This is an essential factor when considering the real-world operation of a continuous process as it results in a more stable system with less unwanted stoppages.




4.2. Coagulation


Coagulation/Flocculation are currently the most commonly used processes for the removal of suspended and dissolved solids, colloids, and organic components in industrial wastewater [47]. There are two types of coagulants commonly used in wastewater treatment, namely, inorganic and organic coagulants. Inorganic coagulants are usually metal-based salts, usually containing aluminium or iron. The use of Alum (X × Al(SO4)2 × 12H2O, where X is a metal ion such as potassium or sodium) as a coagulant in the treatment of DWW was observed to reduce the turbidity of the water by 95% and reduce COD by 68% [48]. This was further enhanced by the addition of polymeric coagulants, resulting in a reduction in COD by 85%. However, inorganic coagulants produce large amounts of metal-rich floc, which must be further treated before it is disposed of. They can also alter the pH of the water requiring pH control and corrosion-resistant equipment. When trying to integrate inorganic coagulants with biological systems, it is important to evaluate whether the microbial colonies will be able to function unhindered.



Organic coagulants can either be polymeric or natural coagulants. Polymeric coagulants produce longer polymer chains without any metals or hydroxides and produce smaller volumes of floc. They also do not impact the pH of the water. They also produce low-density floc, which does not always settle well. Natural coagulants are being investigated widely and there have been many studies which show their effectiveness in the treatment of wastewater. An extract made from the bark of Guazuma ulmifolia was used as a coagulant for DWW (3037 mgCOD/L & 1283 mgBOD5/L) and was observed to remove 95.8% of the turbidity, 76% of the COD and 81.2% of the BOD5 [49]. Natural coagulants’ low cost and eco-friendliness make them a suitable alternative to the more commonly used synthetic coagulants. Another benefit of natural coagulants is that they are easier to integrate with biological systems as they do not have an impact on the pH of the resulting effluent and are not introducing any potentially harmful substances into the system.




4.3. Membrane Filtration


Membrane filtration methods such as microfiltration are effective at significantly reducing the TSS within the wastewater. However, it has little effect on the TN, COD, and BOD5 content and is commonly used as a pre-treatment step in a wastewater treatment process. Reverse osmosis (RO) is a viable option for dairy wastewater treatment and has been observed to reduce the TN and TOC by 94% and 84%, respectively [50]. Nanofiltration has been observed to be effective at reducing COD and TSS levels but does not remove all ions of interest, such as phosphates and nitrates, from the wastewater stream [51]. There have been some applications of nanofiltration and RO being used in conjunction with a bioreactor, which was observed to greatly improve the overall ion removal in addition to enhancing the reduction in COD and TSS. There are issues associated with RO and membrane filtration, which affect the long-term uses of this type of system. RO is an extremely energy-intensive process and is sometimes impractical to operate at the specifications required [52]. The replacement of this technology can be costly in the event of physical damage or fouling. In addition, this process produces a highly concentrated retentate which needs to be disposed of. This is a major concern as the disposal of the concentrate that is formed is more problematic than that of the wastewater itself. However, this downside can be somewhat mitigated when used in conjunction with a biological treatment system, as the water to be processed will contain already reduced amounts of TN, COD, and TS. This application can be observed in an MBR.





 





Table 3. Summary of Accessory Treatment Options.
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	Process
	Examples
	Merits & Demerits
	Reference





	Hydrolysis
	
	
Formic Acid



	
P. aeruginosa extract





	
	
Able to effectively break down FOGs



	
Enhances methane production



	
Able to improve efficiency of anaerobic systems



	
Reduces risk of clogging in anaerobic systems





	[35,39,46,53,54]



	Coagulation
	
	
Alum



	
Ferric chloride



	
Polyaluminium chloride



	
Acacia mearnsii tannin extract + polyaluminium chloride



	
Guazuma ulmifolia bark



	
Okra



	
Passion fruit seeds





	
	
The selection of coagulant needs to be thorough to ensure that there are no negative effects on the microorganisms in the system



	
May require pH control



	
Natural coagulants are relatively low cost



	
Natural coagulants are usually safe to use in conjunction with biological systems





	[46,47,48,55]



	Membrane Filtration
	
	
Nanofiltration



	
Reverse Osmosis





	
	
Energy-intensive



	
Prone to membrane fouling



	
Produces high concentrated effluent



	
Able to be easily integrated into biological systems



	
Costly to replace





	[49,50,51]










5. The Way Forward and Conclusions


The treatment of DWW is an essential part of an ever-expanding dairy industry, with advancements in these processes not only affecting this industry but all industries processing high-strength organic wastewater. The potential to reclaim water that would otherwise be discarded is vital in South Africa due to the water shortages experienced by a large portion of the population. Much of the waste produced from the processing of dairy products has the potential to be remediated using biological methods. Biological treatment methods have been proven to be highly effective in the remediation of dairy wastewater from all sources and strengths. Apart from the versatility of these systems, they are also more environmentally friendly than many chemical-based processes and physical treatment methods.



The two categories of biological treatment, aerobic and anaerobic, each have their own advantages and disadvantages when it comes to the bioremediation of DWW. Aerobic treatment is effectively used to reduce the BOD5, the phosphorous and nitrogen content as well as the odour of the DWW. Aerobic processes are additionally more cost-effective than anaerobic ones for the removal of fats from DWW. On the other hand, aerobic treatments suffer from high energy utilization due to the aeration required. Anaerobic treatments are primarily aimed at reducing the organic content of wastewater and are suited for the remediation of wastewater with high organic loads. Additionally, these systems also have the potential of methane production from organic-rich wastewater. Anaerobic systems are, however, less effective at removing the FOGs, ammonia, nitrates, and phosphorous and may require further downstream treatment or a suitable pre-treatment method to meet discharge standards. Biological processes have several factors to which they are sensitive, such as pH, temperature, hydraulic retention time, agitation, and the dissolved O2 levels in the wastewater.



The optimization of these parameters has not been fully explored when investigated simultaneously to establish whether any synergistic effects exist or not. Some further aspects which need to be considered for the real-life implementation of these technologies are highlighted below.




	
The effects that various parameters have on the efficiency of aerobic and anaerobic digestion must be examined. It is important to examine and understand the effects that changes in multiple parameters will have collectively, and possible synergistic effects between these parameters, as this will aid in developing better control strategies for optimal DWW treatment.



	
The optimal operating conditions for each of these parameters based on the discharge standards to be met and the varying characteristics of different DWWs must be determined.



	
Future work must consider developing a more complete understanding of the reactions taking place in both aerobic and anaerobic digestion to be able to better optimize each process individually and together. This would be a big step in understanding the synergies between the two processes when used in a multi-stage system for the improved efficacy of DWW treatment processes.



	
Considerations must be made into optimizing pre-treatments that can be used in conjunction with a biological treatment system, and to evaluate the effects that this will have on the remediation efficiency of the process. This will be primarily aimed at treating the wastewater and not at the production of biogas or methane.



	
The viability of accessory treatment options must be made a key consideration and evaluated for the purposes of overcoming the various shortfalls of certain biological processes.
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Figure 1. Schematic diagram of an activated sludge process. 
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Figure 2. Schematic of an SBR treatment system. 
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Figure 3. Schematic diagram of a membrane bioreactor. 
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Figure 4. Schematic diagram of an anaerobic filter. 
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Figure 5. Schematic diagram of an up-flow Anaerobic Sludge Blanket Reactor (UASBR). 
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Table 1. Characteristics of types of wastewaters produced by various dairy products.






Table 1. Characteristics of types of wastewaters produced by various dairy products.





	
Processing

Effluent

	
pH

	
(mg/L)

	
Reference




	
BOD5

	
COD

	
FOG

	
TS

	
TSS

	
TN

	
TP






	
Mixed Dairy

	
3.38–12.08

	
240–5900

	
500–10,400

	
20–1920

	
710–7000

	
60–5800

	
10–660

	
0–600

	
[9,10,11,12,13,14,15,16,17,18,19,20]




	
Milk

	
5–9.50

	
500–1300

	
950–2400

	
-

	
-

	
-

	
-

	
-

	
[10]




	
Cheese

	
3.38–9.50

	
590–5000

	
1000–63,300

	
330–2600

	
1920–53,200

	
190–2500

	
18–830

	
5–280

	
[10,12,13,20]




	
Cheese Whey

	
3.92–9.50

	
27,000–60,000

	
50,000–102,100

	
900–14,000

	
55,000–70,900

	
1270–22,150

	
200–1760

	
120–530

	
[9,10,15,17,18]




	
Whey

	
9–5

	
590–1210

	
1070–2180

	
-

	
-

	
80–440

	
-

	
-

	
[19]




	
Milk Permeate

	
5.55–6.52

	
-

	
52,940–57,460

	
-

	
11,610–15,390

	
300–450

	
350–450

	
2500

	
[11,14]




	
Ice Cream

	
5.10–6.96

	
2450

	
5200

	
-

	
3900

	
3100

	
-

	
14

	
[16]




	
Butter

	
12.08

	
220–2650

	
8930

	
2880

	
-

	
700–5070

	
-

	
-

	
[12]




	
Washing Wastewater

	
10.37

	
3470

	
14,640

	
3110

	
-

	
3820

	
-

	
-

	
[12]








TP—Total Phosphorus; TN—Total Nitrogen; TSS—Total Suspended Solids; TS—Total Solids; FOG—Fats, Oils, and Grease; COD—Chemical Oxygen Demand; BOD—Biological Oxygen Demand. All units are in mg per L of wastewater.
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