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Abstract:

 This research was conducted to study the anaerobic sludge filtration capacity regarding helminth egg removal in upflow anaerobic sludge blanket (UASB) reactors. Two 25 L lab-scale UASB reactors were operated at an ambient temperature which varied between 17.1 and 28.6 °C. Ascaris suum egg was selected as the model egg considering its similarity in terms of size and morphology to Ascaris lumbricoides, a human pathogen. Ascaris suum eggs were obtained from female parasites of infected pigs. The anaerobic sludge filtration capacity was performed applying upflow velocities between 0.09 and 0.68 m·h−1. Three sludge bed heights in the range of 0.30–0.40 m, 0.50–0.60 m and 0.60–0.70 m were applied. These sludge bed heights corresponded to 19%–25%, 31%–38% and 38%–44% of the total reactor height, respectively. Under the mentioned conditions, the average helminth egg removal efficiency was reciprocally correlated to the imposed upflow velocity. The studied lab-scale reactors reported an average helminth egg removal between 34%–100%, 30%–91% and 34%–56%, when the sludge bed in the UASB reactor was 19%–25%, 31%–38% and 38%–44% of the total reactor height, respectively. The decreased filtration capacity at increasing sludge bed heights might be likely related to biogas production and channeling formation. The average helminth egg removal efficiency in the control experiments performed without any sludge bed, by plain sedimentation, varied between 44% and 66%.
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1. Introduction

When treated wastewater is intended to be used for agricultural purposes, the presence of pathogens may limit its application potential [1,2]. Due to their shell resistance, helminth eggs are the most persistent pathogens to inactivation [3,4]. Particularly in developing countries, high concentrations of helminth eggs are present in domestic wastewater, which cause parasitic diseases like ascariasis, taeniasis and trichuriasis [5,6,7]. The prevailing symptoms caused by these diseases include diarrhea, effects on mental development, and anemia [8,9,10]. Within the group of pathogenic organisms, helminth eggs are infective agents which range in size from 10 μm to more than 100 μm [1,11,12].

Most literature regarding removal of helminth eggs is related to inactivation of helminth eggs contained in excess sludge [4,13,14,15,16] and physical removal from wastewater [1,17,18]. Technologies to inactivate helminth eggs in sludge are aimed at destroying the structure of the egg (mainly damages in its lipid layer) which prevents further development and survival of the eggs [4,19,20]. The best technologies for inactivation of helminth eggs present in sludge are thermal treatment at 108 °C [16], irradiation at 3500 Gy [14,15], pasteurization at 70 °C [13,21] or chemical treatment using sulfuric, hydrochloric, propionic, acetic or peracetic acid [19]. Processes like alkaline pre- and post-stabilization, by, for example, adding lime or other alkaline compound to the sludge, and thermophilic anaerobic digestion have shown high residual concentrations of worm eggs, i.e., more than 1 egg·g−1 TS, and 0.99–1.1 egg·g−1 TS in the sludge, respectively [3,4]. These values are higher than the restrictive limit in developing countries, where the use of treated waste and wastewater in (irrigated) agriculture is commonly applied. [1,8,18,22]. Maya et al. [4] reported that four genera of helminth eggs, i.e., Ascaris lumbricoides, Ascaris suum, Toxocara canis and Trichuris trichiura, are sensitive to environmental conditions in the larval state in the sludge. Furthermore, a proper combination of pH, dryness and contact time with temperatures above 60 °C can be applied to inactivate the eggs, efficiently [4,23]. Unfortunately, external energy and chemical-dependent technologies are in general not feasible for developing countries because they are complex, not sustainable and expensive in terms of investment and operation and maintenance costs [4,17,18,24].

Within the group of technologies applied to physical helminth egg removal (not inactivation) from wastewater, land-based post-treatment technologies such as sand filtration, wetlands and polishing ponds are reported to achieve helminth egg removal of 90%–99%, 100% and 100%, respectively [1,25,26]. In addition, Jimenez [19] reported that grit removal followed by a coagulation flocculation process in what is known as advanced primary treatment (APT), combined with an upflow sand filtration, reduced the amount of helminth eggs from 1.2 to 0.2 egg·g−1. Additionally, a study using APT followed by a sand filter combined with a synthetic medium reduced the amount of helminth eggs in average from 26 to 1.2 egg·g−1. Furthermore, APT followed by a multimedia filter and inclined parallel plates reduced the concentration from 27.0 to 1.2 egg·g−1 [19].

Limited research is executed on physical helminth egg removal in UASB reactors [1,3,25]. Filtration and sedimentation has been considered the main mechanism of helminth egg removal in UASB reactors [1,17,25]. During filtration and sedimentation, helminth eggs are respectively accumulated in the sludge bed and on the bottom of the reactor [1,27].

The removal of helminth eggs in UASB reactors has been reported to amount to 60%–90% [1]. UASB reactor technology is relatively cheap and compact and could contribute to domestic wastewater treatment in a sustainable way to improve environmental protection, resource recovery and public health protection [18,26,28,29,30,31]. However, the effect of different operational conditions of UASB reactors on helminth egg removal has not been evaluated thus far. Helminth egg removal through sedimentation and filtration would give an added value to UASB reactors. Mahmoud et al. [32] described the sludge bed filtration of UASB reactors as a mechanism for solids removal in domestic wastewater. Similar processes might affect the removal of helminth eggs in UASB reactors.

Pig helminths like Ascaris suum, Trichuris suis and Oesophagostomum spp. are often used in research as model organisms for human intestinal parasites, because they are very similar in morphology and size to the corresponding human parasite eggs and are relative easy to obtain in high numbers from infected pigs [33]. Maya et al. [4] reported that no significant differences were found between Ascaris lumbricoides and Ascaris suum regarding the inactivation conditions. In addition, Ascaris eggs were found to be the most resistant helminth egg genus to inactivation, combining unfavorable pH, dryness and temperature conditions, in comparison with Taenia sp. and Toxocara sp., Trichuris sp. and Hymennolepis [4]. In previous work [34,35], it has been shown that in the municipal wastewater in Peru, Ascaris lumbricoides was the predominant specie. Therefore, this research was conducted using Ascaris suum as helminth eggs as surrogate for the human parasite.

Mature Ascaris sp. eggs have an ovoid shape with average sizes of 40–70 μm [1,36]. This helminth egg is very resistant to inactivation under different environmental conditions [1,4]. This resistance is related to their four-layered shell composed of a lipid layer with a total thickness of about 4.5 μm, a mechanically rigid chitinous layer, a vitelline membrane and an external coat [3,36,37]. The shell is sensitive to lipid solvents and shows reduced surfaces and ridges. This mammillated layer is bile-stained to a golden brown color, and its high hydration makes it limp in the natural environment [4,37]. Microorganisms present in anaerobic sludge may play a role in degrading nematode eggs, though limited research results are available. For example, it has been reported that Duddingtonia flagrans and Angiostrongylus Cantonensis (nematofagous fungi) feed on free-living nematodes at the larval stage at 27 °C [38,39,40]. These fungi could survive in the digestive tract of different animal species and kill parasite larvae as they develop in the feces. Evidence exists that they are able to degrade the eggshell enzymatically and infect the helminth eggs [41,42].

Sludge bed density, extracellular polymeric substances [43,44,45,46], stability [47] and methanogenic conversion capacity [47,48] are some of the parameters that may impact the sludge bed filtration capacity for helminth eggs. Depending on the applied solids retention time (SRT) and the concentration of helminth eggs in the influent, long-term filtration may lead to saturation of the sludge bed, possibly lowering the filtration capacity. According to reviewed literature [1,18,19,49,50,51,52,53], no studies have been done thus far to characterize the sludge bed capacity for helminth egg filtration. Therefore, the main aim of this research was to study the sludge bed filtration capacity of UASB reactors with respect to the physical retention of helminth eggs under different upflow velocities at the prevailing subtropical temperatures. Filtration capacity is defined in this research as the physical process to retain helminth eggs using anaerobic sludge as a filtration medium.



2. Materials and Methods


2.1. Influent

The research was carried using raw wastewater from two urban villages called El Angel and El Milagro located in Lima (Peru). This wastewater was fed into a pilot plant located at the Research Center for Wastewater Treatment and Hazardous Wastes (CITRAR) at the campus of the National University of Engineering (Lima, Peru). The main characteristics of the wastewater are shown in Table 1.

Table 1. Influent wastewater characteristics from two urban villages called El Angel and El Milagro located in Lima (Peru), used for this research.


	Parameter
	Units
	Average
	n





	Chemical Oxygen Demand
	mg·L−1
	723.2 ± 320.3
	90



	Suspended Solids
	mg·L−1
	126.5 ± 28.5
	36



	Oils and Grease
	mg·L−1
	30.8 ± 14.1
	36



	Total Phosphorous—P
	mg·L−1
	6.6 ± 2
	35



	Total Kjeldahl nitrogen—TKN
	mg·L−1
	16.2 ± 6.5
	36



	Dissolved Oxygen
	mg·L−1
	6.8 ± 0.4
	36



	Temperature
	°C
	22.8 ± 4.1
	233



	pH
	--
	7.1 ± 0.3
	233



	Fecal Coliforms
	MPN/100 mL
	9.67 × 108 ± 1.89 × 108
	36



	Helminth eggs
	egg·g−1
	2.4 ± 1.4
	90





Note: Where n is a number of grab analyzed samples.






The wastewater was pumped daily into a 200 L tank. The tank was filled with fresh wastewater every morning for all cases except when the upflow velocity of 0.68 m·h−1 was tested. For the latter situation, it was filled again in the afternoon when the remaining volume of the wastewater was 20 L. After filling the tank, the wastewater was mixed using a mechanical stirrer (18 RPM) with a stock solution containing Ascaris suum. The helminth egg concentration in the tank varied between 20–50 egg·g−1. The tank was kept at ambient temperatures and its content was used to continuously feed the UASB reactors. The pH and temperature of the wastewater was measured daily at 9:00, 12:00 and 16:00. The setup of the experiments is shown in Figure 1.

Figure 1. Set up of the filtration experiments in UASB (upflow anaerobic sludge blanket) reactors using wastewater inoculated with Ascaris suum eggs.
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2.2. Upflow Anaerobic Sludge Blanket (UASB) Reactors

Two 25 L identical acrylic cylindrical lab-scale UASB reactors with a total height of 1.60 m and a diameter of 0.15 m were used separately in parallel. They were located at CITRAR. The experiments were performed from January 2010 to August 2013.



2.3. Inoculum

The inoculum was anaerobic flocculent sludge sampled from the 536 m3 pilot-scale UASB reactor located at CITRAR. The inoculum was taken at a height of 1.5 m from the bottom of this reactor (total height of the reactor was 6.0 m). The total solids and volatile solids concentration of inoculum was 163 ± 37 and 106 ± 44 g·L−1 respectively.



2.4. Helminth Eggs

The experiment was conducted using Ascaris suum as helminth egg surrogate for the human parasite. The Ascaris suum helminth eggs were collected from female parasites of infected pigs (Sus crofa domesticus). In order to collect helminth eggs, dissections of the female parasite were performed according to Diawara et al. [54] by means of a longitudinal incision to obtain the reproductive system (womb and ovary). The womb and ovary were placed in 50 mL of physiological whey solution where they were opened to extract the helminth eggs. The optimal morphology and viability of the eggs of Ascaris suum were verified by microscopic observation according to Johnson et al. [55] and by using the staining procedure applied by de Victorica and Galván [56], respectively. Helminth eggs were added to the 200 L wastewater tank, which was fed to the UASB reactors.



2.5. Helminth Egg Counting

A multi-step methodology using local materials was developed from the modified Bailenger method [57,58]. This method was chosen due to its simplicity and the low cost of materials, in addition to the fact that it allows recovery of a wide range of helminths from the sample. The detailed methodology consists of collection of a 1 L sample, followed by settling for 24 h in a 1 L clear borosilicate glass bottle with graduations to concentrate the helminth eggs and to remove 90% of the supernatant (900 mL) by using a siphon. Then, 60 mL of the sediment are transferred to six centrifuge tubes of 10 mL each. Afterwards, the tubes are centrifuged at 1000 g for 15 min, and 70% of the supernatant (7 mL) is removed without shaking the tubes to avoid mixing the pellet with the supernatant. The remaining 40 mL of sediment is distributed over the same centrifuge tubes until the tubes are filled with 10 mL. Next, the bottle is rinsed two or more times with 10 mL of distilled water until it is completely clean. The corresponding rinse water is spread over the same centrifuge tubes or in new tubes. Distilled water is used to complete the remaining volume to fill 10 mL of water in each centrifuge tubes. Again, the centrifugation step is repeated. Subsequently, 2 mL of saturated sodium chloride solution with a specific gravity of 1.18 is added as flotation solution and, the tubes are shaken vigorously laterally. Afterwards, it is controlled whether all solids are located in the liquid phase. After 10 min, two phases are distinguished in the tubes. Finally, the top phase (1.5 mL) formed in the tubes is transferred to glass slides to be observed under the microscope (objectives lens 4× and 10×) and to count the eggs.



2.6. Physicochemical and Bacteriological Analysis

Total chemical oxygen demand (COD), suspended solid, volatile solids, oil/grease, pH, temperature, biochemical oxygen demand [59] and fecal coliform analysis were determined following standard methods [60]. Gravimetric and extractive-gravimetric methods carried out with hexane as a solvent were executed for solids and oil/grease determination, respectively. COD analysis was executed using high range Hach’s COD digestion vials as well as a digester reactor DR 200, and program 17 from colorimeter DR 890. Dissolved oxygen, total nitrogen Kjeldahl and total phosphorous were measured according to Method HACH 10360, 8038 and 8048, correspondingly [61]. Microscopic views were performed with an optical microscope ZEISS Primo Star Serial number 3122001719.



2.7. UASB Operational Conditions

In order to study the influence of different upflow velocities and sludge bed heights in the UASB reactors, four experiments were carried out as indicated in Table 2. Each experiment was performed in duplicate (two reactors).


Table 2. Setup of experiments in lab-scale UASB reactors to test the sludge filtration capacity to remove helminth eggs.



	
Experiment

	
SB Height Variation

	
SBp

	
Upflow Velocities




	
(m)

	
(%)

	
(m·h−1)






	
1

	
0.30 to 0.40

	
19 to 25

	
0.09, 0.17, 0.23, 0.34 and 0.68




	
2

	
0.50 to 0.60

	
31 to 38

	
0.09, 0.11, 0.17, 0.23, 0.34 and 0.68




	
3

	
0.60 to 0.70

	
38 to 44

	
0.09, 0.14, 0.17, 0.23, 0.34, 0.45 and 0.68




	
4 (blank experiment)

	
0

	
0

	
0.09, 0.11, 0.14, 0.17, 0.23, 0.34, and 0.68






Notes: Where SB means sludge bed and SBp is the sludge bed expressed as a percentage of the total reactor height. The upflow velocities of 0.09, 0.11, 0.14, 0.17, 0.23, 0.34, 0.45 and 0.68 m·h−1 correspond to an hydraulic retention time (HRT) of 15, 12, 10, 8, 6, 4, 3 and 2 h, respectively. Each experiment was repeated three times.




In order to facilitate the statistical interpretation of the results, it is assumed that at an upflow velocity near to zero, all helminth eggs are removed in the UASB reactor in experiment 1, 2 and 3. This assumption is in line with the results described in previous research [34,35].



The startup of the UASB reactors was performed at an upflow velocity of 0.34 m·h−1 and hydraulic retention time (HRT) of 4 h. Each upflow velocity for every experiment was applied during seven days and samples were taken on the last day. The samples were taken after an elapsed time equivalent to one HRT, after introducing a known wastewater corresponding in the influent tank. The effluent of UASB reactors was collected separately from each reactor in order to be able to take separate samples. For every upflow velocity, six samples were analyzed for COD and helminth egg content and temperature in the influent and effluent. A total of six samples were performed per upflow velocity, which were collected respectively from three measurements in each UASB reactor.

Experiment 1 was performed after 85 days of the start of the UASB reactor. Before starting experiment 2, reactors were operated for approximately 30 days and continuously fed with domestic wastewater containing an average helminth egg concentration of 2.4 egg·g−1 and an HRT of 4 h. The two reactors were fed with exactly the same influent using two peristaltic pumps (2 Masterflex, Oldham, UK). Some samples from the effluent in experiment 2 were taken for each upflow velocity in order to do microscopic observations. Experiment 3 started immediately after finishing experiment 2. Experiment 4 (control experiment) was performed without sludge in the acrylic UASB reactor 7 days after all experiments were finished. All experiments were performed at ambient temperatures. Sludge was removed in each UASB reactor in order to maintain the established sludge bed height variation according to Table 2.




3. Results and Discussion

A summary of the results of experiments 1, 2, 3 and 4 is listed in Table 3. The sludge filtration capacity at ambient temperatures and sludge bed heights in the ranges of 0.30–0.40 m and 0.50–0.60 m, showed a reciprocal correlation between the average helminth egg removal efficiency and upflow velocity with a coefficient of determination of 0.94 and 0.91, respectively. When the sludge bed height increased to 0.60–0.70 m, the reciprocal correlation is still present but the coefficient of determination decreased to 0.57.


Table 3. Results of helminth egg removal and chemical oxygen demand (COD) removal efficiencies at applied upflow velocities and wastewater temperatures. Each upflow velocity was applied three times in each UASB reactor. Then a total of six samples per upflow velocity was analyzed.



	
Experiment

	
Upflow Velocity (m·h−1)

	
Temperature (°C)

	
Helminth Egg removal (%)

	
COD (%)






	
Experiment 1

	
0.09

	
24.6 ± 2.4

	
93 ± 5

	
71.9 ± 7.1




	
0.17

	
28.6 ± 2

	
77 ± 4

	
66.4 ± 8.2




	
0.23

	
25.6 ± 3.5

	
61 ± 7

	
63.1 ± 8.6




	
0.34

	
23 ± 3.3

	
52 ± 9

	
60.3 ± 6.4




	
0.68

	
26.5 ± 2

	
26 ± 7

	
45.4 ± 6.3




	
Experiment 2

	
0.09

	
22 ± 6

	
91 ± 3

	
71.6 ± 10.3




	
0.11

	
22.5 ± 5.3

	
75 ± 10

	
71.6 ± 2.2




	
0.17

	
24.2 ± 1.5

	
71 ± 11

	
66.2 ± 12.7




	
0.23

	
23.2 ± 3.1

	
61 ± 10

	
65 ± 7.4




	
0.34

	
26.1 ± 0.5

	
51 ± 7

	
63.7 ± 15.1




	
0.68

	
25.5 ± 3

	
30 ± 15

	
63 ± 19.1




	
Experiment 3

	
0.09

	
23.3 ± 0.9

	
55 ± 1

	
80.3 ± 2.4




	
0.14

	
21.4 ± 2.9

	
53 ± 5

	
80.2 ± 15.5




	
0.17

	
27.1 ± 0.5

	
56 ± 7

	
80.2 ± 8.1




	
0.23

	
23.3 ± 5.7

	
56 ± 8

	
79.3 ± 0.8




	
0.34

	
22.1 ± 4.2

	
55 ± 11

	
69.5 ± 14.8




	
0.45

	
28.5 ± 2

	
46 ± 8

	
60.5 ± 0.4




	
0.68

	
26.2 ± 2.3

	
34 ± 8

	
45.3 ± 3.4




	
Experiment 4

	
0.09

	
16.9 ± 1

	
66 ± 3

	
77.6 ± 2.4




	
0.11

	
16.9 ± 0.5

	
48 ± 3

	
44.8 ± 9.8




	
0.14

	
17.3 ± 1

	
57 ± 3

	
84 ± 1.9




	
0.17

	
17.3 ± 2

	
44 ± 3

	
50.7 ± 5.7




	
0.23

	
16.9 ± 0.8

	
53 ± 3

	
64.9 ± 5




	
0.34

	
18.1 ± 1

	
52 ± 10

	
71.1 ± 3.7




	
0.68

	
17.7 ± 1

	
54 ± 8

	
55.2 ± 7.3












3.1. Experiment 1: Upflow Velocity between 0.09 and 0.68 m·h−1 and Sludge Bed Height between 0.30 and 0.40 m (19% to 25% of the Total Reactor Height)

The efficiencies of helminth egg removal as a function of the upflow velocity, applying a sludge bed height between 0.30 and 0.40 m in two reactors, are shown in Figure 2, both operated at five upflow velocities of 0.09, 0.17, 0.23, 0.34 and 0.68 m·h−1. Results show a decreasing trend for helminth egg removal efficiency at an increasing upflow velocity. A reciprocal linear relationship was observed between upflow velocity and helminth egg removal with a high coefficient of determination (R2 = 0.92). The current results of the experiment applying a low sludge bed height of 19%–25% show that an increment of the upflow velocity leads to a decrease of the sludge filtration capacity. The latter statement could be explained because as soon as the wastewater upflow velocity increases, the associated sludge viscosity probably decreases [44]. Analogous to the removal of helminth eggs, the COD removal efficiency is decreasing at an increasing upflow velocity (Figure 3). A reciprocal linear relationship was observed between upflow velocity and COD removal with a high coefficient of determination (R2 = 0.99). Average ambient temperature varied between 23 and 28.6 °C in both UASB reactors.

Figure 2. Helminth egg removal efficiencies (♦) versus upflow velocity at a sludge bed height between 0.30 and 0.40 m.
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Figure 3. Total COD removal efficiencies in two UASB reactors, characterized by a sludge bed height between 0.30 and 0.40 m.
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3.2. Experiment 2: Upflow Velocity between 0.09 and 0.68 m·h−1 and Sludge Bed Height between 0.50 and 0.60 m (31% to 38% of the Total Reactor Height)

The efficiencies of helminth egg removal as a function of the upflow velocity, applying a sludge bed height between 0.50 and 0.60 m in two reactors, are shown in Figure 4, both operated six different upflow velocities: 0.09, 0.11, 0.17, 0.23, 0.34 and 0.68 m·h−1. Results show a decreasing trend for helminth egg removal efficiency at an increasing upflow velocity (Figure 4). A reciprocal linear relationship was observed between upflow velocity and helminth egg removal with a high coefficient of determination (R2 = 0.91). The observed results applying a sludge bed height of 31%–38% were similar to those at a sludge bed height of 19%–25%.

Figure 4. Helminth egg removal efficiencies (♦) versus upflow velocity using a sludge bed height between 0.50 and 0.60 m.
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In contrast, the COD removal efficiency did not show a clear trend at an increasing upflow velocity (Figure 5) when applying a sludge bed height of 0.50–0.60 m. Average ambient temperature varied from 22.0 to 26.1 °C.

Figure 5. Total COD removal efficiencies versus upflow velocity using a sludge bed height between 0.50 and 0.60 m.
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3.3. Experiment 3: Upflow Velocity between 0.09 and 0.68 m·h−1 and Sludge Bed Height between 0.60 and 0.70 m (38% to 44% of the Total Reactor Height)

Results of the helminth egg removal as a function of the upflow velocity at a sludge bed height between 0.60 and 0.70 m, in two UASB reactors operated at 0.09, 0.14, 0.17, 0.23, 0.34, 0.45 and 0.68 m·h−1, are shown in Figure 6. Though a slightly decreasing trend is shown with increasing upflow velocity, the coefficient of determination is low (R2 = 0.83). Moreover, standard deviations are large.

Figure 6. Helminth egg removal efficiencies (♦) versus upflow velocity using a sludge bed height between 0.60 and 0.70 m.
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Results on COD removal efficiency show a decreasing trend at an increasing upflow velocity (Figure 7). A reciprocal linear relationship was observed between upflow velocity and COD removal with a high coefficient of determination (R2 = 0.97). Average ambient temperature varied from 21.4 to 28.5 °C.

Figure 7. Total COD removal efficiencies versus upflow velocity using a sludge bed height between 0.60 and 0.70 m. Results show the average of two reactors and standard deviation and three measurements per reactor.
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Although counterintuitive, the decreasing trend in helminth egg removal efficiency at an increasing sludge bed height in the studied lab-scale reactor might be explained by an increase in turbulence, created by the biogas production and formation of channels through the sludge bed [62,63] during all studied velocities. The possible saturation with helminth eggs during previous experiments could also have influenced the stability of the system with respect to helminth egg removal. Since none of the eggs are spherical [1,3,36,37], it is likely that they settle with different, but unknown orientations [64].







3.4. Experiment 4: Blank Experiment Using Upflow Velocity between 0.09 and 0.68 m·h−1 and No Sludge Bed

The effect of the upflow velocity on the settling of helminth eggs is demonstrated by the results of the control experiment, applying a UASB reactor without sludge. Results for seven different upflow velocities, 0.09, 0.11, 0.14, 0.17, 0.23, 0.34, and 0.68 m·h−1, are shown in Figure 8 and Figure 9. Each point is the average of three samples in two reactors. Figure 8 indicates that the best efficiency for helminth egg removal was obtained at 0.09 m·h−1, when the removal efficiency reached 66% ± 3%. For upflow velocities higher than 0.09 m·h−1, the helminth egg efficiency removal was lower but always exceeded 44% ± 3%. It should be noted that standard deviations were large, so no significant differences were observed for helminth egg removal at an increasing upflow velocity. Figure 9 shows the trend for TSS and VSS removal. The best TSS and VSS removal efficiency (about 80%) was obtained at the lowest upflow velocities. For the higher upflow velocities the TSS and VSS removal efficiencies dropped to 40%–50% and 30%–40% for TSS and VSS, respectively.

Figure 8. Helminth egg removal efficiencies (♦) versus upflow velocity without sludge in the control experiment. Results shows the average of three samples and standard deviation; no sludge bed.
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Figure 9. TSS (●) and VSS (○) removal efficiencies in the control experiment—No sludge bed. Results show the average of three samples and standard deviation.
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The control experiment was executed in winter at a relatively low temperature and average ambient temperature varied from 16.9 to 18.1 °C. Latter temperatures were colder compared to previous experiments since experiment 4 was carried out coincidentally during winter.





Results of experiments 1, 2, 3 and 4 show that the sludge bed in a UASB reactor is an inappropriate and unreliable filter medium for helminth eggs. Therefore, for achieving a complete helminth egg removal, a UASB reactor must be followed by an adequate post-treatment unit like land-based settling units or a post-filtration step [18,26,53]. For the control experiment (without sludge), average helminth egg removal efficiency varied between 44% and 66% at upflow velocities between 0.09 m·h−1 and 0.68 m·h−1. Unexpectedly, these values exceed the removal efficiencies of the reactors filled with high volumes of sludge, particularly at the high upflow velocities. Previous research [34,35] showed that viscosity of the flocculent anaerobic sludge is approximately more than 50 times higher than the viscosity of the liquid water, thereby theoretically leading to a better retention of helminth eggs. The explanation in the control experiments for why the levels of helminth eggs removal were so high is not very clear. Likely, the better retention might be associated to the absence of biogas production and thus turbulence. Therefore, in the absence of turbulence, the wastewater flow is more homogeneous [65,66,67,68], and helminth eggs settling follow a discrete settling pattern. Another remarkable observation is that even at the lowest upflow velocity (0.09 m·h−1) helminth eggs do not settle completely nor are retained completely by the sludge bed. The wash out of helminth eggs under these conditions may indicate that either the egg density is much less than expected, or the flow distribution is far from laminar [47,68,69]. A higher degree of channeling, which is expected at higher volumes of sludge [47,62,70], will aggravate the extremes in the flow distribution patterns. The latter will certainly lead to poorer filtration performances, as was also observed in the conducted experiments.

COD removal efficiencies showed a similar trend to the helminth egg removal efficiency. An increased removal of COD with decreasing upflow velocity was shown by Mahmoud [67,71]. Though completely different in nature, helminth eggs are also particles that could be expected to behave similarly.



3.5. Microscopic Observations in the Effluent

Microscopic observations were performed only for experiment 2. The presence of helminth eggs was detected in the sludge samples. In addition, several damages have been microscopically observed in the morphology of helminth eggs in the effluent (Figure 10a,c,f) with respect to the influent (Figure 10b–e,g,h) of the UASB reactor. The observed damages in the internal morphological structure of the eggs might be related to a possible loss in egg viability. These damages could be possibly caused by the retention of the eggs in the sludge bed for the applied HRT prior to their washout. The indicated hypotheses need to be confirmed in further research. Figure 10c,d present some microscopic views of helminth eggs, respectively in the influent and effluent of the UASB at an applied upflow velocity of 0.09 m·h−1. There are some changes in the internal morphology like probable larval development but without progression to the next stage (Figure 10c–e). Figure 10g,h shows some observed damages in the structure of helminth eggs.

Figure 10. Helminth eggs in the influent (a) and in the effluent (b) for an applied upflow velocity of 0.09 m·h−1. Helminth eggs in the influent (c) and in the effluent (d) and (e) for an upflow velocity of 0.34 m·h−1. Helminth eggs from the effluent show an internal morphology likely affected by the experimental conditions. Helminth eggs in the influent (f) and in the effluent (g) and (h) of lab-scale UASB reactor for an upflow velocity of 0.68 m·h−1. Helminth eggs from the effluent (g) show an apparently deteriorated semi-crystalline internal morphology (possible larval development but interrupted by the conditions of the experiment) and (h) group of attached helminth eggs.
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The percentage of damaged helminth eggs present in the effluent of the UASB reactor that operated under different conditions was not determined, but visually they only were present in the effluent and not in the influent.

Following microscopic observations of the sludge sampled at different upflow velocities in experiment 2, it is shown that damages of helminth eggs occurred in all applied upflow velocities. It is shown in Figure 10h that some helminth eggs formed clusters of eggs. The mechanisms behind this phenomenon are not known.



The observed damages on Ascaris suum might be attributed to the prevailing physicochemical conditions in the direct vicinity of the eggs or to other microorganisms, which could be present in the anaerobic sludge like nematofagous fungi [38,39,40]. The relatively low helminth egg removal in the experiment with the highest sludge bed might also be related to a high percentage of damaged helminth eggs as a result of a long retention of helminth eggs in the sludge bed. Damaged helminth eggs might have a decreased density and thus a lowered settleability. The latter hypothesis could also explain why the removal of helminth eggs in the blank experiment (without sludge bed) is relatively high compared to the sludge bed reactors. This hypothesis needs to be verified in future research.

The results showed that helminth egg removal will not be sufficient for UASB systems operated with conventionally collected domestic wastewater where relatively high upflow velocities need to be applied as a result of the low COD concentration [72,73]. News trends in domestic wastewater collection and transport like uncoupling rainwater [74] and source separation [75,76,77] increase wastewater concentration and therefore reduce applied upflow velocities. The observed increased helminth egg removal at reduced upflow velocity might imply that application of UASB reactors, with similar loading rates in source separated domestic wastewater, leads to improved helminth egg removal.




4. Conclusions

This study demonstrated that with an increased sludge bed height there is a reduction in the sludge filtration capacity for helminth egg removal. If treated wastewater is used for irrigation purposes, the UASB reactor must be followed by an adequate post-treatment unit. The sludge filtration capacity at ambient temperatures and sludge bed height in the range of 0.30–0.40 m and 0.50–0.60 m, which agrees with 19%–25% and 31%–38% of the total height reactor, respectively, showed a reciprocal correlation between the average helminth egg removal efficiency and upflow velocity. This study reported an average helminth egg removal between 34%–100%, 30%–91% and 34%–56% when the sludge bed height was 19%–25%, 31%–38% and 38%–44%, respectively, of the total height in the UASB reactor at upflow velocities varying between 0.09 and 0.68 m·h−1. Several damages were observed during microscope observations in the morphology of helminth eggs present in the sludge and the effluent of UASB reactors at upflow velocities between 0.09 and 0.68 m·h−1.
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