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Abstract 

Kitchen wastewater, characterized by elevated levels of organic matter and nutrients, requires efficient treatment 

solutions to mitigate its environmental impact. Conventional treatment methods are often energy-intensive and 

inefficient for decentralized or small-scale applications. This study investigates the sustainable treatment of 

kitchen wastewater by assessing nutrient removal efficiency and fatty acid profile in two different co-culture 

systems: System A (green microalga and activated sludge) and System B (diatom and activated sludge). The 

reactors were operated in semi-continuous mode at five distinct solid retention times (SRTs) (2, 4, 6, 8, and 10 

days), with monitoring of key parameters including dissolved organic carbon, total nitrogen, and phosphates. 

The biomass obtained from both systems was analyzed for fatty acid composition after treatment. The removal 

of carbon and nitrogen was found to be comparable in the two setups. Chlorophyll concentration increased with 

increasing SRT in these co-cultures. At 10 days of SRT, the average chlorophyll concentration in System A was 

6.5 mg/L, while in System B it was 4.9 mg/L. System A generated significantly greater proportions of 

polyunsaturated fatty acids across several SRTs in comparison to System B.  The differences in fatty acid 

composition make System A more suitable for colder climates, where biodiesel must maintain adequate fluidity, 

while System B produces biodiesel with superior oxidative stability. This work establishes the feasibility of 

employing tailored algae-activated sludge co-cultures for integrated wastewater treatment and biodiesel 

production, demonstrating a sustainable methodology for simultaneous resource recovery and development of 

application-specific biofuels according to their fatty acid profiles. 
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1 Introduction 

 

Kitchen wastewater (KWW) is a primary component 

of household greywater, originating mainly from food 

preparation, dishwashing, and cleaning activities. In 

Indian houses, KWW accounts for 37% of total 

greywater, generating 9 to 40 liters per capita per day 

(LPCD), with an average of 23 LPCD [1].  

Furthermore, the KWW is generated by the food and 

restaurant sectors, both of which are substantially 

growing in India, hence increasing the volume of 

wastewater. The discharge of nutrient-rich wastewater, 

primarily from kitchen sources containing elevated 

levels of organic matter, nitrogen, and phosphorus, 

considerably contributes to environmental contamination 

such as eutrophication, deterioration of groundwater 

and soil quality, and foul odours  [2]. When subjected 

to appropriate treatment methods, KWW becomes 

suitable for reuse in non-potable uses (such as toilet 

flushing, gardening, and car washing) and serves as a 

nutrient-rich resource for agricultural irrigation, hence 

reducing dependence on synthetic fertilizers [3].  A 

wide array of treatment technologies has been studied 

for kitchen wastewater applications. These approaches 

include biological, physicochemical, and hybrid 

systems. Biological technologies such as activated 

sludge processes, phytoremediation, membrane 

bioreactors, and microbial fuel cells (MFC) use 

microorganisms to degrade organic contaminants, and 

in some cases, generate electricity [4]. Physicochemical 

approaches such as electrocoagulation, flocculation, 

and advanced filtration remove suspended solids, fats, 

oils, and grease typically as a pre-treatment to 

biological processes or in conjunction with the 

biological steps [5], [6]. Hybrid/integrated systems 

that combine biological and physicochemical 

technologies like anaerobic membrane reactors [7] to 

meet and enhance efficiency and perform effective 

treatment, considering the complexity of kitchen 

wastewater. The traditional wastewater treatment 

processes are mainly energy-dependent and cannot 

properly remove nutrients, thereby causing 

eutrophication in water bodies.  

In recent years, much interest has been taken in 

integrating biological treatment processes with 

microalgae, which demonstrates a very eco-friendly 

and cost-effective approach to nutrient removal and 

resource recovery [8], [9]. Microalgae can rapidly 

utilize nitrogen and phosphorus as nutrients, and 

research has demonstrated that algae can survive 

through efficient assimilation processes in wastewater 

environments, converting hazardous pollutants into 

biomass [10]. Some species of microalgae can even 

accumulate lipids in stress when nutrients become 

scarce, thereby offering a potentially promising 

feedstock for biofuel production [11]. Co-culturing 

microalgae with activated sludge was reported to be 

an effective and sustainable approach toward efficient 

wastewater treatment that enhances both pollutant 

removal efficiency and biomass yield due to the 

synergy between microalgae and microbial communities 

[12]. Microalgal photosynthesis will supply oxygen to 

the activated sludge system, facilitating the bacterial 

degradation of organic matter, and thereby achieving 

more balanced and sustainable treatment [13].  

Numerous studies have been carried out on 

various microalgal species for the treatment of 

wastewater as well as biofuel applications. Green 

microalgae such as Chlorella and Scenedesmus are of 

particular interest due to their robust growth and 

capabilities to assimilate nutrients from diverse 

environments [14], [15].  Diatoms such as Nitzschia 

palea and Cyclotella meneghiniana possess excellent 

characteristics in wastewater treatment applications 

[16]. The silicate cell walls in diatoms provide a 

structural toughness that forms the basis for the 

robustness of mixed microbial populations, thereby 

allowing nutrient removal in a stable environment 

along with the treatment processes using activated 

sludge. Diatoms also assimilate nitrogen and 

phosphorus, hence contributing to nutrient removal 

[17]. More importantly, the rich-lipid cells can be 

regarded as a renewable source of biofuel, enabling 

energy recovery from wastewater [18]. Diatoms can 

also form biofilms, which enhance the settleability of 

sludge [19]. Despite these advantages, research on the 

application of diatoms in wastewater treatment, 

particularly for KWW, which presents a largely 

unique challenge, has been limited. Secondly, it is 

proven that solid retention time (SRT) has been 

acknowledged as one of the important parameters 

affecting the quantity of biomass and the efficiency of 

the treatment in activated sludge systems [20]. In this 

context, an optimal SRT creates a balance between 

nutrient removal and microbial growth, thereby 

reducing excess sludge. The effect of variable SRT on 

the removal efficiencies of carbon, nitrogen, and 

phosphorus, as well as biodiesel production using 

diatoms, remains relatively less explored, especially in 

relation to KWW treatment. This study evaluates the 

performance of green microalgae-activated sludge and 

diatom-activated sludge co-cultures for kitchen 
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wastewater treatment, focusing on nutrient removal 

efficiency and FAME profile analysis for potential 

biofuel applications. By comparing these two co-

culture systems, we seek to identify which provides 

superior integration of effective wastewater treatment 

with biofuel production potential, advancing 

sustainable wastewater management strategies that 

combine nutrient recovery and energy generation.    

  

2 Materials and Methods  

 

2.1  Kitchen wastewater  

 

Kitchen wastewater samples were collected daily in 

the morning from the mess wastewater outlet at the 

Indian Institute of Technology Hyderabad (IITH). The 

effluent was filtered through a fine mesh tea strainer 

to eliminate any visible floating particles. The 

wastewater pH was adjusted to 7–8 using 1 N sulfuric 

acid (H2SO4) and 1 N sodium hydroxide (NaOH). 

 

2.2  Culture and cultivation 

 

Activated sludge was collected from a decentralized 

wastewater treatment plant providing services to 

approximately 2000 households in Hyderabad, India. 

The mixed green microalgal seed cultures were 

collected from the master culture reactor (a controlled 

bioreactor) maintained at the Environmental 

Engineering Laboratory of IITH. The green algal 

culture was acclimated in a synthetic BG-11 medium 

for a year, kept at room temperature, and exposed to 

approximately a 12-hour light/dark cycle under direct 

sunlight. The BG-11 medium, commonly used for 

cyanobacterial and algal cultivation, contains per liter: 

1.5 g sodium nitrate (NaNO3), 0.0367 g calcium 

chloride dihydrate (CaCl2·2H2O), 0.006 g ferric 

ammonium citrate, 0.001 g disodium magnesium 

EDTA, 0.0314 g dipotassium hydrogen phosphate 

(K2HPO4), 0.036 g magnesium sulfate (MgSO4), 0.02 g 

sodium carbonate (Na2CO3), and 0.0056 g of citric acid.  

Diatoms were gathered from the bedrocks of a 

nearby lake in the Sangareddy district of the state of 

Telangana in India before the start of the monsoon 

season. After washing, the diatom culture was 

centrifuged at a speed of 2000 rpm for fifteen minutes. 

This was done to remove any pollutants that might 

have been present in the original seed culture. A 

diatom culture was grown under conditions similar to 

those of green microalgae, and an f/2-Si medium was 

used as a supplement to the culture. The Standard F/2 

(Guillard’s) medium contains a variety of nutrients, 

trace metals, and vitamins essential for microalgal 

growth. The composition per liter of each stock 

solution includes 84.15 g of sodium nitrate (NaNO3), 

6 g sodium molybdate dihydrate (Na2MoO4·2H2O), 

2.9 g ferric chloride hexahydrate (FeCl3·6H2O), and 

10 g disodium EDTA dihydrate (Na2EDTA·2H2O). 

For the silicate source, 33 g of sodium metasilicate 

nonahydrate (Na2SiO3·9H2O) are used per liter. Trace 

metals are supplied by adding 1.96 g copper sulfate 

pentahydrate (CuSO4·5H2O), 4.4 g of zinc sulfate 

heptahydrate (ZnSO4·7H2O), 36 g of manganese 

chloride tetrahydrate (MnCl2·4H2O), and 2 g of cobalt 

chloride hexahydrate (CoCl2·6H2O), all per liter. For 

vitamins, the solution includes 0.4 g vitamin B1 

(thiamine), 0.002 mg vitamin B12 (cyanocobalamin), 

and 0.1 mg biotin per liter. The use of f/2-Si medium 

offers advantages for diatom cultivation as it is 

formulated to match their elemental requirements, 

following the diatom-specific Redfield ratio of 

C:N:Si:P ≈ 106:16:15:1 (molar). This balanced 

nutrient supply ensures that nitrogen and phosphorus 

are provided in the classical 16:1 ratio while also 

including sodium metasilicate to meet the high silicon 

demand necessary for frustule formation. Unlike 

general algal media lacking silicate, f/2-Si prevents Si 

limitation, supports robust growth, and promotes 

healthy frustule development, making it more suitable 

for sustained diatom culture. The cultures were 

dominated by the green microalgae genera 

Scenedesmus sp. and Chlorella sp. Likewise, the 

diatom community was dominated by the genera 

Meridion, Navicula, Nitzschia, and Stauroneis. 

 

2.3 Experimental design 

 

The studies were performed in 500 mL clear glass 

bottles with large openings (schematics shown in 

Figure 1). 

 

 
Figure 1: Schematic depiction of experimental 

configuration: System A and System B. 
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The test reactors were operated in parallel with 

different SRTs of 2, 4, 6, 8, and 10 days. These 

reactors were operated in semi-continuous mode 

following a daily draw-and-fill procedure. The 

reactors were maintained at ambient temperatures of 

25-30 °C and exposed to sunlight with light intensity 

between 200 to 500 µmol photons m⁻² s⁻¹. The reactors 

were operated for three times their SRTs to stabilize 

the biomass. At the beginning, identical quantities of 

algae and activated sludge were introduced to each 

reactor according to the volatile suspended solids 

(VSS) concentration.  The concentration of VSS in the 

test reactors was maintained at approximately 1500 

mg/L prior to the start of the experiment. The reactors 

were set on a magnetic stirrer, and they were 

continually agitated at a speed of 200 rpm. 

 

2.4  Analytical methods 

 

2.4.1  Characteristics of biomass and KWW 

 

The water characteristics, such as dissolved organic 

carbon (DOC), total nitrogen (TN), and total 

phosphate (TP), were analyzed three times weekly for 

both the inflow and outflow water. Total phosphates 

(TP) were measured using 4500 P-C, in accordance 

with Standard Methods for Water and Wastewater 

[21]. The DOC and TN in the filtered water samples 

were analyzed using a TOC-L instrument 

manufactured by Shimadzu. The biomass (VSS) was 

determined in accordance with Method 2540 of the 

Standard Methods for the Examination of Water and 

Wastewater [21]. The chlorophyll pigments (a, b, and c) 

were measured following Method 10200 H of the 

same reference. 

 

2.4.2  FAME analysis  

 

Algae lipids were transformed into Fatty Acid Methyl 

Esters (FAME) by a direct in-situ transesterification 

technique as described by van Wychen and Laurens 

[22]. The dried algal biomass (~10 mg) was combined 

with 300 µL of 0.6 M HCl in methanol and 200 µL of 

a chloroform–methanol (2:1 v/v) solvent mixture. The 

reaction mixture was incubated at 85 °C for 1 hour, 

promoting simultaneous extraction and acid-catalyzed 

transesterification. After cooling, FAMEs were 

extracted into 1 mL of hexane, and an aliquot of the 

hexane phase was analyzed via gas chromatography. 

The gas chromatography equipment (Bruker GC-MS 

400), in conjunction with a flame ionization detector, 

was used to conduct the analysis of FAME. The 

separation of fatty acids was accomplished by 

employing a BR-5MS column, with helium serving as 

the carrier gas, and a flow rate of 1 mL per minute. 

The temperature of the gas chromatography oven was 

set to rise at a rate of 4 °C per minute, beginning at 80 °C 

(with a hold of two minutes) and reaching 250 °C.    

The split ratio was 100:1, the injector was kept at 230 °C, 

and the detector was set to 300 °C. A combination of 

37 FAME compounds (C4–C24) from Supelco was 

used to develop the standard calibration curve. 

 

2.4.3 FTIR analysis  

 

Organic components in the biomass were identified by 

Fourier-transform infrared (FTIR) analysis. The FTIR 

spectrometer (manufacturer: Bruker, model: Alpha II) 

was utilized to evaluate the presence of lipids, 

proteins, and carbohydrates in dried powdered 

biomass samples of System A and System B at the end 

of the experiment. The FTIR spectra of biomass were 

recorded in the range of 4000–500 cm⁻¹ with a 

scanning resolution of 4 cm⁻¹.  

 

2.5 Statistical analysis  

 

A one-way Analysis of Variance (ANOVA) was used 

to compare differences in performance of System A 

and System B in terms of chlorophyll concentration, 

DOC removal, and nutrient removal. A significance 

level of p-value < 0.05 was applied, and all analyses 

were carried out using Excel. 

 

3 Results and Discussion  

 

3.1 Initial Characteristics of KWW 

 

The characteristics of KWW are influenced by various 

factors such as cooking practices, type of meals 

prepared, and amount of water used in the cleaning 

[23]. In this study, the concentration of DOC in KWW 

varied between 113 to 740 mg/L, indicating 

substantial organic loading. The TN concentration 

ranged between 9 to 23 mg/L, although occasional 

spikes to higher concentrations were observed. 

Comparable concentrations and even elevated 

nitrogen values have been documented in the literature 

(Table 1). These elevated nitrogen levels can be 

attributed to proteins and other nitrogenous 

compounds commonly found in kitchen/food industry 

wastewater. The other important nutrient responsible 
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for eutrophication is phosphorus. The total phosphate 

concentrations ranged from 2 to 10 mg/L in the 

wastewater, which is consistent with typical levels 

found in kitchen effluents (Table 1). Detergents 

containing phosphorus, food residue, and other 

household waste serve as sources of phosphorus in 

kitchen wastewater. The N/P weight ratio of KWW 

ranged approximately 0.9 to 11.5. The widely 

recommended N/P weight ratio for optimal algal 

growth is around 7:1, which ensures balanced nutrient 

availability and supports high biomass productivity. 

Since the observed range in KWW overlaps with this 

recommended value, it can be considered generally 

suitable for algal cultivation. However, because the 

ratio may at times fall below or exceed the ideal level, 

nutrient availability could shift toward nitrogen or 

phosphorus limitation. 

 

Table 1: Characteristics of KWW.  
Type of WW TN (mg/L) Phosphate 

(mg/L) 

Ref.  

Institutional 9–23 2–10  This study  

Institutional  20–30  16–18  [24] 
Canteen 

wastewater 

BDL 9.375–13.8 [25] 

KWW 381.7 ± 32.4 167.2 ± 22.6 [26] 
Employee 

Mess 

52.962 ±  

0.018* 

2.037 ± 0.008 [27] 

kitchen‐sink 
wastewater 

21.9–43.5 2.9–14.5** [28] 

Institutional & 

household 

5.35* 5.8 [29] 

University 

restaurant  

26–79 3.8–12.5 [23] 

Restaurant 
wastewater  

104–136 20–29 [30] 

BDL – below detection limit; * nitrates values; **total phosphorus 

values  

 

3.2 Algal growth 

 

The variations of chlorophyll concentrations of two 

types of co-culture systems - System A of green 

microalgal-activated sludge and System B of diatom-

activated sludge, operated at different SRTs ranging 

from 2 to 10 days - are given in Figure 2. In this study, 

chlorophyll analysis was chosen as the primary 

method to assess algal growth within the mixed co-

cultures. Chlorophyll, particularly chlorophyll a, is a 

key pigment exclusively produced by algae and is 

directly correlated with their photosynthetic activity 

and biomass. Measuring chlorophyll concentration 

provides a rapid, non-destructive, and reliable proxy 

for estimating algal abundance, even in complex 

cultures where direct cell counting may be difficult 

due to the presence of bacteria. In System A, the 

lowest chlorophyll levels, ranging between 0.25 and 

1.9 mg/L, were observed at 2 days of SRT. The 

maximum value of chlorophyll (6.5 mg/L) was observed 

at 10-d SRT. Such variability can be due to initial 

conditions and fluctuations in nutrient availability, 

which may pose a constraint on the ability of algae to 

grow. For algae, an increasing trend in chlorophyll 

concentration with SRT, as observed in System A, is 

consistent with literature; higher extended SRTs result 

in a more robust and resilient population of algae, 

hence higher biomass production [31]. 

In System B, the chlorophyll concentrations 

were generally low compared to those in System A 

throughout the SRTs. The maximum chlorophyll 

values, ranging from 3.12 to 4.89 mg/L, were 

observed at 10 days SRT. This difference in total 

chlorophyll is due to the differences in pigment 

composition between algal types. The one-way 

ANOVA test resulted in p < 0.05 for all the 

chlorophyll measurements, confirming significant 

differences between systems A and B.  Diatoms have 

chlorophyll a and c, as well as significant amounts of 

the accessory pigment fucoxanthin, which together 

form the fucoxanthin-chlorophyll protein (FCP) 

complexes for light harvesting [32].  In contrast, green 

algae have chlorophyll a and b, with a often present in 

larger amounts. Since diatoms lack chlorophyll b, total 

chlorophyll measurements (which usually means the 

sum of a, b, and c) will tend to be less for diatom 

cultures than for green algae cultures, even when there 

is equal biomass or photosynthetic capacity. 

Therefore, the low chlorophyll values in System B 

cannot indicate lower productivity or cellular activity 

of diatoms.  

 

 
Figure 2: Chlorophyll concentrations at different 

SRTs in Systems A and B. 
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3.3  Removal of carbon and nutrients  

 

The DOC, TN, and TP removal in two systems - 

System A and System B at different SRTs - is shown 

in Figure 3. The diatoms and activated sludge co-

culture exhibited reduced effluent values relative to 

the algal-activated sludge co-culture reactor across all 

the parameters. The removal efficiency improved with 

an increase in SRT. The DOC (Figure 3(a)) effluent 

values were 80 mg/L at SRT 2 days, thereafter 

decreasing to roughly 13 mg/L at SRT 10 days.  For 

System B, DOC levels ranged from 6 to 9 mg/L for 

SRTs of 8 and 10 days, with removal effectiveness 

above 95% for SRTs greater than 6 days (Table 2). 

 

 
Figure 3: Carbon and nutrient (nitrogen and 

phosphate) concentrations at different SRTs in 

Systems A and B. 

The enhanced organic carbon removal in System 

B indicates that diatoms, in association with activated 

sludge, facilitate organic carbon decomposition more 

efficiently than algae-based systems.  This 

improvement can be attributed to synergistic 

interactions between diatoms and the heterotrophic 

microorganisms in activated sludge, enhancing 

organic matter degradation and carbon assimilation. 

Likewise, the effluent TN removal effectiveness of 

System B consistently exhibited a somewhat superior 

removal rate compared to System A (Figure 3(b)).  

The effluent TN levels for both systems are below the 

acceptable discharge limit of 10 mg/L set by the 

Central Pollution Control Board and the Ministry of 

Environment, Forest and Climate Change (MoEFCC) 

of India. At 2-d SRT, System A and System B attained 

TN removal efficiencies of 73.8% and 77.5%, 

respectively.  After a retention time of 10 days, TN 

removal achieved 89.8% in System A and 95.2% in 

System B. Both System A and System B attained near-

zero levels at SRT 10, with more than 95%  phosphate 

removal. The one-way ANOVA results indicated that 

for TN and TP removal, p-value > 0.05, suggesting no 

statistically significant differences between the 

systems. In contrast, DOC removal showed p-value 

< 0.05, indicating a significant difference. 

 

Table 2: Carbon and nutrient removal efficiencies (in 

percentage) of different technologies in KWW 

treatment (COD, nitrates, and phosphates). 
Treatment 

Technology 

Species  COD  N  P  Ref. 

Algae -

Activated 
sludge 

Mixed 94a 91b 94 This 

study 

Diatom -

Activated 

sludge 

96a 94 b 96 

Microalgae  Chlorella 

sp., 
Scenedesmus 

sp., 

Coelastrum 
sp., and 

Pediastrum 

sp. 

55 83 96 [29] 

Microalgae Mixed green 

algae  

88a  85b  80  [33] 

Biofilter - 
MFC 

Bacteria 88 87 94 [34] 

Silver 

nanoparticles 

- 65 72 93  [29] 

Constructed 

wetland 

- 36 76 77 [35] 

a TOC removal; bTN removal 
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Interactions and removal mechanisms within the 

co-cultures of bacteria with diatoms or green algae are 

dynamic, complex processes that are often species-

dependent, environment-dependent, and attribute-

specific (e.g., lag vs. exponential growth). Co-cultures 

exhibit mutualistic, facilitative, and antagonistic 

interactions. For example, two or more mutualisms 

would occur if the algae or diatoms were to provide 

organic carbon and oxygen for the bacteria while the 

bacteria supplied the algae or diatoms with nutrients 

like vitamins (e.g., vitamin B12), remineralization, or 

possibly through detoxifying metabolites or 

preventing toxic algal blooms [36]. However, some 

bacteria exhibit an antagonistic role by producing 

algicidal compounds or compete for nutrients and 

therefore prevent algal or diatom growth [37]. The 

removal mechanisms of carbon, nitrogen, and 

phosphorus in these co-culture systems are closely 

associated with these interactions. In general, algae 

and diatoms assimilate inorganic nutrients (NH4⁺, 

NO3⁻, PO4³⁻) into biomass while bacteria mineralize 

organic materials, producing CO2 and inorganic 

nutrients that can be re-assimilated by the 

photosynthetic partner. In terms of nitrate nitrogen 

removals, bacteria provide nitrification and 

denitrification, processes that are supported with 

oxygen produced by algae or diatoms during 

photosynthesis. Algae can sequester phosphate into 

biomass during phosphorus cycling. Bacteria can also 

sequester nutrients into extracellular polymeric 

substances (EPS) [38]. Diatoms have unique silica 

frustules that offer structural protection, allowing 

survival against environmental stresses and grazing; 

their frustules also exhibit some phosphorus 

adsorption, an attractive factor for phosphorus-

dominant wastewaters in many ways [39].  

Diatoms are capable of surviving in nitrogen-

deficient waters by utilizing intracellular nitrate stores 

and demonstrating alternative metabolic pathways. 

Marine diatoms can store very high amounts of 

intracellular nitrate (11–274 mM) that can be respired 

in the dark under anoxic conditions by the metabolic 

process of dissimilatory nitrate reduction to 

ammonium (DNRA), allowing diatoms to continue 

their metabolism and viability for weeks to months 

when external nitrate is limited or absent (in sediment 

layers or oxygen minimum zones) [40]. In other 

words, DNRA allows for a resting stage for diatom 

cells, and ultimately, this allows for long-term survival 

and subsequent recovery into active metabolic states 

upon reestablishing favorable environmental conditions. 

Additionally, diatoms have a highly integrated 

nitrogen metabolism within their chloroplasts and 

mitochondria that provides them with the ability to 

effectively assimilate and redistribute nitrogen in 

relation to the changing availability of nitrogen. The 

integrated nitrogen metabolism in diatoms is more 

inclusive than the integrated nitrogen metabolism in 

green algae; thus, it allows diatoms to respond more 

flexibly and rapidly to episodic nitrogen availability in 

their environments [41]. This ecological sensibility to 

nitrogen resource variability is an evolutionary 

advantage for diatom survival in variable nitrogen 

environments. Overall, diatoms have adaptability to 

nutrient concentration, which represents operational 

flexibility important for nutrient removal from 

wastewater streams with biomass valorization. In 

comparison, green algae are predominantly utilized 

because they are fast-growing, photosynthetically 

efficient organisms with relatively good carbon 

capture and oxygen generation, which facilitates the 

bacterial decomposition of organic waste. Green algae 

tend to require more consistent environmental nutrient 

supply, particularly nitrogen and phosphorus, and are 

more sensitive to changes in wastewater composition 

and environmental stress compared to diatoms. Green 

algae also lack the physical protection of a silica shell 

and, therefore, may be more susceptible to grazing and 

environmental perturbations. 

 

3.4 Biochemical composition 

 

FTIR spectroscopy was used to study the biochemical 

composition of biomass from Systems A and B at 

various SRTs (Figure 4). The functional groups and 

molecular structures of lipids, carbohydrates, proteins, 

and valuable extracellular compounds were 

determined to assess their potential for biodiesel 

production and other valuable bioproducts. The FTIR 

spectra of 2-d SRT biomass of System A (2A - Figure 4(a)) 

and System B (2D - Figure 4(b)) showed prominent 

lipid peaks near 1740 cm⁻¹ (indicative of ester C=O 

bonds), as well as stretching vibrations of C-H in 

aliphatic chains (-CH2 and -CH3) in the ~2850–2950 

cm⁻¹ region, marking high initial lipid content. 

However, a significant decline in these peaks was 

observed with an increase in SRT, particularly in 

System A (10A - Figure 4(a)), indicating progressive 

lipid degradation, likely due to bacterial metabolism 

and cellular aging.  

FTIR spectra demonstrated obvious distinctions 

with protein concentration, as indicated by the 
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occurrence of amide bond peaks at 1650 cm⁻¹ (Amide 

I, reflecting C=O stretching vibration) and ~1540 cm⁻¹ 

(Amide II, reflecting N-H bending vibration) [42]. 

Peaks within the 2-d retention period biomass were far 

more intense, reflecting high protein concentration. 

This means that lower SRT is beneficial for protein 

accumulation, which is desirable for different 

applications such as the production of single-cell 

proteins (SCP), biofertilizers, and animal feed [43]–

[45]. The biomass at higher retention time, however, 

showed extensive loss of these amide peaks. A 

comparable pattern was found to be present in diatom 

co-culture (System B), 2-d SRT biomass having a high 

protein content, and 10-d SRT diatom biomass 

showed a wide range decrease in peaks associated 

with protein. 

 

 
Figure 4: FTIR spectra of dried co-culture biomass at 

2-day and 10-day SRT in (a) System A (2A denoting 

2-day SRT and 10A denoting 10-day SRT) and (b) 

System B (2D denoting 2-day SRT and 10D denoting 

10-day SRT). 

 

Carbohydrate content was also observed in 

FTIR, the C-O-C and C-O stretching vibration at 

~1030 cm⁻¹ that corresponds to polysaccharides and 

carbohydrate molecules. In both System A and B, 

biomass showed a decreasing trend in carbohydrate 

accumulation with an increase in retention times. 

Conversely, the carbohydrate region (~1030 cm⁻¹) 

remained more stable in System B, especially at higher 

SRTs (6 – 10 d), indicating the superior preservation 

of polysaccharides in diatoms. This resilience may be 

attributed to the siliceous frustules of diatoms, which 

offer structural protection against enzymatic 

degradation [46], [47]. These carbohydrates can be 

utilized in bioethanol production or high-value 

polysaccharides for the pharmaceutical and food 

industry [48]. The ability to engineer SRTs enables the 

targeted production of biodiesel, protein-rich 

bioproducts, or chemicals of interest based on specific 

industry needs. Metabolic shifts at different retention 

times of 2 and 10 days also highlight the importance 

of optimizing growth conditions to maximize the 

commercial value of algal and diatom biomass. 

 

3.5  Fatty acid profile  

 

In general, green microalgae have higher lipid and 

tolerance levels, and diatoms produce unique fatty 

acid profiles of PUFAs, which may influence the 

quality and properties of biodiesel. The fatty acid 

composition impacts biodiesel characteristics such as 

oxidative stability, cold-flow performance, and 

combustion efficiency [49]. Saturated fatty acid (SFA) 

consistently dominates the fatty acid composition in 

both systems (Figure 5), while polyunsaturated fatty 

acid (PUFA) values are lower in both systems. PUFA 

values remained relatively higher (between 6–10%) in 

System A compared with those of System B, where 

PUFA content is significantly reduced to nearly zero 

at later stages. In comparison to previous studies, our 

PUFA results align well with reported ranges in 

similar algal systems. For instance, PUFA content in 

diatom cultures treating KWW has been reported 

between 0.9% and 3.8% [50], while mixed green algal 

cultures show higher PUFA levels, ranging from 8% 

to 29% [33]. Additionally, mixed blue-green algae 

cultures typically contain approximately 3% to 5% 

PUFA when treating KWW [24]. These findings are 

consistent with reported PUFA profiles in Chlorella-

based systems, which often exhibit comparable or 

higher PUFA percentages. Monounsaturated fatty acid 

(MUFA) levels varied between 20–28% and remained 

almost similar at different SRTs in both systems.
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Figure 5: Fatty acid profile at different SRTs in 

Systems A and B. 

 

Comparing it to the literature, it is well 

documented that diatoms tend to produce higher 

PUFA levels, especially eicosapentaenoic acid (EPA, 

20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3) 

under optimal growth conditions [51]. However, 

activated sludge-associated interactions may lead to 

increased SFA proportions, potentially due to bacterial 

metabolism influencing lipid saturation levels [52]. 

An increase in SFA at later time points indicates either 

possible oxidative stress or lipid metabolism change in 

favor of stability rather than fluidity of membranes. 

The presence of a high saturation percentage in a fatty 

acid is indicative of superior fuel qualities, including 

a reduced risk of combustion and ignition delay [53]. 

Changes in MUFA levels might represent species-

specific synthesis or interactions with bacteria.  

In both the microalgae–activated sludge and 

diatom–activated sludge co-cultures, we detected 

palmitic acid (C16:0), oleic acid (C18:1), myristoleic 

acid (C14:1), and pentadecenoic acid (C15:1). The 

dominant saturated fatty acid, palmitic acid, is a well-

known feedstock for biodiesel production due to its 

favorable combustion properties and stability [54]. 

Myristoleic, pentadecenoic, and oleic, monounsaturated 

fatty acids have potential antimicrobial, anti-

inflammatory, and nutraceutical applications, and may 

serve as specialty chemical feedstocks [54]. Notably, 

in the diatom co-culture, we also detected linoleic acid 

methyl ester (C18:2n6c), erucic acid methyl ester 

(C22:1n9), and arachidonic acid methyl ester 

(C20:4n6), all of which have been reported in various 

diatom species. Linoleic acid is an essential omega-6 

PUFA with key roles in human and animal nutrition. 

Erucic acid is valued in the industrial sector as a 

precursor for high-performance lubricants, plasticizers, 

and specialty polymers [54]. Arachidonic acid is a 

bioactive omega-6 PUFA with pharmaceutical and 

nutraceutical importance due to its involvement in cell 

signaling and inflammatory processes.  

The quality and yield of fatty acid methyl esters 

(FAMEs) in grams produced per gram of dried 

biomass are important factors to assess the viability of 

algae and diatoms as biodiesel feedstocks. Various 

studies have shown that diatoms typically have higher 

lipid content than many green algae, often above 30% 

of their dried weight, meaning there is a higher yield 

of FAMEs [55]. The quality of FAME (mg) per g dried 

biomass of both Systems A and B in comparison with 

the literature is given in Table 3.  

 

Table 3: FAME yield of algal cultures cultivated in 

different types of wastewater. 
Type of 

Wastewater  

Culture  FAME 

(mg/g) 

Ref.  

KWW 

 

Algae-activated 

sludge 

54–95 This 

study 

Diatom-activated 
sludge 

204–315 

Domestic 

WW 

Algae-activated 

sludge 

34–135 [56] 

Mixed 

(industry + 

municipal) 

Chlorella 

sorokiniana 

62.4 [57] 

Textile 

industrial 

wastewater 

Chlorella vulgaris 61.65 [58] 

Chlorella vulgaris 

+ Biochar 

76.8 ± 2 [59] 

BG 11 Chlorella sp. 227 160.4 [60] 

 

The findings indicate that the productivity of 

FAME was different between systems, and it was 

influenced by the type of wastewater and the algal 

species or consortium. Of the systems tested, diatom-

activated sludge cultivated in KWW produced the 

highest quantity of FAME (204–315 mg/g dry weight 

(DW)) than algae-activated sludge (54–95 mg/g DW). 

Similar moderate yields were reported for domestic 

wastewater, producing 34–135 mg/g DW FAME in 

algae-activated sludge [56]. Chlorella sorokiniana 

(via mixed industrial & municipal wastewater) and 

Chlorella vulgaris (via textile wastewater) produced 

moderate yields (62.4 mg/g DW and 61.65 mg/g DW, 

respectively) [57], [58]. When biochar was added to 

the textile wastewater system, FAME yield improved 

significantly in Chlorella vulgaris [59]. BG-11 control 

medium showed high lipid yields for Chlorella sp. 

227, which produced 160.4 mg/g DW lipid due to the 

synthetic nature and increased nutrient environment of 

the growth medium. Chlamydomonas sp. grown in 

fertilizer wastewater produced 15.99% FAME      
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(~160 mg/g DW) [61], and Scenedesmus sp. in cattle 

manure effluent produced a lipid productivity of 81.9 

mg/L/d, indicating a high capacity for biodiesel 

conversion [62]. Overall, the diatom co-culture system 

gave better FAME yield than System A.  Further 

studies are needed to determine how the composition 

of the activated sludge community is directly related 

to fatty acid accumulation. Although real kitchen 

effluent may fluctuate greatly in organic load and 

nutrient content, mixed co-culture reactors showed 

resilience in adjusting to these changes.   Additionally, 

the reactors can be scaled up by modular design, 

allowing for staged treatment and buffering against 

influent variability. However, we acknowledge that 

pre-treatment or blending may be necessary to 

moderate extreme variations for optimal performance 

at larger scales. 

 

4  Conclusions 

 

This study demonstrates that the diatom-activated 

sludge system (System B) performs similarly to that 

of the algae-activated sludge system (System A) in 

treating kitchen wastewater, particularly in the 

removal of carbon and nutrients. The SRT had 

significantly affected the performance of the system. 

The performance of algal co-cultures in nutrient 

removal can be attributed to their higher 

photosynthetic efficiency, faster growth rates, 

enhanced nutrient uptake mechanisms, and stronger 

mutualistic interactions with activated sludge. Green 

microalgae-activated sludge systems effectively 

assimilate nitrogen and phosphorus into intracellular 

polyphosphate granules and generate oxygen to 

support activated sludge degradation of organic 

matter. In contrast, diatoms exhibited stable 

carbohydrate buildup and marginally higher efficiency 

in phosphate removal due to their silica cell wall. The 

results indicate that an algae-activated sludge system 

is more suitable for high-rate wastewater treatment 

applications, which mainly focus on treatment, and 

biodiesel and diatoms-activated sludge appear better 

suited for extended cultivation when carbohydrate 

retention is prioritized, relevant for bioethanol or 

fermentative processes.  
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