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Abstract: This study evaluates the efficiency of a sustainable technology represented in an integrated
pilot-scale system, which includes a facultative pond (FP), a high-rate algal pond (HRAP), and a rock
filter (RF) for wastewater treatment to produce water that complies with the Egyptian standards
for treated wastewater reuse. Still, limited data are available on pathogen removal through HRAP
systems. Thus, in this study, the performance of the integrated system was investigated for the
removal of Escherichia coli (E. coli), coliform bacteria, eukaryotic pathogens (Cryptosporidium spp., Gia-
rdia intestinalis, and helminth ova), somatic coliphages (SOMCPH), and human adenovirus (HAdV).
Furthermore, physicochemical parameters were determined in order to evaluate the performance of
the integrated system. The principal component analysis and non-metric multidimensional scaling
analysis showed a strong significant effect of the integrated system on changing the physicochemical
and microbial parameters from inlet to outlet. The mean logj removal values for total coliform, fecal
coliform, and E. coli were 5.67, 5.62, and 5.69, respectively, while 0.88 log; and 1.65 log;o reductions
were observed for HAdV and SOMCPH, respectively. The mean removal of Cryptosporidium spp. and
Giardia intestinalis was 0.52 and 2.42 logy, respectively. The integrated system achieved 100% removal
of helminth ova. The results demonstrated that the system was able to improve the chemical and
microbial characteristics of the outlet to acceptable levels for non-food crops irrigation. Such findings
together with low operation and construction costs of HRAPs should facilitate wider implementa-
tion of these nature-based systems in remote and rural communities. Overall, this study provides
a novel insight into the performance of such systems to eliminate multiple microbial pathogens
from wastewater.

Keywords: HRAP technology; pilot-scale system; wastewater treatment; pathogens removal

1. Introduction

Sanitation, global food security, and renewable energy are among the most imperative
sustainable development goals of the century adopted by the united nations [1,2]. There
are over 2.4 billion people worldwide who do not have access to adequate sanitation [2],
and more than 400,000 people die as a result of diarrhea caused by poor sanitation [3]. In
addition, more than 800,000 people die each year because of no access to safe drinking water
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and basic sanitation [3]. Approximately 1.5 billion people in the world discharge sewage
into the environment without treatment [4]. The main source of pathogen contamination
in surface waters is the discharge of wastewater effluents to surface water [5]. Since
the removal of pathogens and the safe reuse of treated sewage primarily depend on the
treatment technology used, an integrated system including FP, HRAP, and RF was proposed
to overcome these challenges.

In most countries, traditional centralized sewage treatment systems have successfully
controlled water contamination [6]. However, treatment technologies such as the activated
sludge process are rather expensive and not entirely feasible for widespread application in
rural areas [7]. Furthermore, they are limited and insufficient when facing wastewater treat-
ment regulations [8]. Therefore, selecting cost-effective and efficient alternative wastewater
treatment methods is crucial, particularly in low-income countries. In terms of the total
number of facilities, algal-based wastewater treatment systems (e.g., high-rate algal ponds
and waste stabilization ponds) are among the most commonly used treatment technolo-
gies worldwide [9-12]. HRAPs have recently been regarded as an appropriate option for
wastewater treatment due to their significant advantages over traditional pond systems,
including simplicity, lower construction and operation costs, low energy consumption,
robustness, and sustainability, as well as the ability to reduce nutrients, micropollutants,
and pathogenic microbes [13-16]. HRAPs were designed to improve the efficiency of
stabilization ponds by being shallower to allow for light penetration, producing more
oxygen at a faster pace, and having a shorter retention time. In addition, the amount
of space required was lowered. HRAPs, unlike traditional WWTPs, do not require ex-
ternal aeration or chemical inputs throughout the treatment process due to microalgae
photosynthesis [17,18].

HRAPs are designed to stimulate algal growth in order to facilitate the symbiotic
breakdown of organic waste by algae and bacteria [19]. Because of the mixing and shallow
ponding, the pond is more exposed to sun radiation [20]. Compared to deeper traditional
WSPs (Waste Stabilization Ponds), this increased sun exposure promotes higher algae
photosynthesis and more organic waste decomposition [19]. Solar radiation, specifically
ultraviolet B (UVB), is the primary factor involved in the inactivation of pathogens [21,22].
HRAPs can produce equal- or better-quality effluents with a considerably shorter theo-
retical hydraulic retention time (THRT) compared to WSPs [23,24]. The shorter retention
period reduces the needed reactor capacity and, as a result, the surface area of the HRAP.
This decrease in THRT and surface area reduces evaporation and improves the volume
of effluents available for reuse purposes [13,24]. Several studies have investigated the
removal of bacterial and viral indicators in HRAPs [13,16,25,26]. Most of these studies were
conducted on a pilot-scale and/or lacked sufficient data for deep analysis. Future studies
to understand the mechanisms underlying the removal of pathogens and indicators in
HRAP systems are required [27]. Additionally, large-scale studies to evaluate the removal
of a wide range of pathogens via HRAPs are also needed.

The World Health Organization (WHO) highlighted 16 distinct bacterial pathogens,
11 helminth groups, 9 pathogenic viruses groups, and 4 groups of protozoa that are signifi-
cant to sanitation [3]. Helminth ova is one of the main targeted pathogens according to the
WHO guidelines for aquaculture and agriculture wastewater reuse [28]. Total coliforms
(TC), E. coli, and fecal coliform (FC) are often used as indicators for evaluating the quality
of treated wastewater and have been proposed to indicate the existence of pathogenic
microorganisms [29,30]. Their presence can be a good indication of fecal contamination.
However, the limitations associated with the use of traditional fecal indicator organisms
have been recognized in the literature, particularly as they can sometimes be limited in their
ability to represent overall pathogen levels [31]. Bacteriophage and HAdV have been rec-
ommended as more credible indicators of wastewater microbiological quality than bacterial
indicators, owing to their stability and tolerance to wastewater treatment processes. Indeed,
the indicators cannot predict the presence of a wide range of pathogens [32]. In addition,
the efficiency of pathogen removal (i.e., viruses, protozoa, and parasitic helminths) in
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HRAPs is not well studied yet [27]. Therefore, this study aims to fill the gap of knowledge
about the efficiency of the integrated system with HRAP as the core stage for the removal
of pathogens and microbiological indicators in wastewater. Evaluating the removal of
pathogens from the system has significant indications for understanding not only the
performance of treatment methods, but also the potential risks connected with the reuse of
the treated wastewater.

2. Materials and Methods
2.1. The Design of HRAP System and Samples Collection

The integrated biological treatment system applied in this study consisted of FP
followed by HRAP, and an RF was installed and fed with the HRAP effluent to remove
algal biomass from the final treated effluent as shown in Figure 1. The system was installed
at the Zenin wastewater treatment plant, Giza, Egypt. The Primary FP consisted of a
polyvinyl tank with a 1.5 m depth and a 1 m3 volume, with continuous fed and screened
raw municipal wastewater with a 5-day hydraulic retention time (HRT). The HRAP has a
20.95 m? surface area, a 0.2 m effective wastewater depth, and a 4.3 m?® volume. The pond
was fed continuously with the FP effluent at HRT for 5 days. The wastewater moves in the
HRAP via an electric fan (paddlewheel) attached to the pond, which was set to a rotational

speed generating a linear flow rate of 0.2 m s 1.

Facultative pond

Rock filter

Figure 1. Flow diagram of the treatment steps.

To separate or harvest the algal biomass that remained in the HRAP effluent, the
RF system was introduced. It consisted of three identical units with a 0.6 m depth and
a 0.4 m width and length with an effective volume of 34 L/unit. It was provided by a
sedimentation cone at the lower point to collect algae and solids (Figure 1). The system was
constructed from polyvinyl chloride (PVC) sheets. The units were filled with different sizes
of rocks that ranged 8-12 cm in the first unit, 4-8 cm in the second unit, and 2—4 cm in the
third unit, with a 10 h detention time. The HRAP effluent overflowed continuously from
the top to the bottom of the RF unit, thus 1part of the algal biomass settled in the bottom
of the RF, and the other part stuck to the surface of the rocks. Samples were taken from
the inlet (raw wastewater) and each treatment stage (Figure 1). Twenty-one batches were
collected in sterile containers from May to November 2020 and analyzed in the National
Research Centre laboratories within 3 h of the collection. The sample volume for parasitic
helminths and protozoa analysis was 5 L [33]. For viral analysis, 5 L of each sample was
collected [34]. For bacterial indicator examination, each sample was collected in a one L
sterile bottle [35]. The sample volume for physicochemical parameters and algal analysis
was 3 L.
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2.2. Physicochemical, Bacteriological, and Algal Community Analysis

The physicochemical parameters including pH, ammonia nitrogen (NHy4-N), nitrite-
nitrogen (NO;-N), total Kjeldahl nitrogen (TKN), nitrate-nitrogen (NO3-N), total phos-
phorus (TP), total chemical oxygen demand (CODtot), soluble chemical oxygen demand
(CODsol), biological oxygen demand (BODtot), soluble biological oxygen demand (BOD-
sol), and total suspended solids were carried out according to international standard
methods [36]. TC, FC, and E. coli were determined using the most probable number (MPN)
method [36]. The algal analysis was carried out by collecting different sub-samples from
inside the HRAP at different depths, and these sub-samples were mixed to form one
sample, then concentrated by centrifugation at 2000 RPM for 15 min, and examined using
Sedgewick Rafter cells. The identification of the algal community to the species level was
performed microscopically (Olympus X3 microscope, Olympus Corporation, Tokyo, Japan)
according to the key of freshwater algae [36,37]. The growth rate of algal biomass was
assessed by determining the chlorophyll a (CHLA) content [36].

2.3. Virological and Parasitological Analyses

SOMCPH was propagated in tryptone broth inoculated on an exponentially growing
bacteria host strain (E. coli) to prepare a stock suspension [38]. In order to concentrate
adenoviruses from wastewater samples, the VIRADEL protocol was followed as described
previously [39]. Nucleic acids were extracted using the QIAamp DNA Blood Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Helminths were
detected microscopically after floatation using zinc sulphate [33,40].

The pathogens investigated in this study were adenovirus [41], Cryptosporidium
spp., [42], and Giardia intestinalis [43]. To quantify the target pathogens in the samples, a
qPCR reaction was performed in a 20 pL reaction volume using a Maxima SYBR Green
gPCR master mix kit (Thermo Scientific, Waltham, MA, USA). The reaction mixture was
composed of 5 puL of the DNA template, 10 pL of the master mix, 0.5 uL from each primer
(forward and reverse) (Table 1), and 4 pL of Nuclease-free water. The PCR temperature
conditions were 95 °C for 10 min and 45 cycles of 15 s at 95 °C and 1 min at 60 °C. Nuclease-
free water was also included in each run as a negative control [34]. Absolute quantification
of genome equivalents (gen. eq.) was performed by comparing cycle threshold (Ct) values
to the DNA standard, which were included in every qPCR run. DNA standards were
prepared as previously described by Rizk and Hamza (2021). The limits of detection for
the assay were determined as <10 gen. eq. per reaction.

Table 1. Nucleotide sequences of qPCR primers.

Primer Sequence (5'-3) Reference

COWP-F CAAATTGATACCGTTTGTCCTTCTG

Cryptosporidium spp. [42]
COWP-R TGGTGCCATACATTGTTGTCCT
Q1 GCCACGGTGGGGTTTCTAAACTT
A i 41
denovirus Q2 GCCCCAGTGGTCTTACATGCACATC [41]
B-Giardin P241-F CATCCGCGAGGAGGTCAA

o . "
Giardia duodenalis B-Giardin P241-R GCAGCCATGGTGTCGATCT [43]

2.4. Statistical Analysis

The principal component analysis (PCA) based on the Euclidean distance matrix
was employed to characterize the patterns of physicochemical parameters in inlet and
outlet samples. Non-metric multidimensional scaling (NMDS) analysis based on the Bray-
Curtis distance index was used to map pathogens, bacterial, and viral indicators in inlet
and outlet samples. The permutational multivariate analysis of variance (PERMANOVA)
and the analysis of similarity (ANOSIM) were used to test the significance of differences
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for physicochemical parameters or microbiological parameters between inlet and outlet
samples [44]. The Wilcoxon statistical test was used to investigate the significance of
the wastewater treatment technology for improving the physicochemical and biological
parameters. Statistical analyses and visualization were performed using Origin (Pro)
(OriginLab Corporation, Northampton, MA, USA) and PRIMER v.7.0.17 (Quest Research
Limited, Auckland, New Zealand).

3. Results and Discussion
3.1. The Performance of the HRAP System

In this study, the microalgal community structure constituted three major algal strains,
namely pediastrum gracillimum, Dictyospharium sp., and Scenedesmus sp. (Table S1 and
Figure S1). A mixed species assemblage exhibited improved algal biomass and culture
stability and good biomass production (Table S1). The results indicated that the maximum
CHLA content was detected when the pond was dominant with Pediastrum gracilimum
where the maximum CHLA concentration was 9.16 mg/L in the HRAP. The abundant
species in the algal community was affiliated to the group Chlorophyta (e.g., genera; Scened-
imus, Micractinium, Microcystis, Mucidosphaerium, and Pediastrum), and Bacillariophyta and
Cyanophyta were also represented in the HRAP. All genera recorded in HRAP over the
course of this study were known to be prominent constituents of microalgal communities
in shallow and highly enriched systems [45,46].

The PCA ordination showed a clear separation of the physicochemical parameters
between the samples from the inlet and outlet, indicating a strong significant influence of
the treatment (Figure 2). These results were confirmed by PERMANOVA (p < 0.001) and
ANOSIM (p < 0.001). The PCA vectors for nutrients (e.g., NH4-N) and organic pollution
parameters (e.g., BOD and COD) revealed an association with inlet samples, indicating
an efficient system’s operation (Figure 2). The physicochemical characteristics of the inlet
and outlet are presented in Figure 3 and Table S2. The results showed that the COD in
the inlet and outlet ranged between 229.00 to 404.00 mg/L and 38.00 to 100.00 mg/L
with mean values of 315.40 and 56.00 mg/L, respectively (Figure 3a). The BOD ranged
between 118.00-187.00 mg/L and 10.00-27.00 mg/L in the inlet and outlet, respectively
(Figure 3a). The overall removal rates of COD and BOD were 82.24% and 89.26%, respec-
tively (Figure 3b). The Wilcoxon statistical test revealed a strong significant removal of
COD (p < 0.001) and BOD (p < 0.001) (Figure 3a). The removal of BOD via HRAP system
ranged between 22 and 93.4% was reported elsewhere [16,47-49]. A strong significant
removal (Wilcoxon test: p < 0.001) of TSS (92.09%), NH4-N (89.39%), and TKN (59.51%)
was observed as well (Figure 3). The reported removal of ammonium ranged between
21.89 and 94% with a median of 77% [47-52]. Algal photosynthesis generates the oxygen
necessary for heterotrophic bacteria to degrade organic materials. Then, algae assimilate
nutrients and CO; released during the oxidation process [53]. In HRAPs, photosynthesis
and nutrient assimilation are enhanced by continuous passing of the algae between the
clear surface and dark bottom in vertical circulation cycles using paddlewheels [46]. The
removal of TP via the integrated system was 38.43% (Figure 3b). The reported TP removal
ranged between 10.48 and 97.2% with a median of 42.73% [48,52,54,55]. pH-dependent
precipitation and algal biomass incorporation were assumed to be the main mechanisms
responsible for TP removal [56]. Additionally, the efficiency of nutrient removal in HRAP
is influenced by the parameters that affect the growth and activity of algae, such as the
detention time, temperature, and sun radiation [56].

As an extra benefit, HRAP systems can recover resources from the wastewater through
the utilization of algal biomass that can be used as fertilizers, feed, and feedstock for biofuel
production [57]. Microalgae have a number of advantages over plants, including the
ability to thrive all year and low reliance on water requirements [58]. Moreover, the
concentration of other elements (e.g., NH4-N and TKN) showed a significant decrease
in the outlet (Figure 3) due to their consumption by algae (Table S2 and Figure 3). In



Sustainability 2021, 13, 13232 60f 13

particular, the structure of the microalgal community in HRAP can significantly improve
nutrient removal [56].
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3.2. Pathogens Removal
The NMDS ordination provides a good representation (stress: 0.08) for mapping the

pathogens and indicators in inlet and outlet samples. The results of NMDS showed a clear
dissimilarity between the inlet and outlet samples in terms of microbial pathogens and
indicators (Figure 4). The results of PERMANOVA (p < 0.001) and ANOSIM (p < 0.001)
confirmed the NMDS findings (Figure 4). The concentration of bacterial and viral indicators
in inlet and outlet wastewater samples was summarized in Figure 5. The concentration
of TC ranged from 7.04 to 9.81 logyg in inlet samples and in outlet samples was 2.30
to 4.04 logyy (Figure 5). The concentration of FC ranged from 6.66 to 9.59 logjy and
2.04 to 3.88 logyg in inlet and outlet samples, respectively, whereas E. coli concentrations
ranged from 6.32 to 9.46 logo and between 1.84 and 3.81 logyg in inlet and outlet samples,
respectively (Figure 5). Furthermore, the average removal of TC, FC, and E. coli was 5.66,
5.63, and 5.70 logy, respectively. Buchanan and colleagues found a lower removal value
(mean logjo = 2.75) of E. coli in treated effluent obtained from HRAP when fed from FP
effluent [13], and this could be due to the pilot-scale system presented here including three
treatment stages (i.e., FP, HRAP, and RF). In other words, the RF stage in this system could
play a significant role in pathogen removal. Additionally, the viral indicator, SOMCPH,
showed a higher mean concentration of 6.67 logjg PFU/L in the inlets than in outlet
samples (5.02 log;o PFU/L), with average removal of 1.65 logjg. The present results were
consistent with Espinosa et al. (2021), who reported 5.16 and 1.54 logjy removal of E.coli
and SOMCPH, respectively, using an upflow anaerobic sludge blanket (UASB) reactor
followed by HRAP [25]. Meanwhile, Verbyla et al. (2015) reported lower removal for
bacteria ranging from 1.2 to 1.6 logjg in HRAPs. Furthermore, the data for the removal
of bacterial indicators were higher than those in other studies, which ranged from 1.76
to 2.19 logyo [13,14,59]. The integrated system removed bacterial (i.e., TC, FC, and E. coli)
and viral (i.e., SOMCPH) indicators significantly (Wilcoxon test: p < 0.01). Fecal indicator
bacteria (FIB), such as FC and E. coli, are widely utilized to as an alert to the potential fecal
contamination of a water source [60]. However, FIB (e.g., E. coli) are more susceptible to

elimination in wastewater treatment than many viruses [32].
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Figure 4. NMDS plot of pathogens and indicators based on dissimilarities calculated using the

Bray—Curtis distance.
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Figure 5. Box and whiskers plot showing the concentrations of bacterial and viral indicators in inlet
and outlet samples. ** p < 0.01, ** p < 0.001.

A higher removal ability of the E. coli through the treatment system may provide a
misleading impression to some practitioners that other pathogens are likewise removed
or reduced to the same extent, which might not be the case. If the removal of E. coli is
high, the treated effluent may not be suitable for reuse based on WHO (2006) guidelines,
which suggest that 3 to 6 logjy reduction of the pathogen at wastewater treatment plants
can properly protect public health [61]. To maximize the benefits of wastewater reuse, it is
important to control the pathogens to protect public health [56]. Since the bacterial and viral
indicators revealed no correlation with the pathogens in the current research (Figure 6) and
in previous studies [62,63], it is imperative to investigate the ability of an integrated system
for removing the pathogens. The present study targets the most common waterborne
pathogens (i.e., adenovirus, Cryptosporidium, and Giardia intestinalis) in Egypt (Figure 7) and
parasitic nematodes (Figure S2) according to the Egyptian standard for treated wastewater
reuse. Indeed, no truly universal indicators can represent pathogens [27]. Thus, a decrease
in the number of indicators is not necessarily associated with the removal of different
pathogens (e.g., viruses or protozoa) [27,64].

The Wilcoxon test showed that the integrated treatment system could remove the
pathogens (i.e., Giardia intestinalis and adenovirus) significantly (p < 0.05) (Figure 7). The
mean logyp removal of protozoan Giardia intestinalis was 2.42 Logg GC/L and the maxi-
mum removal reached was 4.68 Logjg GC/L. The mean log;y removal of Cryptosporidium
was 0.52 Logyg GC/L, with maximum removal of 1.90 Log;y GC/L, while the mean removal
of adenovirus was 0.88 Log9g GC/L (Figure 7). Consistent removal of Cryptosporidium
parvum (1.54-1.70 Logyp) was recorded elsewhere [21]. The integrated system showed
100% removal of parasitic helminth ova (Figure S2). The viability of helminth ova was
reduced by 60 and 90% in the two experimental pilot-scale HRAPs working parallel at
4 and 10 days HRT, respectively [65]. Pathogen removal in HRAPs relies on environmental
factors, such as sunlight, pH, dissolved oxygen (DO), temperature, as well as preda-
tion [10,66]. Pathogens could also be removed from the liquid fraction via sedimentation
after adsorption to solid particles [67]. Settling is generally accepted to be the main removal
mechanism for protozoa and helminths [68,69]. Other factors, such as predation, sunlight,
pH, and NH4-N toxicity act as the main contributors to FIB and parasites removal [27]. One
mechanism that has been established for the removal of viruses from wastewater is the
adsorption to solids and their subsequent removal via sedimentation or filtration [70,71].
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Removing different pathogens by the same mechanism does not necessarily occur at the
same rate for all pathogens. For instance, UV light in HRAPs can damage viruses and bac-
teria; however, viruses are more tolerant than bacteria [72,73]. Moreover, HRAPs reduced
viruses, protozoa, and bacteria at varying rates because of their structural and genetic
compositions [27,74,75].
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Figure 6. Correlogram showing the relationships among pathogens and indicators. * p < 0.05,
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4. Conclusions

The integrated system, which includes HRAP as a core stage, can provide effective
oxidation of wastewater organic compounds, increase nutrient removal, and remove
pathogens and indicators. Multivariate statistical models showed a strongly significant
difference between inlet and outlet samples, indicating the influence of the wastewater
treatment in improving the quality of the effluents. The system presented here achieved
92.09%, 89.39%, 89.26%, and 82.24% reduction of TSS, NH4-N, BOD, and COD, respectively.
A reduction of ~5.6 logjyp was found for bacterial indicators, and viral removal ranged
between 0.88 and 1.65 logyg. The mean removal of Cryptosporidium spp. and Giardia
intestinalis genes were 0.52 and 2.42 log1, respectively. Interestingly, the integrated system
achieved 100% removal of parasitic helminth ova in the treated effluent, suggesting that the
system can safely reduce human exposure to pathogens. Importantly, the treated effluents
were shown to meet the Egyptian standards for agriculture wastewater reuse. Hence,
HRAP technology can be an appropriate alternative for combining wastewater treatment
and bioenergy recovery. Further research is needed to investigate the removal efficiency
for a broad range of pathogens and explore mechanisms responsible for pathogen removal
in HRAPs. This will provide the scientific basis necessary for improving the design and
operation of HRAPs for pathogen removal.
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