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Abstract 

Potato-Chips Processing (PCP) industry generates huge amount of wastewater heavily polluted with 

organic matter and nutrients. Current treatment technology of PCP wastewater uses dissolved air 

flotation (DAF) and activated sludge sequential batch reactor (SBR); both consumes large amount of 

chemicals and represents energy-intensive system. This study explores algal photobioreactor (APBR) 

as a sustainable system for PCP wastewater treatment, nutrients recovery and algal biomass 

production. Raw wastewater, anaerobically pre-treated effluent and DAF-SBR effluent were used in 

1st, 2nd and 3rd APBR. Three feed volumes from each source (150, 200 and 500 ml for 1st and 2nd 

APBR and 200, 400 and 600 ml for 3rd APBR) to a fixed volume of algal seed (200 ml) were tested to 

select optimal feed volume and harvest time using 1-L APBR . System performance and impact of 

water characteristics on quantity and quality of algal biomass were explored at preselected feed 

volume and harvest time in 6-L APBRs. All experiments were carried out in growth chamber with 

continuous light (148.75 μmol.m-2.S-1). Results showed that 150 ml is the optimal feed volume for 

1st and 2nd APBR at 10 days and 9 days growth cycle. 400 ml and 8 days were the optimal feed 

volume and growth cycle for 3rd APBR. Average dry biomass yields at preselected optimal 

conditions were 65.3±11.4, 69.9±12.0 and 100.6±11.7 mg/l.d in the 1st, 2nd and 3rd APBR. The 1st 

APBR achieved % removal of 99.2±0.4, 98.7±0.8, 89.1±4.3 and 97.5±1.4 for turbidity, COD, TKN and 

TP on average. Corresponding % removal in the 2nd APBR are 97.6±2.6, 91.6±7.5, 93.6±4.5 and 

96.1±1.4 while the 3rd APBR achieved 98.5, 76.2 and 97.0. Additionally the results of protein content 

and amino acids profile indicate significant impacts of feed water quality on the two parameters. The 

protein content was 30.64, 32.53 and 35.65% in the 1st, 2nd and 3rd APBR respectively. Similarly the 

amino acids profile indicated significant higher % of the amino acids in the 3rd reactor compared 

with the 1st and 2nd one.  

Keywords: potato-chips processing wastewater; alga photo-bioreactor; algal biomass; anaerobic 

effluent; feed volume; growth cycle

1. Introduction

Agro-food processing industries generate huge amounts of highly polluted wastewater with

negative adverse on the ecological systems. Agro-industrial wastewaters are defined as high strength 

with substantial amounts of organic matter and nutrients. Thus agro-industrial wastewaters have a 

potential eutrophication and negative environmental impacts[1] . Recently valorization of agro-

industrial waste and wastewater has been considered to generate substantial amounts of products 

and byproducts with great value [2,3]. The agro-industrial wastewaters have been defined as growth 

media for cultivation of microalgae species[4–6][7]. Algae growth using high strength industrial 
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wastewater is currently adhere to the issue of waste-to-bioenergy economy that is differing from the 

conventional treatment for the purpose of nutrients removal. Cultivation of algae in wastewater is 

complex and difficult than growth of algae in fresh water[8] .  

Research articles have considered micro-algal or shortly algal biomass as a potential substrate 

for many applications. Recognition of microalgae as feedstuff for bio-fuel production, a sustainable 

and feasible option over fossil fuels [9–11][12] was widely reported. The algae represent a sustainable 

feedstock option for biodiesel production [13]. The algae can be used to produce high value-added 

products and protein-rich biomass [14,15][16] .Algae has been reported as alternative to produce 

high-value added metabolites[17] . The algal biomass is considered as potential feedstock for 

production of carotenoids [16] . Requirements of huge amounts of fresh water and nutrients for 

commercial cultivation of microalgae make it an incompetent economic process [16]. The estimated 

production cost of micro-algae was ranged between $20 to $200/kg biomass [18]. On the other hands, 

many authors reported production costs of dewatered algae between 4.15 and 5.96 Euro/kg in the 

different algae production systems [14,19]. This production costs make it difficult to produce 

competitive algae biomass using fresh water and chemical fertilizers [16]. Integration between 

wastewater treatment and algal production is a sustainable way to remediate wastewater and reduce 

algal production cost [11] . The algae have the capacity to treat wastewater along with production of 

carotenoids [16]. since algae have been considered as potential source of carotenoids [16] . Algal-

based technology has been recognized as a green sustainable technology alternative to energy-

intensive conventional aerobic biological treatment systems [20–23]. Algae-based wastewater 

treatment technology is a promising cost-effective treatment, carbon fixation process and renewable 

source of biomass[23,24]. In addition to wastewater treatment, algae have been reported to effectively 

capture and remove CO2[25]. Recently, cultivation of microalgae using industrial wastewater has 

been considered in the pollution control and energy producing strategy. Industrial wastewater rich 

in nutrients could be used directly or after pretreatment or dilution for growing microalgae for bio-

fuel production[26]. The algal-based wastewater treatment systems depends on growth and 

proliferation of mixotrophic algae which has the ability to utilize organic and inorganic carbon in 

addition to nutrients (nitrogen and phosphorous) to produce more algal biomass and reduce 

concentration of various contaminants [17], [23,27–29]. Incorporating micro-algae into wastewater 

treatment generates oxygen through photosynthesis process and this oxygen is subsequently utilized 

by heterotrophic bacteria to biodegrade organic matters [30]. Thus co-culture of algae and bacteria 

has gained great attention and defined as potential to capture carbon and nutrients from agro-

industrial wastewaters and produce a valuable biomass[31,32]. This co-culture enhances biomass 

production and lipid yield [33][34][35][36,37]. 

Algal culture systems could be open or closed [38–40]. The open culture systems of algae like 

raceway pond and high rate algal pond have been widely used for commercial production of algae 

using wastewater. These systems are considered simple and low-cost in construction and 

operation[8,41]. However, the open culture systems have several disadvantages like vulnerable of 

the system for contamination, low production rate, huge area requirements and water losses via 

evaporation. On the other hand closed Algal Photo-Bioreactors (APBRs) are cost in construction and 

operation but easy to control and can be used for growth and production of pure culture that could 

be used for production value-added products for pharmaceutical application[1]. Also the closed 

APBRs have higher growth and biomass yield and provide better treatment performance[11,42]. 

Integrated wastewater treatment and algae production represents a sustainable and cost effective 

way for both wastewater treatment and algae production [11] however, algal harvesting represents 

bottleneck of algal wastewater treatment systems and cost 20% of the total production costs [11]. 

Immobilization technology has been used to decline cost of algae harvesting which represent 20% of 

the production cost[43,44]. Comparison between immobilized algal cell and free suspension cells 

indicated promising separation in case of immobilized cells but there are no any advantages of 

immobilized cell over free suspension in terms of nutritional value and protein content even the 

biomass of immobilized cells is fairly poor [45] and more over utilization of immobilized algal cells 
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for animal and fish feed production and human food is not easy due to the presence of immobilizing 

agent with the algal cells.   

Cultivation of algae on wastewater faces big challenges of organic surplus, more nutrients 

concentration, initial pH, coloration and turbidity of wastewater that hinter the light penetration, 

total dissolved solids and salinity of wastewater, microbial contamination, scale up of the bioreactors, 

algae harvesting, etc. Solutions for the previous bottlenecks of the wastewater-based algae 

production may include pre-treatment or dilution for wastewater conditioning to get maximal 

growth and biomass production [30,31]. A confectionary wastewater was post-treated using three 

different cyanobacteria after pre-treatment in attached aerobic biofim filter inoculated with 

indigenous microorganisms[46]. 

Potato-Chips Processing Industry (PCPI) as one of the Agro-food processing industries 

generates huge amounts of heavily polluted wastewater contaminated with organic matter and 

nutrients. In Egypt, current treatment technology of PCP wastewater utilizes dissolved air flotation 

(DAF) followed by conventional activated sludge using sequential batch reactor (SBR). DAF is 

considered chemicals added treatment method which represents like other chemical-based treatment 

processes, a non-sustainable method. Both DAF and aerobic SBR consume large amount of chemicals 

and represent energy expensive processes. Alternative technology based on algae photobioreactor 

(APBR) is proposed to bio remediates PCP wastewater and produce protein-rich biomass for possible 

application in fish and animal feed industry. Anaerobic digestion is a mineralization process and 

provides effluent rich in ammonia and phosphorus; both are available forms for uptake by algae and 

aquatic macrophyte plants [47,48]. In this study, three sources of PCP wastewaters with different 

qualities were explored for algae growth in Algal Photo-Bioreactor (APBR). These sources include 

PCP wastewater after screening (S effluent), effluent of Up-Flow Anaerobic Sludge Blanket (UASB) 

feed with PCP wastewater after screening (UASB effluent) and effluent of Sequential Batch Reactor 

(SBR) feed with PCP wastewater after complex treatment processes start with screening, lamella 

settler and then DAF (SBR effluent).  

2. Materials and Methods 

Experimental setups 

   Two experiments were designed and carried out. The first experiment explores optimal feed 

ratio and growth period (growth cycle) for the three different wastewater sources.  Data from the 

first experiment was used to design and run the second experiment during which evaluation of the 

treatment performance; algal biomass yield and the quality of the biomass were assessed. 

Sources and sampling of wastewaters 

   Three different sources of PCP wastewaters with different qualities have been used in this 

experiment to explore potential of algal photobioreactor (APBR) for remediation of PCP wastewater 

with production of protein-rich biomass. These wastewaters include raw wastewater after screening 

(S effluent), effluent from a 2-stage Up-flow Anaerobic Sludge Blanket (UASB) reactor treating S 

effluent (UASB effluent) and finally aerobic secondary treated effluent from an aerobic Sequential 

Batch Reactor (SBR effluent).  The S effluent and SBR effluent were collected from one of the biggest 

PCP factories in Egypt. The factory located at October-6 city. The S effluent was collected after an arc 

screen while SBR effluent was collected from the final effluent of a comprehensive wastewater 

treatment plant includes arc screen, lamella settler, DAF unit and final aerobic SBR. The 

comprehensive treatment plant includes pre-screening followed by lamella settler. The S effluent was 

collected in a hug amount to feed a 2-satge pilot-scale UASB reactor working at 72 h total hydraulic 

retention time. 

Growth conditions 

   All experimental works of algae growth were carried out in a lab-scale algae growth chamber 

provided with artificial light using white LED lamps. The algae growth chamber has 0.72 m2 surface 

area and its cover is provided with 9-watt seven LED lamps which provide light intensity of 148.75 

μmol.m-2.S-1 that is comparable to selected values in the literature review[49][50][45,51,52]. 
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Source of algal culture and pre-enrichment 

   Varieties of growth media have been used for isolation, growth and commercial production 

of microalgae; however blue green 11 (BG 11) medium is widely used as a growth media for 

freshwater micro-algae[13]. 200 ml of mixed culture from High Rate Algal Pond receiving anaerobic 

effluent from the two-stage UASB reactor treating PCP wastewater (S effluent) was taken, mixed with 

1000 ml of BG11 and inoculated in 2-L APBR. The APBR was continuously supplied with air (1.75 

ml/m) to keep algae in suspension. After 12 days growth period in the algae growth chamber, the 

total volume (1200 m) was equally divided into three APBRs (400 ml each). 800 ml of BG11 media 

was added to each APBR and continuously supplied with air (1.75 ml/m) and propagated for 

additional 6 days. At the end of 18 days total enrichment or propagation period, the total volume of 

the pre-enriched algae (3600 ml) was ready to be used for the treatment of wastewaters.  

Experiment 1 

   The first experiment was carried out in duplicate to select the optimal feed volume and 

growth cycle using the wastewater sources. There are 18 APBRs with 1-L effective volume for each. 

200 ml from the pri-enriched algal culture was added to each reactor. Three different feed volumes 

for each source were added to the reactors as indicated in Table 1.   

Table 1. Feed volumes of different PCP wastewater in 1-L lab-scale APBRs. 

Source of PCP wastewater S effluent UASB effluent SBR effluent 

Feed volume, ml 150 300 500 150 300 500 400 600 800 

Pre-enriched algal culture, 

ml 
200 200 200 200 200 200 200 200 200 

Demi-water, ml 650 500 300 650 500 300 400 200 0 

Effective reactor volume, 

ml 
1000 1000 1000 1000 1000 1000 1000 1000 1000 

   To prevent settlement of algal biomass and ensure complete mix of the reactor content, the 

APBRs were continuously supplied with air bubbles at 1.17 L/m (3.5/3) using six 5-watt air pumps 

with 3.5 L/m average flow rate for each one. During the course of the experiment, 25 ml of the reactor 

content was collected and subjected for laboratory analysis of TSS, Chlorophyll content, and optical 

density measurement and algal count. The experiment extended till starting decline in chlorophyll 

content, optical density and TSS concentration, which indicates maximum growth point of the algae 

in the bioreactor. 

Experiment 2 

   The data from the first experiment was used to establish the second experiment during which 

optimal feed volume of each source of wastewater was used to propagate algae in larger APBRs and 

evaluate systems performance and daily yield of algal biomass. During this experiment three 6-L 

reactor were used for each source of wastewater. The APBRs were operated in batch mode with 

continuous mixing using air bubbles at flow rate of 1.75 L/m for each one.  At the end of the growth 

cycle (harvest time) 4.8 L was collected from the APBR and 1.2 L was left in the reactor as new algal 

seed. The 1.2 L algal seed in the large reactor (6-L) is matched with 200 ml used in the small reactor 

(1-L) of the 1st experiment. The effluent of each PBR was subjected for 24-h gravity sedimentation 

followed by decanting treated supernatant and collecting settled algal biomass. The clear supernatant 

was laboratory analyzed to estimate removal efficiency of the water quality parameters. 

Representative sample from the settled algae was used for each trail to estimate yield and dry matter 

content. The clear supernatants were analyzed for turbidity, TSS, COD, ammonia, nitrite, nitrate, 
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TKN and phosphorous. Preselected wastewater volume was added to each APBR (containing 1.2 L 

algal seed) and completed to the mark (6-L) with distilled water.  

Analytical methods 

   All physicochemical; analyses of wastewater samples and effluent from the APBRs were 

carried out according to the standard methods for examination of water and wastewater (APHA, 

2023) [53]. Optical density was measured using NANOCOLOR Advance spectrophotometer. 

MACHEREY-NAGEL, Germany. COD was measured according to dichromate method using two 

ranges one for the influent (0-1500 mg/L) and one for the treated effluents (0-40 mg/L) 5220 D method 

[53]. Total ammonia nitrogen was measured using distillation, (4500-NH3 B) adsorption in boric acid 

solution followed by titration according to method 4500-NH3 E in the standard method[53]. TKN was 

measured titremetrically after acid digestion using mercuric sulfate; method (4500-Norg B) in the 

standard method. Nitrite was measured colorimetrically according to method 4500-NO2 B the 

standard method [53]. Total phosphorus was measured after potassium persulphate digestion using 

vanadomolybdophosphoric acid colorimetric method; 4500-P C. Total alkalinity was measured using 

titrimetric method and pH was measured by HACH pH meter. Turbidity was measured using 

HANA turbidity meter model H198703. Optical density of algae suspension was measured at 660 nm 

using Nano-color spectrophotometer (MACHEREY-NAGEL, Valencienner Str. 11, 52355 Düren, 

Germany). Chlorophyll was measured using method 10200 H in the standard method [53].   

Amino acids profiles were determined by HPLC after protein extraction. Total protein content 

was estimated as the sum of the amino acids %. 

3.. Results 

3.1. Characteristics of Raw Wastewaters 

   Characterization of raw wastewaters after screening, UASB effluent and DAF-SBR effluents 

is presented in Table 2. The data shows great variations between the 3 sources with high 

concentrations of organic matter represented by COD, BOD and TSS. BOD/COD ratio is around 69.5% 

which reflects organic nature of the pollutants with considerable amounts of starch with high 

biodegradation rate. Estimated soluble COD exceeds 50% of the total COD as shown from the data 

of the TSS. There was a great variation in the COD of the three sources due to the performance of 

treatment processes in the UASB and DAF-SBR; both decline the average COD concentration in the 

effluents. Characteristics of the UASB effluent shows significant reduction in the pollution load. The 

SBR significantly reduced the pollution loads and COD; however sludge settling problems causes 

considerable amount of TSS in the final treated effluent which significantly contributes in the COD 

concentration with an average value of 292 mg/L. Similarly TKN and TP are present in substantial 

amounts, especially in organic form due to the presence of suspended solids. Average values of TKN 

and TP were 302 mg N/l and 36.2 mg P/l, 313 mg N/l and 27.1 mg P/l and finally 72.5 mg N/l and 13.5 

mg P/l for TKN and TP, respectively in the wastewater feed of the 1st, 2nd and 3rd APBR.  Ammonia 

nitrogen represent considerable amount of the TKN concentration in the feed of the 2nd APBR (UASB 

effluent) due to the anaerobic digestion of the organic nitrogen. This ammonia is mostly preferred as 

nitrogen source for algae and other photosynthetic organisms like plants [54][55] . Generally 

microalgae and other plants prefer ammonia nitrogen over nitrate due to the higher energy 

requirement for 2-steps nitrate reduction process to release ammonia (nitrate and nitrite reductase 

enzyme), which subsequently incorporated into the amino acids. However, ammonia has a toxic 

effect at high concentration. [56] reported threshold level of ammonia toxicity to algae at 260 mgN/L. 

Other researchers reported ammonia toxicity and reduction of algae growth and nitrogen 

assimilation at concentration between 120-200 mgN/L [57,58]. 128.5 mgN/L was reported as the 

optimal ammonia concentration for chlorella growth [55]. On the other hand, [59] recorded highest 

growth of algae at 300 mg NH4-N/L while [60] reported maximum growth rate of Chlorella at 400 

mg N/L ammonia concentration. These great variations in the threshold levels of ammonia toxicity 

are mostly attributed to other controlling factors like pH and temperature[61].   
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   The pH concentration in the raw wastewater after screening indicates acidic nature of the 

wastewater due to the process of hydrolysis and acidogenisis of readily biodegradable wastewater 

during storage and transportation in the sewer pipe lines from production lines to the inlet of the 

wastewater treatment plant. These two processes generate volatile fatty acids (VFA) which decline 

the pH to acidic side. On the other hand during the anaerobic digestion in the UASB reactor, these 

VFA plus other newly produced acids are converted into methane gas by methanogens and so rise 

in the pH due to VFA depletion. Additionally, ammonification of the organic fraction of the TKN 

releases considerable amounts of ammonia which drag the pH to the alkaline side. Both depletion of 

VFA and production of ammonia in the UASB enhance pH rise in the effluent. % of ammonia was 

33.8, 73.8 and 18.6% in the raw after screening, UASB effluent and DAF-SBR effluent and this is mostly 

due to the partial mineralization of organic nitrogen in the sewer pipelines and manholes and higher 

mineralization in the UASB reactor while the lower % in the DAF-SBR is due to the presence of SS in 

the effluent which recorded 180 mg/l on average in addition to the effective removal of ammonia in 

the DAF-SBR effluent.  

Table 2. characteristics of raw wastewaters; after screening, after UASB reactor and after DAF-SBR. 

Parameter Unit After screening After UASB After SBR 

pH - 5.3-6.3 8.0-8.4 7.6-8.3 

Turbidity NTU 743±96 201±23 172±18 

TSS mg/L 2424±215 225±36 180±18 

COD mg O2/L 6189±1113 544±178 292±31 

BOD mg O2/L 4300±841 272±77 158±16 

Ammonia. N mg N/L 102±21 231±18 13.5±3.1 

TKN mg N/L 302±53 313±12 72.5±5.0 

NO3 mg N/l Not detected Not detected 2.5±1.2 

Total P mg P/L 36.2±5.5 27.1±4.4 13.5±1.2 

   Comparing TSS concentration and turbidity in the three sources of wastewaters indicates 

weak correlation between the TSS and turbidity since the TSS of the raw wastewater after screening 

is around 10 fold and 13.5 fold the concentration in the UASB and SBR effluents respectively while 

turbidity after screening represents only 3.7 and 4.3 fold the turbidity after UASB and SBR 

respectively. This could be attributed to the nature of the TSS not only the concentration as reported 

by[62]. He has reported that the cloudy and colloidal particles contribute more in the turbidity than 

the coarse suspended solids. This also indicates that the TSS in the raw wastewater after screening is 

more particulate and coarser in nature comparing to the colloidal nature in case of UASB and SBR 

effluents.    

   Similarly the nitrogen and phosphorous contents of the three sources are greatly variables. 

The COD:N:P ratios are 171:8.3:1.0, 20:11.5:1.0 and 21.6:5.4:1.0, in the effluents after screening, UASB 

and DAF-SBR, respectively. The ratios between these three parameters are reported to significantly 

control the algae growth rate[63,64]. On the other hand some researcher reported the significant role 

of N:P ratio without including COD or organic carbon[65][60]. 

1st experiments (Best feed volume and harvesting time) 

   Results of the optical densities of the algae suspension in the different photo-bioreactors is 

shown in the Figure 1 (A, B and C) which indicates best feed volume of wastewater and harvest time 

of algae in the 3 APBRs. The data indicate that the optimum feed volume is 150 ml in the 1st and 2nd 

APBR with growth periods of 10-11 days in the 1st and 8-9 days in the 2nd reactor. In case of 3rd APBR 

the optimum feed volume was between 400 ml and 600 ml with 6-7 days growth period or harvest 

time. 500 ml was selected as the feed volume in the 3rd reactor. Based on the characteristics of 

wastewaters (Table 2), estimated N and P daily loading rates are 4.53, 5.87 and 4.83 mg N/l.d and 

0.54, 0.51 and 0.90 mg P/l.d in the 1st, 2nd and 3rd reactor respectively. The applied daily N loading rate 

is higher in the 2nd reactor; however most of N is present as ammonia which could be exposed to 
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volatilization in the reactor due to alkaline pH. Similarly, P loading rate was comparable in the 1st 

and 2nd reactor but significantly higher in the 3rd reactor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Optical density (660 nm) of the algae suspension in the APBRs feed potato processing wastewater 

during the 1st experiment (A after screening, B after USB and C after SBR). 

2nd Experiment 

 

(a) 

 

(b) 

 

(c) 
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Treatment performance of the APBRs in removing organic matter 

Figure 2. performance of APBRs in COD removal. 

Data of the treatment performance of the 1st, 2nd and 3rd APBR in removing COD is presented as 

residual concentration and as % removal (Figure 2). The % removal of COD is influenced by the initial 

concentration of the influent wastewater and the average values are 98.7±0.8, 91.6±7.5 and 88.9±8.2% 

in the 1st, 2nd and 3rd APBR respectively which indicate highest % removal rate in the 1st APBR feed 

with screened wastewater. However, the corresponding residual concentrations are 80.8±60.4, 

40.7±24.6 and 33.4±28.1 mg O2/L, which indicate lowest concentration in the 3rd APBR. The 1st APBR 

provides the maximum COD removal load (g COD/l.d). Indeed treatment performance of the APBR 

in COD removal not only depends on the characteristics of the influent wastewater, it is also depends 

on the characteristics of the algal biomass and its tendency to settle in the sedimentation unit. 

The great variation in the residual concentrations of the COD and its % removal between the 

treatment reactors and within the same reactor is attributed to the variation in the initial COD of the 

influents and the utilization of mixed culture without sterilization which give chance to the bacteria 

and other microorganisms to grow with the algae. The presence of heterotrophic bacteria propagate 

in the reactors and their contribution increased significantly by time to reach maximum at the end of 

the trails and this is reflected by low COD concentration in the last cycle (end of the experiment). In 

the last cycle, the residual concentration of COD reached 28, 22 and 15 mg O2/L in the 1st, 2nd and 3rd 

APBR comparing to 211, 98 and 98 mg O2/L in the first cycle. 

 

Figure 3. Residual turbidity and its % removal in the APBRs. 

Similar to the COD removal, the reactors were potential in removing turbidity (Figure 3) and 

TSS (Figure 4) after overnight algae sedimentation.  The average residual turbidity was 6.1±3.8, 

4.5±3.7 and 2.6±2.5 in the 1st, 2nd and 3rd APBR. The corresponding % removals were 99.2±0.4, 97.6±2.6 
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and 98.4±1.6, respectively. In case of TSS, the average residual concentrations were 33.2±16.7, 19.4±7.0 

and 15.1±4.3 mg/L in the 1st, 2nd and 3rd APBR. The corresponding % removals are 98.7±0.6, 90.8±4.0 

and 91.4±3.1. 

Figure 4. Residual concentration of TSS and its % removal in APBRs. 

Treatment performance of the APBRs in nutrients removal 

   Nitrogen (represented by ammonia and TKN) and phosphorous are the main nutrients in 

wastewater. N and P requirements for algae growth is the bottle neck for widespread application of 

the algae culture and significantly raise the production cost. The PCP wastewaters contain significant 

concentrations of N and P. as presented in Figure 5 (A), residual concentrations of TKN are 34.1±18.3, 

20.2±14.8 and 17.3±11.9 mg N/L in the 1st, 2nd and 3rd APBR after algae separation (Figure 5A). The 

corresponding % removals are 89.1±4.3, 93.6±1.4 and 76.2±15.8, respectively (Figure 5 B) based on the 

nitrogen concentration in the feed and the residual concentration after algae separation. However the 

actual total nitrogen removal and mass balance is summarized in Table 4 which shows average 

nitrogen removal of 94.6%, 97.0% and 98.0% in the 3 reactors, respectively. The residual ammonia 

concentrations were 14.5±10.9, 16.4±12.7 and 13.4±8.9 mg N/L, respectively (Figure 5 C).  As we can 

observe from the results of residual ammonia concentration in the 3rd APBR and the initial ammonia 

concentration of 13.5±3.1 mg N/l (Table 2) we detect ammonia increase in the final treated effluent in 

some batches which is mostly attributed to the presence of high organic nitrogen in the influent 

(sludge flocs from the SBR). The organic nitrogen undergoes ammonification due to the presence of 

heterotrophic bacteria in the reactor and raises the residual ammonia concentration. This finding is 

matched with reported ammonia increase in an APBR treating agro-industrial wastewater that is low 

in ammonia and high in organic nitrogen (Posadas et al., 2014). As indicated in Table 4, the non-algae 

mediated process for nitrogen removal was 16.9, 35.6 and 13.1% in the 1st, 2nd and 3rd reactor, 

respectively which is mostly influenced by initial nitrogen, ammonia and COD of the feed. The higher 

% of the non-algae mediated process of nitrogen removal could be attributed to ammonia 

volatilization especially in the 2nd and 1st reactor where the feed wastewater contains significant 

amount of ammonia. During the treatment of swine wastewater with different dilutions, [55] 

reported maximum ammonia nitrogen removal of 86.7, 98.3 and 99.5% from initial concentrations of 

1678, 786 and 356 mg N/L, respectively which means maximum ammonia removal loads of 137.0, 

94.4 and 61.7 mg N/L. Comparing the previous values with the reported maximum growth yield of 

1.29, 1.95 and 2.01 g/l at the three different initial ammonia concentrations [55] indicate a remarkable 

significant part of ammonia removal may not be attributed to the algal uptake. Similarly a significant 

portion of ammonia removal (40%) was observed in control bioreactor without algae [45] during the 

treatment of urban wastewater using  algae species (Chlorella and Scenedesmus) which means non-

algae mediated processes could be contributes in ammonia removal in the APBR.  Estimated daily 

nitrogen removal loads from Table 4, indicate nitrogen removal at 3.9, 5.7 and 6.6 mg N/l.d which is 

better than the reported values during the treatment of raw and diluted wastewater from animal feed 
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production industry in algal-bacterial system. The reported data revealed a decline in the TN by 62% 

and 80% from initial concentrations of 98.5 and 49.25 mg N/L, respectively after 374 h [31] with 

corresponding daily removal rates are 3.92 and 2.53 mg N/L.d with significant decline by decreasing 

the initial concentration which match with the data of the current experiment except the results of the 

current experiment is significantly better than the reported data.  

 

Figure 5. Residual concentration of TKN (A), TKN % removal (B) and residual ammonia concentration (C). 

As shown in Figure 6, some part of ammonia or TKN after ammonification has been partially 

oxidized into nitrite and other part has been completely oxidized into nitrate. The average nitrite 

concentrations in the 1st, 2nd and 3rd APBR are 5.41±2.48, 6.06±1.623 and 7.58±2.3, respectively. The 

corresponding average concentrations of nitrate are 1.36±1.08, 1.46±0.49 and 1.54±0.80. The higher 

nitrite concentration could be attributed to the fast growing rate of ammonia oxidizers comparing to 

nitrite oxidizers [66][67]. It is also could be attributed to the competition between heterotrophic 

bacteria and autotrophic bacteria (nitrifiers) since we have significant amount of COD load. Neither 

NO2 nor NO3 were detected in the treated effluent of batch APBR treating agro-industrial 

wastewaters[31] which is totally not matched with the current results. 

  

(a) (b) 

 

(c) 
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Figure 6. Nitrite and nitrate concentration in the APBRs. 

For TP (Figure 7), the residual concentrations are 1.36±1.08, 1.46±0.49 and 1.54±0.8 mg P/L while 

the corresponding % removals are 97.5±1.4, 96.1±1.4 and 97.0±1.1, in the 1st, 2nd and 3rd APBR, 

respectively. Since this is a sequential; batch operated system, the actual P load was 5.43 (36.2 mg P/l 

× 0.15 l), 4.07 (27.1 × 0.15 l) and 6.75 (13.5 × 0.5 l) mg p/l in each batch which means actual P removal 

of 75%, 64.1% and 77.2% from the initial loads. Cheng et al. (2020) reported P removal efficiency of 

71.1, 84.7 and 95.9% from initial concentrations of 158, 96 and 62 mg P/L, respectively during the 

treatment of anaerobic digested swine wastewater in APBR; however the author did not mention the 

hydraulic retention time in his reactor. During the treatment of agro-food processing wastewater in 

APBRs, phosphorous removal achieved 83% and 57% from initial concentrations of 13.5 and 6.75 mg 

P/L with corresponding daily removal rates of 0.719 and 0.247 mg P/L (Posadas et al., 2014). In the 

current experiment the daily P removal loads were 0.37, 0.33 and 0.87 mg P/l.d in the 1st, 2nd and 3rd 

APBR respectively which are comparable to the previous data reported by[31].   

 

Figure 7. Residual P and its % removal in the APBRs. 

Biomass yield in the APBRs 

   The data in Figure 8 shows daily algal biomass yield in dry form (A) and average yield (B) 

during the 2nd experiment. The data of biomass yield shows excellent growth rates of the algae 

especially in the 2nd and 3rd APBR feed with the UASB effluent and SBR effluent, respectively. The 

results show minimum yield of 41.5, 52.4 and 78.7 mg/l.d in the 1st, 2nd and 3rd APBR while the 

maximum yield recorded 81.8, 89.8 and 118.1 mg/l.d respectively. Average dry biomass yields of the 

APBRs were 65.3, 69.9 and 100.6 mg/L.d in the 1st, 2nd and 3rd APBR, respectively.  Generally different 

algae species behave different growth rates under culture in the same wastewater sources and the 

same algae species behave different growth rates using different wastewater sources [63]. The higher 

biomass yield in the 2nd and 3rd APBR is mostly attributed to the lower turbidity in the UASB and 

DAF-SBR effluent comparing to the raw wastewater after screening which has more particulate 

matter. The higher turbidity in the 1st APBR feed with the raw wastewater after screening limits the 

light penetration into the reactor and negatively influence the growth rate and biomass yield.  
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(a) (b) 

Figure 8. Daily dry biomass yield (A) and average dry biomass yield (B) during the 2nd experiment. 

Also, the presence of more soluble nutrients in the UASB and SBR effluents enhance the algae 

growth and biomass yield comparing to the screened wastewater with more complex particulate 

matter. The growth yield in case of DAF-SBR effluent (3rd APBR) is better than UASB effluent (2nd 

APBR); however, utilization of the UASB effluent could be environmentally more sustainable than 

the utilization of the SBR effluent since application of the UASB is more sustainable and cost-effective 

for the treatment of PCP wastewater comparing to the integrated DAF-SBR system. 

   The variation in the growth and biomass yield in the 3 APBRs could also be attributed to the 

variation wastewater characteristics and C:N:P ratio in the feed wastewater. There is a great debate 

about the optimum C:N:P and N:P to get the maximum  growth rate of algae. AlMomani and 

Örmeci,( 2016) reported maximum growth rate of mixed algal culture at C:N:P ratio of 4.4:1:1.5 

while[64] reported that C:N:P of 50:8:1 is the optimum ratio. Other researchers focused on N:P ratio 

as the most important macronutrients. [65] reported N:P ratio of 16:1 as the optimum ratio for 

maximum algae growth but Wang et al. (2010) observed a significant growth rate of C. vulgaris in 

wastewater at N:P ratio of 0.36:1 and a moderate growth rate at N:P of 53:1. In the current experiment 

the COD:N:P ratio was 171:8.3:1.0, 20:11.5:1.0 and 21.6:5.4:1.0 in the 3 APBRs respectively with 

maximum yield at 3rd APBR with COD:N:P of 21.6:5.4:1.0 followed by 2nd APBR with COD:N:P of 

20:11.5:1.0. The previous data indicate not only the C:N:P ratio influence the biomass yield but also 

turbidity and nutrients form as well as the feed volume and growth period have their roles.    

Table 3. Amino acids profile as % of the dry matter (DM) and as % of total protein in the algal biomass. 

Amino acid 

1st APBR 2nd APBR 3rd APBR 

% of 

DM 
% of Protein 

% of 

DM 
% of Protein 

% of 

DM 
% of Protein 

Aspartate  3.27 10.66 3.50 10.76 3.69 10.36 

Glutamate 3.86 12.59 4.58 14.08 5.21 14.61 

Serine 1.49 4.87 1.66 5.10 1.74 4.88 

Histidine 0.59 1.91 0.55 1.69 0.61 1.72 

Glycine 2.08 6.79 2.22 6.84 2.34 6.56 

Threonine 1.85 6.03 1.73 5.30 1.86 5.21 

Arginine 1.64 5.35 2.33 7.15 2.67 7.50 

Alanine 2.35 7.67 3.03 9.31 3.42 9.60 

Tyrosine 2.17 7.10 1.26 3.86 1.53 4.28 

Valine 1.78 5.82 1.87 5.74 2.15 6.02 

Methionine 0.66 2.15 0.54 1.66 0.49 1.37 
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Phenylalanin

e 
1.77 5.78 1.67 5.14 1.79 5.02 

Isoleucine 1.53 5.01 1.58 4.86 1.70 4.77 

Leucine 2.73 8.90 2.92 8.99 3.14 8.82 

Lysine 1.57 5.14 1.57 4.83 1.83 5.12 

Proline 1.30 4.24 1.54 4.72 1.49 4.17 

Total Protein 30.64 100.00 32.53 100.00 35.65 100.00 

Protein content and amino acids profile 

   Quality of the algal biomass with respect to the protein content as % of dry biomass and 

amino acids either as % of dry biomass or as % of total protein is depicted in Table 3. The results 

indicated highest protein content in the 3rd APBR (35.65%) comparing to the 2nd (32.53%) and 1st APBR 

(30.64%). This could be attributed to the contribution of the TSS in the harvested biomass in case of 

1st and 2nd APBR where the feed wastewater contains considerably higher concentration of TSS 

comparing to the wastewater feed of the 3rd APBR. The protein content of algal biomass in the current 

study is lower than 55% that is reported by[68]. 

   Variation of the amino acids between the three APBR was not constant since the variation 

was more or less comparable to the variation in the protein content in all amino acids except tyrosine, 

alanine and glutamate. The variation in glutamate, alanine and tyrosine in the algal biomass of the 3 

reactors is clearer and exceed the variation of the protein content. Protein has been increased in the 

2nd and 3rd reactor by 6.17% and 16.35% comparing to the 1st reactor while alanine was increased by 

28.94 and 45.53% comparing to the 1st APBR. Similarly glutamate increased in the 2nd and 3rd reactor 

by 18.65 and 34.97%, respectively. As an exception tyrosine has been declined in the 2nd and 3rd APBR 

comparing to the result of the 1st reactor.  

Dietary protein requirements of Nile Tilapia is 33.84% with amino acid contents of 5.12, 4.20, 

1.72, 2.80, 3.39, 3.11, 3.75, 1.00, 3.21, and 5.54% for lysine, arginine, histidine, valine, leucine, 

isoleucine, threonine, tryptophan, methionine with cystine and phenylalanine with tyrosine, 

respectively[69].  However, recently[69,70] recommended requirements of arginine, histidine, 

isoleucine, leucine, lysine, methionine, methionine with cystine, phenylalanine, phenylalanine with 

tyrosine, threonine, tryptophan and valine at 1.48, 0.67, 1.05, 1.18, 1.6, 0.79, 0.97, 1.05, 1.82, 1.22, 0.31 

and 1.01% of the diet of Nile Tilapia. The data of the recent publications is comparable to the amino 

acid compositions of algae biomass of the current experiment especially for isoleucine, leucine, 

phenylalanine, threonine and valine which are higher in the algae biomass. However algae biomass 

is poor in tryptophan and cystine; both need to be supplemented from another source.  The data 

indicated that the algal biomass is rich in Glutamic and Aspartic acids which mimic with their content 

in potato tubers that are rich also in both [71,72].  

Table 4. Summary of the nitrogen mass balance at the end of the experiment. 

Item 1st APBR 2nd APBR 3rd APBR 

Number of batches 14 18 21 

Feed volume 150 150 500 

Number of days 154 144 126 

TN loading rate, mg/L 1* 634 845 852 

Average yield, mg/l.d 65.25 69.91 100.62 

Total yield, mg/l 10049 10067 12678 

Protein content, % 30.64 32.53 35.65 

N recovery, mg/l 492.6 524.0 723.2 

N recovery, % 77.7 62.0 84.9 

Residual nitrogen, mg/l 2* 34.1 20.2 17.3 
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Residual nitrogen, % 5.4 2.4 2.0 

N removal, % 16.9 35.6 13.1 

Actual %N removal 3* 94.6 97.6 98.0 

* Actual %N removal (3*) = [1*-2*]/1* × 100. 

4. Conclusions 

The APBR has potential to treat PCP wastewater after screening and after anaerobic 

pretreatment in the UASB reactor; however pre-treatment in the UASB reactor has potential to 

recover energy as methane instead of un-control release in the APBR. Quantity and quality of the 

algal biomass is better in the 2nd APBR feed with anaerobically pretreated PCP wastewater comparing 

to the 1st APBR treating raw PCP wastewater after screening which is mostly attributed to the low 

concentration of TSS and turbidity in the anaerobically pre-treated feed. The APBR feed with 

secondary treated PCP wastewater after DAF-SBR system provides the best final effluent quality and 

biomass yield qualitatively and qualitatively; however treatment of PCP wastewater in an integrated 

UASB-APBR is more environmentally friendly and cost effective comparing to DAF-SBR system 

coupled with APBR. The final treated effluent from the APBR treating PCP wastewater with different 

quality is reusable.  

Highlights  

▪ The APBR has the potential to treat PCP wastewater with different qualities 

▪ Characteristics of PCP wastewater influences quantity and quality of algal biomass. 

▪ Nutrients recovery by algal biomass is the main route of nutrients removal in the APBR 

▪ Non-mediate algal nitrogen removal depends ammonia/TKN ratio of the feed  

▪ Algal biomass from APBR treating PCP wastewater has substantial amount of protein  
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