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Abstract

Where fresh water resources are scarce, treatetewsater becomes an attractive
alternative for agricultural irrigation. Howeverhet presence of large amounts of
pathogens, even in treated wastewater, constraiatgproductive use, which is
aggravated when sanitation and public health age. pemong pathogenic indicators,
helminth eggs are one of the most persistent migeoosms in treated effluents that
may survive for several months in the irrigateddfe Application of upflow anaerobic
sludge blanket (UASB) reactors could contributeléarease the pathogenic content in
wastewater due to physical and biological inteoagiwith the anaerobic sludge bed,
such as filtration and entrapment. In this thetbig,potential of the anaerobic sludge bed
to particularly remove helminth eggs, was inveséidan four phases. In the first phase,
a temperature of 4° C was fixed in the UASB reactororder to reduce the biological
activity of the sludge. Hence, the anaerobic sldidtgation capacity at different upflow
velocities was studied. This phase of the reseaah performed in two experiments.
The first one using latex beads, simulating helmetygs, and the second one using real
helminth eggs, predominating in Peruvian wastewdiest experimental results show
that increasing the upflow velocity led to a desee@n the removal efficiency of latex
beads. At the lowest upflow velocity of 0.3 nm;h100% removal of latex beads was
reached. At an upflow velocity higher than 1 f; lthe removal efficiency dropped
under 90 %. The degree of stabilisation of the gdudor the sludge bed volume did not
have a significant effect. Second experiment'sltesinow that with upflow velocities
below 1.5 m-F real helminth eggs removal is greater than 70 ithuBaneously tested,
total and faecal coliforms removal was less thar?83The most common helminth
eggs species found in the studied wastewater wsearis lumbricoidesTrichuris spp
and Strongyloides sppThe second phase was performed using two lale-4¢AISB
reactors at average ambient temperatures betwe@&n°C6and 28.5 °C in the city of
Lima (Peru).Ascaris suumeggs originating from infected pigs were sele@ednodel
organisms, considering their similarity, in ternfssze and morphology, withscaris
lumbricoides a human pathogen. The sludge filtration capagigs determined,
applying upflow velocities between 0.09 and 0.68hTh- Average helminth eggs
removals varied between 26 and 93 %, dependingpfiow velocity and sludge bed
height. 93 % removal was achieved when applyingiifow velocity of 0.09 m-H
and a sludge bed height reaching 19-25 % of tted tetictor height. The third phase
was conducted to test the effect of lower operafieemperatures in the UASB reactor
on the pathogen removal from domestic wastewatausTa lab scale UASB reactor in
the city of Puno (Peru), treating wastewater wétmperatures varying between 11.3 and
14.3 °C for a period of 22 weeks after the stariofighe reactor, was used. Upflow
velocities varied between 0.12 and 0.41 th-Results confirmed outcomes of the first
phase of this research concerning helminth eggevalnand consequently show that
the sludge bed filtration capacity varied betweBraBd 95 %. Faecal coliform removal
varied between 0.9 and 2.1 {ggand E. coli removal between 0.8 and 1.6 {agin
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general, removal efficiencies regarding helmintlyse@nd faecal coliforms, are not
sufficient to comply with reuse standards. Finathg capacity of Down Flow Hanging
Sponge (DHS) reactors for removing faecal coliforitsn domestic UASB reactor
effluent for agricultural reuse in developing caieg was investigated. Applied reactors
were the cube type DHS (G1) without recirculatitim cube type DHS (G1) with
recirculation and the curtain type DHS (G2). Resuttveal an average faecal coliform
removal of 4.74, 3.42 and 1.25 lggespectively. These results comply with categories
A, B and C of WHO (1989) standards, correspondindlgerefore, treatment trains
consisting of UASB-DHS reactors can possibly beliadpwhen agricultural reuse is
contemplated.
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CHAPTER 1

General Introduction






Chapter 1

1.1 Introduction

Adequate sanitation, together with hygiene and sefter, are fundamental for good
health and social and economic development (Maralet2010). Since 1990
sanitation coverage has increased only by 20%\eldping regions. It is reported in
literature (Yi et al., 2011; Uwidia and Ejeomo, 2)%hat municipal and industrial
wastewaters, produced in developing countriesinaneany cases just discharged into
water bodies without any treatment. Likewise, i1201 billion people (15 % of the
world’s population) still continue practising opdafecation (WHO, 2014). Globally,
more than 50% of the rivers, oceans, and lakepaheted with untreated wastewater
(Mara, 2003; Baum et al., 2013). The non-treatsdtdirge, also contaminates water
supplies and food, causing illness, particularlyoagnthe poorest population. Clean
natural fresh water sources are also becomingasargly scarce (Corcoran, 2010).
Particularly, in Latin America approximately 86% thie total municipal wastewater
flow is discharged untreated. It brings into pléggngficant environmental and human
health impacts and deterioration of vital waterrsea for human, agricultural and
industrial activities (Mara, 2003; Qadir et al.,1B). Main reasons for the lack of
wastewater treatment are financial issues and &juer of low-cost wastewater
treatment processes and economic benefits of treeter reuse (Mara, 2003).

Wastewater can be viewed as both a harmful efflardta renewable resource. While
non-treated municipal wastewater can cause poafiutind iliness, properly treated
wastewater can become a source of water and nistrilem example agriculture and
landscape irrigation or aguaculture. Main applmadi of treated wastewater are in
agriculture and aquaculture (WHO, 2006). Wastewatanagement systems should
include appropriate treatment technologies in comon with methodologies and
techniques for applying safe use of the treatedtemaster and included nutrients
(Corcoran, 2010).

Using reclaimed water also diminishes the demamdsomventional water sources,
offering the possibility to use them for drinkingater purposes while protecting the
environment (Quinzanos et al., 2008; Yi et al., POMWhere water is used several
times, society saves costs, and where wastewatsed for productive purposes, like
(ferti-) irrigation, society gains additional valérem the crops produced and from the
improvements in livelihoods (Qadir et al., 2010).

For the use of treated wastewater in agricultizeeral factors need to be considered
during the selection and consequent design of tdogies. These factors include the
presence of pathogens, nutrients, heavy metalslaagiical contaminants as well as
salinity and the impact on soil structure. (Nor@®randao et al., 2013). Though any
required water quality can be attained by addinigtieng advanced treatment steps
(Tchobanoglous et al., 2003; Lahnsteiner and Letn@&07), financial constraints
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often limit the application of these technologiekherefore, treated municipals
wastewaters might, amongst other components cstitain human pathogens (Mara,
2003; Jiménez and Asano, 2008)

In industrialised countries, enforced restrictedgation practices prevent that raw
eaten vegetables and salad crops are irrigated raith or insufficiently treated
wastewater. In developing countries, of which méwaye adopted the same strict
regulations, public health authorities “officiallgb not approve the use of wastewater
for irrigation of vegetables and salad crops esd®n However, when water is scarce,
such crops are widely irrigated illegally with ragv poorly treated wastewater.
Especially in regions with high water scarcity, thge of domestic wastewater or
excreta and grey water is an important componenntefyrated water and nutrient
resource management (IWRM)(WHO, 2006). This usuadlgurs in the vicinity of
major cities, particularly in semi-arid regions. Was estimated that in 2011
approximately 50 countries throughout the worldgated 50 million hectares of
crops using raw wastewater. It resulted in contation of 12% of the world's crop
production and as a consequence affected the phamith (Shuval, 2011).

1.2 Pathogens present in wastewater

Pathogenic organisms from human faeces containedagstewater are very diverse
and can be classified in four groups, viz. bactgrr@tozoa, viruses and helminths.
This diversity and number of pathogens in wastem@dpend upon the general health
of the contributing population (Feachem et al.,3;98idhu and Toze, 2009). Once in
the wastewater, waterborne pathogens are trangdmibtg the ingestion of
contaminated water with faeces. They also can basmnitted by ingestion of
contaminated food, dermal contact, or by inhalatfdohobanoglous et al., 2003;
Santo Domingo et al., 2007; Jiménez et al., 20I®e ecological and survival
characteristics of pathogenic organisms dependsngironmental conditions. Thus,
no single indicator organism can predict the preseof all enteric pathogens in
contaminated waters. (Savichtcheva and Okabe, Z2fxtp Domingo et al., 2007).

Bacteria are microscopic organisms ranging from approxitgafe2 to 10 pm in
length. Municipal wastewater can contain a widdetgrand concentration range of
pathogenic bacteria. One of the most common pattso@e domestic wastewater is
the genusSalmonella Other bacteria isolated from wastewater includerig (i.e.
Vibrio cholerad, Mycobacterium Clostridium Leptospira and Yersinia species.
Faecal and total coliforms bacteria are commonlgduas indicators of potential
water-borne bacterial pathogens (Gronewold and ¥l2008; Bohra et al., 2012).
Coliforms are usually detected in higher conceiaragt than pathogenic bacteria and
generally respond similar to environmental condisi@nd treatment systems as many
pathogenic bacteria (Rompré et al., 2002). Howebacteriological determination,
relying only on coliforms bacteria, unfortunatelgesd not predict the presence of all
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pathogenic organisms (Watanabe et al.,, 1997; Asa888; Tchobanoglous et al.,

2003). Coliforms bacteria concentration is measwusdg the most probable number
(MPN) method or the colony forming units (CFU) nadh Therefore it is expressed

as MPN. 100 mt or CFU. 100mL* respectively (APHA et al., 1998; Gronewold and
Wolpert, 2008).

Protozoa is a collective term for unicellular eukaryotdacking cell walls.
Protozoans are often classified along with algae ather simple unicellular
eukaryotes in the kingdom Protis@iardia lambliaandCryptosporidium parvunare
examples of common protozoa detected in contandnatger. They prevail in water
as cysts with approximately 15 pm or oocysts grgwiiom 3 to 6 um. These cysts
are insensitive to disinfectants at the concemmatommonly used in water treatment
plants, i.e. between 0.05 and 1 mg. Cl, to reduce bacterial contamination (Caccio
et al., 2003; Tchobanoglous et al., 2003).

Virusesare extremely small parasitic microbes which Viaeyween 20 and 200 nm.

They can be reproduced only by invading a hostwhlbse reproductive processes
they redirect to produce more viruses (Mara, 2003)e most important human

enteric viruses are enteroviruses ligeliovirus, hepatitis A, echo, and coxsackie
(Asano, 1998; Payment et al., 2001; Tchobanoglbat,e2003).

Helminths are pluricellular worms. Helminths worms come iffedlent types and

sizes (from around 1 mm to several metres in I@ngith various life cycles and

optimal living environments. Their life cycles avery complex and very different
from other pathogens present in domestic wastewsaldreir eggs are microscopic
and range in size from 30m to more than 100m (Tchobanoglous et al., 2003).

When a person ingests the eggs, they stick to tbeehum, where the larvae leaves
the egg, crossing the wall into the blood streahe different types of helminths eggs
that can be found in municipal wastewater are showiiable 1.1 and the most

important helminth egg characteristics are presemdable 1.2. The eggs contained
in wastewater are not infective itself. Howevefgative larvae can be developed in
terms of days at temperatures less than 45°C amstur®m higher than 5 % as usually
found in soils, crops and human body (Feachem.e1@83; Koné et al., 2007). The

most important hosts which can transport helmimgyseto inhabitants are described
in Table 1.3.

Amongst the waterborne diseases, which are caugeghthogens present in raw
wastewater, helminth eggs have been identifieti@set posing a major health risk for
humans. Intestinal helminthiasis is an importartlisuhealth problem in developing
countries (Cabirol and Noyola, 2002).Helminth edgse the ability to survive in
adverse environmental conditions in which most pgéimic bacteria cannot survive.
Helminth eggs are infective at minimal infectivesdo(Peasey et al., 2000; Bitton,
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2005). In addition, humans did not develop self-umity (Westcot, 1997). Helminths
are usually present in high concentrations in weater and excreta, especially in
developing countries where hygiene and proper wagatment is lacking (Méndez
Vega and Marchan Pefia, 2008).
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Table 1.1 Taxonomic classification of main helminths foundnastewater
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Table 1.2 Main characteristics of helminths present in wastew

Specie EP Egg Size (microns) EC EEW LGT T pH Host Human pathology
Length wide
F. hepética 8000 - 25000 130 - 150 63 -90 NE Has esclerotine 2 months 39 basic human (D); snail ~ Fascioliasis
daily (proliferol and proteins) °Cc 0]
S. mansoni 300 daily 114 - 180 45-70 E Transparent covering 34 days 36.5 neutral human (D); snail Esquistosomiasis o
with a lateral spine 0} bilharzia
Paragonimus 2500 daily 68 - 118 39-67 NE Narrow layer, asiicet 22 — 24 weeks 36.5 basic human (D), snail Paragonimiasis
spp and lighly compressed (1s‘dl), crustaceans
@7
C. sinensis 2880 daily 27-35 11-20 E Oval shape with 28 days 36.5 basic human (D), snail Clonorchiasis
Operculum convex (@), fish (21
T. solium 30000 for each 4-8 6-7 E or mature Hardcover and easy to 50 days 36.5 Dbasic human (D), pig (I)  Cisticercosis
PS PS stick to the host
T. saginata 80000 for each  4-8 6-7 E or mature Striated wall and 50 days 36.5 basic human (D), cow (I)  Teniasis
PS PS oncosphere
D. caninum 25— 30 for each 35 60 E o mature Containing lipids, 3 —4 weeks 36.5 basic human (D), flea (I)  Dipéldis.
PS PS mitochondria, glycogen
A. suum 20000 daily 45-75 35-50 E Lipoproteins andyeta 12 — 15 36.5 neutral human Ascariasis
of chitinous months
A. 200000 a 40 -80 85-95 E Desiccation-resistant 2 months 36.5 basic human Ascariasis
lumbriocoides 240000 layer
E. 11000 - 16000 50 - 60 20-30 E and N.E Transpamith a 8 weeks 36.5 Dbasic human Enterobiasis
vermicularis thick layer
S. stercoralis 11000 40 - 60 32-40 E thick layer 3daysfor 36.5 basic human Strongyloidiasis
direct route,
10 days
indirect route
A. duodenale 10000 - 30000 40 32 E Resistent layer 3 -4 weeks 6.5 3 basic human Anquilostomiasis
T. trichiura 2000 - 10000 30 50 N.E and E Long, tough 2 -3 week 36.5 basic human Tricuriasis

Notes: EP: egg production; EC: egg charactenstiduced in the parasite life cycle; EEW: Strucimiréhe egg wall; LGT: Time of activation and dey@nent stage of the parasite (usually a
larvae) in the final host; T: Temperature for lagrowing; NE: not embryonated; E: embryonated;#8glotide segments; I: intermediary host; D: digifie host.
Source: After Olsen (1974), Soulsby (1968), Ne2&90), Beltraret al. (2005), Llopet al(2001), Jimenez (2007); Botero and Restrepo (003
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Table 1.3Main intermediate hosts for different species dirfieth eggs

Specie Main intermediate host

Snail
Stagniola bulimoides
Fossaria modicella

F. hepética

snail
Stagniola palustris
S. exilis
S. reflexa
S. emarginata
Lymnaea stagnalis
Physa parkeri
Physa gyrina

S. mansoni

snalil (first host):
Pomatiopsis lapidaria
P. cincinnatiensis
Oncomelania nosophora
crustaceans (second host):
Cambarus propinquis
C. robustus
C. virilis
C. diogenes
C. rusticus

Paragonimus spp

snail :
Amnicola limosa
fish:
Catostomus comersoni

C. sinensis

T. solium Sus scrofa doméstica
T. saginata Bos taurus
flea:
Trichodectes canis
Ctenocephalides canis
C. catis

D. caninum

Source: After Olsen (1974), Soulsby (1968), Nex&0), Beltraret al. (2005), Llop
et al(2001), Botero and Restrepo (2003)
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Regarding the content of helminth eggs in raw ddimegastewater and sludge in
different countries, a summary of the existingriiteare (Mahvi and Kia, 2006; Garcia
Palacio, 2010; Navarro and Jiménez, 2011; Gil et28l13; Verbyla et al., 2013) is
presented in Table 1.4. It can be distinguished the knowledge of helminth egg
content in raw domestic wastewater is scarce. Tdimihth eggs content shows a
wide variation between 1 and 3006 eggs. IMoreover, the information about
helminth eggs content in the excess sludge is fitaieed and presented a variability

between 67 and 735 eggs. g TSS

Table 1.4 Helminth eggs content in wastewater and excesdgslun different

countries.
Domestic References
Country or wastewater Sludge
region
eggs. [* eggs. g TSS

i[r)fggr'f;"r’;;g countries 70-3000 70-735 a
Bolivia 306-3006 N.D. b
Brazil 166-202 75 a
Colombia 16-43 (Neves) N.D. c
Mean: 67 maximum: a

Egypt N.D. 735
Ghana N.D. 76 a
Iran 2-21(Teheran) N.D. d
Jordan 300 N.D. a
Mexico 6-98(cities) N.D. a
Up to 330(rural areas) N.D. a
Venezuela 270 (Aragua) N.D. e
Morocco 840 N.D. a
Ukraine 60 N.D. a
France 9 5-7 a
Germany N.D. <1 a
Great Britain N.D. <6 a
United States 1-8 2-13 a

Notes:

— N.D. means no data available

- References a: Navarro and Jiménez (2011); b: Verta@13); c: Garcia Palacio
(2010), d: Mahvi (2006), e: Gdt al. (2013)
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Furthermore helminth eggs are spread through thieagment in areas where access
to sanitation (i.e. safe storage, collection, treatt and safe disposal/reuse of faeces
and urine) is insufficient (Koné et al., 2007). Tdare several ways of transmission
of helminth eggs to humans. A scheme of the mainsmnission ways, elaborated
based on Table 1.1, 1.2 and 1.3 is shown in Figjure

—a Rivers

Infected
Person

Direct
consumption of polluted
products or contact with
sludge containing heminth
eggs

‘Water consumers

4 (Farmers or

workers in contact with

polluted wastewater

and soil, crops, cows, | |
pigs, hens)

Wastewater

A

Intermediary
People get infected host (see
Table 3)

Sludge containing
helminth eggs

\ 4

a, Transmission via direct defecation; b, Irrigatwith raw wastewater

Figure 1.1 Schematic representation of transmission pathviay$ielminth eggs
infections via direct defecation and wastewater.

Source: After Ensink (2007), Olsen (1974), Soul&t68), Neves (2000), Beltr&t al. (2005), Llop
et al(2001), Feachem (1983, Botero and Restrepo (, 2260).

Among enteric pathogens, helminth eggs are vergteedg and can survive in water,
soil and crops between 10 and 12 months upon éxariet tropical climates (Koné et
al., 2007). Helminth eggs are transmitted to humanslirect ingestion of polluted

products or via an intermediary host (Figure 1Brpaking the transmission cycle of
helminths is crucial to prevent parasitic infectigRuff, 1999; Bergquist and

Lustigman, 2010). It can be done by hygiene rogtisharing irrigation (WHO, 2006)

or removing them in the wastewater treatment p(8nbtt et al., 2004; von Sperling
et al., 2005; Jiménez, 2006; Ensink et al., 2007).
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1.3 Wastewater treatment technologies applied for wasteater
reclamation in developing countries

This section discusses the possibilities to treatektic wastewater to such an extent
that safe reuse for different types of crops ariddation methods is feasible.

1.3.1 Pathogen removal and/or inactivation

The removal of pathogens in wastewater treatmemttpl(WWTP) can be performed
by physical separation and inactivation. The finrgntioned process includes one or
more phase separation processes where pathogensretamed as sludge
independently of their viability. During inactivati, pathogens die and consequently
becomes non-viable, consequently the biologicabmtidl of them to successfully
duplicate is destroyed (Sobsey, 1989; de Victoaocd Galvan, 2003; Beutel and
Larson, 2014).

Examples of physical pathogen separation technigteesedimentation and filtration
(Feachem et al., 1983; Jimenez et al., 2001; vanli@g et al., 2005; Qu et al., 2013;
Beutel and Larson, 2014). Also biological treatmemahniques like activated sludge
or UASB include a sludge separation step whererhddgopathogens are separated
from the liquid phase.

Due to environmental conditions, like temperaturd gH, the ideal environment for
human pathogenic organisms is the human intestraak (Botero and Restrepo,
2003; Jimenez, 2007). Outside the human bodyin.the sewer system, wastewater
treatment plant or the receiving water body, théh@genic organisms will not grow
and tend to decay (von Sperling et al., 2005). Maintrol factors for inactivation of
bacteria and viruses are temperature, solar radigbH, food shortage, predators and
toxic compounds (von Sperling et al., 2005; Qu let 2013). Helminth eggs, as
indicated earlier, are an exception because they stavive for many months.
Inactivation of protozoan cysts and helminth eggsinty occurs at temperatures
above 45°C (Koné et al., 2007) and at pH valuesdrighan 12 or lower than 7
(Jimenez et al., 2001; Jimenez, 2007). Koné (2087)rted an Ascaris inactivation of
90 to 100% during composting of faecal sludge iapieratures between 45 and 68 °C
and an exposure time varying between 30 and 80 @afsirolet al (2002) reported
that exposure to a temperature of 60°C for 30 memuwvas sufficient to inactivate
Ascaris eggs. Furthermore, Feachemal., (1983) reported that inactivation of
helminth eggs occurs at a moisture content lowen &%%6.

1.3.2 Treatment technologies

The so-called land based or extensive technologiese in the past widely
implemented in developing countries for wastewateeatment. Extensive
technologies are effective in removal and inativeof helminth eggs (von Sperling
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et al., 2005) but require large land areas ancetber cannot be applied in densely
populated or urbanised regions (Brissaud, 2010jistifg land-based technologies
are often over-loaded as a result of growing pdmra while possibilities for
extension are limited by increased land prices. é@mple, in Lima (Peru), urban
areas strongly expanded and the costs of landaseck1.87 times from 2002 to 2010
(Webb and Baca, 2009).

When selecting a treatment technology for applicatin developing countries,
investment, operation and maintenance costs anglisity are most important
criteria (von Sperling, 1996; von Sperling and Clielraro, 2002; Massoud et al.,
20009).

Conventional extensive sewers combined with acttvasludge systems, are in
general too complicated, energy intensive and esipento provide a sustainable
solution in developing countries (Massoud et a009. Growing population and
urbanisation urgently asks for development of de;giompact, low cost WWTP that
enable reuse of treated water in (peri) urban afjue (von Sperling, 1996; Mara,
2003; WHO, 2006; Mara et al., 2010).

Anaerobic treatment of sewage is regarded as argmement process removing
organic matter and converting its biodegradabletifva into methane. The Upflow
Anaerobic Sludge Blanket (UASB) reactor has beepliegh in several warm (sub)
tropical countries. BOD removal efficiencies of &) 78% were reported for 25
UASB reactors, operated at HRTs of 5-11 hours ididn Colombia and Brazil,
(Mungray et al., 2010). Soluble nutrients, like aomia and phosphate, are released
with the liquid effluent (von Sperling et al., 2Q@hernicharo, 2006) and can be used
for fertilisation. Pathogens are, however, insugfitly removed (Jimenez, 2007).
Though, von Sperling et al. (2002) reported thdmieh eggs could be removed by
filtration through the sludge bed of the UASB. Rroeld excess sludge in well-
designed UASB reactors is ‘stable’ and can be aseal soil conditioner in agriculture
after disinfection (i.e. drying, co-composting). eTRUASB reactor is considered a
promising technology for domestic wastewater tregimin developing countries,
since it can be designed at very short HRT compaoeédxtensive technologies
(Chernicharo and Machado, 1998; von Sperling e2805; Khan et al., 2011). It is
characterised by energy production instead of gnesg, low investment, operating
and maintenance costs, small foot print and flexibtale (van Lier and Lettinga,
1999; von Sperling et al., 2005; Chernicharo, 2006)

The UASB reactor has been selected as a combinedhgrand partial secondary
treatment of domestic sewage within the curreneash. UASB effluents are
generally post-treated for irrigation purposes,sidering water reclamation and reuse
regulations (von Sperling and Chernicharo, 2002).
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The down flow hanging sponge reactor, tricklingefi] subsurface flow constructed
wetland, rotating biological contactor and polighipond (Machdar et al., 1997,
Tandukar et al., 2005; von Sperling et al., 200gjfle et al., 2013) are attractive
post-treatment techniques that need limited or nergy for mechanical aeration
(Table 1.5).

1.3.3 “UASB treatment chains” for pathogen removal

Von Sperling et al. (2005) and Chernicharo (200&)orted different “treatment
chains”, including a UASB reactor, for domestic weagter treatment (Table 1.5). It
can be observed that some of these "UASB treatofeins” reach pathogen contents
that comply with WHO (1989) guidelines (see Tatl&). For example a UASB
combined with overland flow, constructed wetlandpotishing ponds can achieve a
helminth egg content less than 1 egd.dnd a faecal coliform removal higher than
2.5 logo. Depending on the reuse conditions (WHO, 1989, rémaining faecal
coliforms must be removed in a polishing step toee WHO standards.
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Table 1.5 Pathogen effluent content, faecal coliforms cohitethe effluent, land requirement, constructiosts, O&M costs, consumed power

for aeration, FC-LA ratio and O&M-FC ratio for chaitreatment regarding domestic wastewater tredtmen

. . Consumed
Pathogen Effluent Faecal col_lf(_)rms Lgnd Construction 0o&M Power for EC-LA O&M-FC
content removal efficiency requirement Costs Costs )
aeration
Fecal Helminth
Treatment chains Coliforms eggs average average average average average
MPN/100 logyo UNits US$/inhabl/year
mL eggs/L logo units nil/inhab US$/inhab US$/inhab kWh/inhab/year per nf/inhab per FC logio units
@ @ (©) 4 ©®) (6) ) ®)=(3)/(4) (9)=(6X3)
UASB reactor + activated sludge 100’ >1 15 0.14 37.50 3.75 17.00 10.71 2.50
UASB reactor + submerged aerated biofilter 510 >1 15 0.10 32.50 3.75 17.00 15.00 2.50
UASB reactor + complete mix aerated 1610 >1 15 0.20 25.00 2.75 6.00 750 1.83
lagoon + sedimentation pond
UASB reactor + dissolved air flotation %00’ >1 15 0.10 27.50 2.75 1.25 15.00 1.83
UASB reactor + rotating biological contactor Sy’ >1 15 0.22 71.00 6.25 0.00 6.98 4.17
UASB reactor + high rate trickling filter a0 >1 15 0.15 35.00 2.50 0.00 10.00 1.67
UASB reactor + DHS reactor a0 >1 24 <0.10 N. D. N. D. 0.00 >24.00 N. D.
UASB reactor + anaerobic filter fa0 >1 15 0.10 25.00 1.85 0.00 15.00 1.23
UASB reactor + overland flow tac <1 25 2.25 27.50 2.50 0.00 1.11 1.00
UASB reactor + constructed wetland 21w <1 35 3.32 41.00 2.50 0.00 1.06 0.71
UASB reactor + polishing ponds 200 <1 4 2.00 22.50 2.40 0.00 2.00 0.60
* Adapted from Chernicharo (2006), Von Sperling @2p, Tafwik et al. (2006a), Tandukar et al. (2Q0Eandukar et al. (2007), Onodera et al. (2014) Banfik et al.
(2015)
Notes:

O&M: Operation and maintenance costs

FC-LA: Ratio between faecal coliform removal efiocy and Land requirement per inhabitant. The tatiom of these values were performed dividing @verage
faecal coliform removal efficiency (3) by the avgedand requirement (4).

O&M-FC: Ratio between operation and maintenancésquer inhabitant and faecal coliform removal édincy. The calculation of these values was perfdrdieiding
the average operation and maintenance costs (®etgverage of the faecal removal efficiency (3).

N.D.: Not data found.
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The “UASB technology chain” selection for municipahstewater treatment for reuse
will depend on local conditions, required effluestandards and economic resources
(Campos and Von Sperling, 1996) next to social potitical aspects. Additional
selection criteria could be the FC-LA value, théatien between faecal coliform
removal and land requirement per inhabitant and @i&M-FC value, the relation
between operating and maintenance costs per imalind faecal coliform removal, as
developed by Von Sperling et al. (2005) and Chéaric (2006) (Figure 1.2). They
characterised systems with a FC-LA value < 6 ad-tzased systems and those with a
FC-LA value >6 as compact systems. The O&M — FQi&as higher for compact than
land based systems (Figure 1.2). Unlike the lo@&MV — FC value for land-based
systems, compact systems will generally be moréeefésctive due to the high FC-LA
value and high land prices in urbanised areasticBkrly for the chain UASB reactor
and DHS reactor, the FC-LA value is greater thanT2iken, the latter value represents a
promising option when available area is limited.

30.00 - 450
N T 4.00
25.00 A .
< compact systems T+ 3.50
= - = =
£ 2000 - Ec-1A>6) t300 §E
<& 53
= 2 1250 =3 =
8 15.00 . < £ 2
= o= ; 1200 HZ 0
& o [0
= 10.00 1 g li1s0 2%
= o y 2
= * Lo 1 1.00
5.00 . o
land-based systems < 1050
FC-LA<6) . +
0.00 : 0.00

filter

DHS reactor

UASH reactor +
high rate trickling
JASH reactor +
UASE reactor +
anaerobic filter
IJASB reactor +
overland flow
UJASE reactor +
polishing ponds

JASB reactor +

UASB chain technology

""" 4 FC - LA : ratio between faccal coliforms removal efficiency and land requirement per inhabitant

O O&M - FC : ratio between operation and maintenance costs per imhabitant and faecal coliforms removal
efficiency

Notes:

- The figure was elaborated after Chernicharo (2006 Sperling (2005) , Tafwikt al. (2006a),
Tandukaret al. (2005), Tandukaet al. (2007), Onoderat al (2014) and Tawfilet al. (2015)

— Particularly for the DHS reactor Tawfi¢ al. (2015) worked with an upflow anaerobic hybrid
(AH) reactor instead of a UASB reactor

Figure 1.2 FC-LA and O&M-FC value for different “UASB techlogy chains”
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1.3.4 Down flow hanging sponge reactors

According to the literature (Tandukar et al., 200&wfik et al., 2006b; Tandukar et al.,
2007), some types of DHS reactors (so called génag G3, G4, G5 and G6) remove
faecal coliforms between 79.0 and 99.7 % at an M&Ying between 2 and 2.7 h. DHS
reactors cube type (G1) and curtain type (G2) mmtdeen studied for their capacity to
remove faecal coliforms. The G1 and G2 type haweelwver shown their simplicity in
terms of construction (Agrawal et al., 1997; Maahetaal., 1997; Machdar et al., 2000).
Since the investment, operating and maintenancts,caad simplicity are the most
important criteria when selecting a technology @veloping countries (von Sperling,
1996; von Sperling and Chernicharo, 2002), DHS toractype G1 and G2 were
selected for the current research to polish UASR@'s effluents.

1.4 Scope of this thesis

The literature review shows that UASB reactors p#ay a role in the removal of
helminth eggs and faecal coliform removal, butdithformation is available on the
effect of different environmental and process ctiods on the removal process,
especially for helminth eggs. After an analysistioé different "UASB treatments
chains" for developing countries, it can be conetlithat compact systems could offer
advantages compared to land-based systems. The adssntage is the low land
requirement for sufficient pathogen removal, agatizrised by the high FC-LA value.

Therefore, the aim of this thesis was to studypdhogen removal in compact systems
considering an anaerobic step as pre-treatment.

Chapter 2 studies the potential of anaerobic sluddech behaves as a filter bed in a
UASB reactor, for the physical removal of helmietigs at 4°C (when the bioactivity is
negligible). Chapter 3 describes in detail the hefmegg removal capacity of UASB
reactors at different upflow velocities under saptical conditions. Depending on the
upflow velocity, helminth eggs can be scavengedhegysludge bed. Chapter 4 focuses
on the helminth egg content of domestic wastewatelPeruvian highlands and the
filtration capacity of an anaerobic sludge bed dASB reactor for helminth eggs and
faecal coliform removal at low temperatures as ailang in mountainous areas in Peru.
Chapter 5 presents the results of the down flovgimgnsponge (DHS) reactor as a post-
treatment of UASB reactors’ effluent with speciaighasis on faecal coliform removal.
Depending on the type of DHS reactor used, diffecategories of water reuse can be
applied. Chapter 6 discusses the results of tlEsishand the importance of pathogen
removal from domestic wastewater in order to enablese of water for irrigation and
discusses the achieved results and presents tinecoraglusions of the whole thesis.
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Filtration capacity of an anaerobic sludge bed forthe removal of
helminth eggs

Abstract

This research was conducted to elucidate the abigestudge filtration capacity for
helminth eggs at different operational conditionsorder to estimate the removal of
helminth eggs in upflow anaerobic sludge blanked$B) reactors. During the trials a
low operational temperature of 4°C was applied toimse the bioactivity in the
sludge bed. The study was performed in two stathesfirst one using latex beads
simulating helminth eggs and the second one usklgihth eggs. The filtration
capacity of two types of sludge was evaluated: stagk primary sludge and flocculent
UASB reactor sludge. Filtration tests were conddicteder different upflow velocities.
A control test without sludge was used to distisjubetween settling and sludge
filtration. The experiments included measuremerftshe total and faecal coliforms
removal and identification of the most common helimieggs species.

The results of the experiments using latex beaddirored that hydraulic properties

during the settling experiments are different tiaose during sludge bed filtration, due
to the fluid properties. The sludge filtration ceiparegarding latex beads and helminth
eggs removal is reciprocally correlated to the apfivelocity. Then lower removal of

latex beads and helminth eggs is achieved at high#low velocities. Results show

helminth eggs removal between 79 -100 % when uaivagrobic sludge with upflow

velocities in the range of 0.39-1.6 it kat 4°C. Average total and faecal coliforms
removal was respectively less than 80 and 76 %. mibst common helminth eggs
found in the studied wastewater wiscaris lumbricoides

Keywords
Helminth eggs; municipal wastewater; pathogens; BA&actor; sludge bed filtration

capacity
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2.1 Introduction

The presence of pathogens in partly treated wasteywases a considerable health risk
to the farmers and general public, when this wegedirectly or indirectly used for
agricultural irrigation and household appliancesH®/ 2006). As described in Chapter
1, pathogenic organisms are very diverse and iechatteria, viruses, protozoa and
helminth eggs. Microorganisms and helminth eggsaaiteered to the solids present in
wastewaters (Jiménez, 2006; Jimenez, 2007). Prexdssremove solids are i) plain
sedimentation and sedimentation using gravitatiofates including centrifugal
methods, ii) flotation including dispersed or dised air flotation methods, and iii)
filtration, which includes deep bed and membrankrafion (Gregory, 2004).
Sedimentation and filtration processes are for pansidered primary treatment and as
such essential in a domestic wastewater treatmiant fCampos and Von Sperling,
1996; von Sperling, 1996; Tchobanoglous et al.,32@@n Sperling et al., 2005). In
addition, post filtration processes can be applisidg e.g. sand filtration or membrane
filtration (Jimenez et al., 2001; Chernicharo, 2006

Since the late eighties of the past century, upfiovaerobic sludge blanket (UASB)
reactors have been successfully applied for treatnoé municipal wastewater at
tropical and semi-tropical conditions (Seghezzalgt1998; van Lier et al., 2010; Souza
et al., 2011; Heffernan et al., 2012; Chernichdrale 2015), but only few studies are
available that research the removal of helminthsedgring anaerobic treatment
(Cabirol and Noyola, 2002). Von Sperlimg al. (2002) reported that UASB reactors,
operating at 5.5 hours HRT and treating domestisteveater, produced an effluent with
1.3-45 egg-[*, while the influent contained 64-320 egg-LPaulino et al. (2001)
observed a variable removal efficiency of 60 to 9B4an anaerobic fluidized bed.
Although these values seem already a significanbuaty it is insufficient for
agricultural reuse according to the WHO guidelifies safe use of reclaimed
wastewater for agricultural irrigation (WHO, 2006Yon Sperling et al(2002)
recommend a secondary treatment after the UASBtaedo efficiently remove
pathogens from municipal sewage, according to &fimeld standards.

Particle removal in UASB reactors is dependenthenapplied hydraulic regime as well
as on the prevailing sludge bed properties (Mahmetudl., 2003). The latter can be
differentiated in physical and biological charadies of the sludge bed (Mahmoud et
al., 2003; Mahmoud et al., 2006). Physical sludgaracteristics relate to e.g. density
and viscosity (Seyssiecq et al., 2003; Mori et2006). Biological characteristics relate
among others to biomass activity, microbial compmsj presence of extracellular
polymers and so on. The prevailing operational @@ such as temperature, applied
organic loading rate, hydraulic retention time, aipdlow velocity will impact both the
biological and physical sludge characteristics (Mabd et al., 2003; Mahmoud et al.,
2006).
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The settling velocity of suspended solids (particia the wastewater depends on their
diameters, density, shape, roughness and the pngvalydraulic conditions such as
Reynolds number and the water viscosity (Loch, 20B8ased on Stokes’ law, Ayres
and Mara (1996) determined an approximation ofseiding velocity (at 20° C) of the
three most common helminth eggs: acaris lumbricoidest 20 mm- mift', Trichuris
trichiura at 16 mm-mift and Hookworms at 6 mm-min*. Senguptaet al. (2011)
reported that Stokes’ law sometimes overestimatesettling velocity of helminth eggs.
In the same research the settling velocityAe€aris, Trichurisand Oesophagostomum
eggs from pigs, in wastewater was assessed as, %568 and 6.372 mm-min
respectively. The relatively low removal rateTofchuris andOesophagostomurcould
probably be related to their smaller size and floeee their associated lower settling
velocity (Cheng, 1997; Loch, 2001) comparedstariseggs. However, more research
is needed to find an exact explanation for theediffice in the observed settling
velocities (Sengupta et al., 2011).

In order to measure the sludge filtration capafitysolids removal, Mahmoud (2006)
developed "the sludge filterability technique”. i$htechnique can also be used for
identifying the mechanisms that are involved in thenoval of solids in an upflow
sludge bed system. Using this technique, the mhjactive of this research was to
study the sludge filtration capacity of anaeroliedge in a lab scale UASB reactor
using latex beads to simulate helminth eggs, falldwy a research that used helminth
eggs containing raw wastewater. Secondary objectividuded the identification of the
common species of helminth eggs, and the assesshéme sludge filtration capacity
for faecal and total coliforms in a flocculent ar@®@c sludge. Two types of sludge were
tested, viz. primary digested sludge from a sludggester in the Netherlands and
flocculent sludge from a full scale UASB reactoiPieru.

2.2 Materials and methods
2.2.1 Influent

Experiment 1 was performed using domestic settlastewater from the influent of the
wastewater treatment plant (WWTP) of Bennekom géléThe Netherlands) as influent.
Experiment 2 was performed using the domestic wastr from the WWTP located at
San Juan de Miraflores district (Lima, Peru). Themtharacteristics of the wastewater
are presented in Table 2.6.
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Table 2.6 Main characteristics of the domestic wastewater Baennekom (The
Netherlands) and San Juan de Miraflores distrietu}?

Parameter Units Bennekom San Juan de Miraflores
nt influent n influent
Biochemical mg- L N.M.  N.M. 40 521 +110

Oxygen Demand
Chemical Oxygen

mg-L* 7 400 + 56 30 1408 + 399
Demand
Total Suspended -1 7 201+18 56 490 + 490
Solids
Volatile Suspended -1 7 195+12 56 389 + 85
Solids
Total Solids mg-[* 4 709 +21 56 550 + 93
Volatile total Solids mg-T* 4 281 +16 56 399 + 80
Faecal Coliforms ~ MPN-100mt  N.M N.M. 56 41x16+1.2x168
Total Coliforms ~ MPN-100m*  N.M. N.M. 56 68x15+1.2x10
Helminth eggs eggt 4 <1+0 17 15+5
Notes

"n:number of analysed samples

2N.M.: not measured.

Data from Bennekom was measured within the resefaoch December 1st to February 27,
2009. Data from San Juan de Miraflores was meadtwedJanuary 1st, 2009 and October 30th,
2013.

2.2.2 Reactors

For Experiment 1, four identical acrylic lab scal& L UASB reactors with a height of
0.40 m and a diameter of 0.09 m were used. DurkmgeBment 1, different tests were
conducted applying different amounts of sludge, 380 mL, 700 mL and 1000 mL.
These volumes correspond to 0.06, 0.11 and 0.¥btheisludge bed height.

For Experiment 2, two identical 1.60 L lab scale B reactors made of Pyrex were
used. Reactor height was 1.25 m and diameter 0.0Bath reactors were inoculated
with 140 mL of sludge, which corresponds to 0.11thrhe sludge bed height.

2.2.3 Inoculum

Inoculum for Experiment 1 consisted of digesteddiglu (DS) from a primary sludge
digester, operated at 30 days HRT and 35°C of tNéTW of Ede (The Netherlands).
Twenty litres of the latter sludge was placed BO&C room for an additional 20 days of
digestion, and is further referred to as extendgdsted sludge (EDS).

Inoculum for Experiment 2 consisted of anaerobicdllent sludge (Mahmood et al.),
taken from the pilot-scale 536°JASB reactor located at CITRAR. The inoculum was
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taken at 1.5 m height from the bottom of the reaftttal height of the reactor was 6.0
m).

Main characteristic of each inoculum is indicated able 2.7.

Table 2.7 Main characteristic of the inoculum applied in esiment 1 and 2

Sludge  Total solids Volatile solids Density at

Experiment qualityl (TS) (VS) 4°C Stability
gLt gLt gLt (g:CH)-(gVvs)™
1 DS 52+1.4 33+1.1 1120+ 3.0 0.025+ 0.0000
1 EDS 49+ 1.2 30+0.8 N.M. 0.015+ 0.0012
2 FS 163+25 106+24 1096+ 1.5 N.M.?
Notes:

! DS: Digested sludge; EDS: Extended digested slug§eFlocculent sludge
2N.M. means not measured.

2.2.4 The latex beads

For Experiment 1, latex beads, Coulter® CC Sizedsted L90: g =9Qum, with a
density of 1.05 mg-T* (Miami, USA) have been used to simulate helmingyse as
their shape, size and density are very similahéoatctual helminth eggs (Jimenez, 2007;
Quinzanos et al., 2008; Sengupta et al., 2011)oktieg to the supplier, latex beads are
discrete spherical particles, uniform in materi@mposition and contain smooth
surfaces. Thus considering the fact that latex $ehd not interfere with each other,
their settling velocity under creeping flow condiis (Reynolds number less than 1) in a
Newtonian fluid can be described using the Sto&es |

. - e d?
v {gmmﬁ])} eq. 2.1

Where V is the particle settling (or terminal) vty (m-s%); g is the acceleration of
gravity (m-s?); d is the particle diameter (mp; is the density of the particle (kg-Ty
pw is the density of the fluid which is water (kg3nandn is the dynamic viscosity of
the medium (kg-ft-st).

Based on Stokes' law, it is theoretically calculefiem eq. 2.1 that the latex beads with
a diameter of 9um have a settling velocity of 13.7 mm- (0.8 m-hA*) at 20°C,
which is close to the settling velocity of the helths eggs (Ayres and Mara, 1996).
Correcting for temperature, at 4°C, these latexdbegith a diameter of 90m have a
settling velocity of 8.4 mm-min (0.5 m-hY).
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2.2.5 Latex beads counting

In the beginning of Experiment 1, the method sutggedy WHO (Ayres and Mara,
1996) was planned to be applied for the latex beadsting, as this method is used to
count helminth eggs (von Sperling et al., 2002; Sperling et al., 2003; Mahvi and Kia,
2006; Sanz et al., 2009; Zacarias Sylvestre et28ll4). Unfortunately, this method
turned out to be not applicable to synthetic mdskaause the used chemicals (ethyl
acetate and zinc sulphate) react with the latexdde@herefore, based on the WHO
method (Ayres and Mara, 1996) and the settling grigs of the latex beads, a multi-
step methodology was developed. This method ceaubish the collection of a 1 L
sample for settling during 2 hours in a 1 L graddatylinder with a height of 40 cm, to
concentrate the settled particles. Subsequentipoval of 90% of the supernatant
volume (900 mL), followed by an additional settliafjthe remaining sample (100 mL)
for 2 hours in an graduated cylinder of 100 mL.eAfthat, 90% of the supernatant
volume (90 mL) was removed. Finally, a well mixdidjaot is taken from the remaining
10 mL and placed in a two chamber counting cefirtceed to count the latex beads.

The two chambers counting cell (Mc Master worm eggsll, Hawksley, Lancing, UK).
for micro/macroscope, especially designed for hefimieggs, has two chambers with
grids (Figure 2.3). Under each grid a sample &ittolume of 0.15 mL can be placed. It
is then possible to count the amount of eggs [@dr gnd therefore per volume, in order
to know the helminth egg concentration (or theXdteads concentration) of a sample.

Figure 2.3 The Mc Master worm counting eggs 2 chamber cell

To obtain a reliable mean latex bead or helmintg egncentration (in number per
sample volume), each sample was analysed four tfthémes with the two chambers
counting cell). The counting observed was the cotragon of particles in a volume of
0.15 mL of a 10 mL sample resulting from a mulggsimethodology (see below ). It is
then possible to obtain the number of particles thgresent in the 10 mL, which is
equal to the number of latex beads in the origgaahple of 1L. It is assumed that all
particles that were in the original sample of oite lwere concentrated in the 10 mL
sub-sample (equation 2.2).

C =10DL eqg. 2.2
0.15
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where: C is the particle concentration expressedumber of particles per litre, 10 is
the volume of the final concentrated sample in Xlis the number of particles counted
in one grid (or the mean of four samples) and Gs16e volume under the grid in mL.

2.2.6 Macroscope

A macroscope (Nikon SM7800, Japan) was used totcinwenlatex beads connected
with the Mc Master counting cell. Macroscope wassdn instead of a microscope
because of the possibilities it offers in termsabur filters, magnification, direction of

the mirror and addition of extra lights. Those elifint configurations made the latex
beads easier to be recognized and differentiated @ither particles.

2.2.7 Physicochemical and bacteriological analysis

Total Chemical Oxygen Demand (COD) was measuredrdityy to Standard Methods
(APHA et al., 1998) using Dr. Lange test kits. Tataspended solids (TSS) and volatile
suspended solids (VSS) were performed accordirigfdndard Methods (APHA et al.,
1998). Density of sludge was measured using a Gegdc-Pycnometer of 24.822 ml
(LMS, Germany). Viscosity of the sludge was meaduusing a viscometer FANN
model 32, USA, using a shear rate of 600 rpm. [etmimth eggs analysis, the flotation
method described by Ayres and Mara (1996) was usadl! coliforms were determined
according to the standard total coliform fermewotattechnique (APHA et al., 1998).
Faecal coliforms were analysed according to thee&la@oliform Procedure (Eaton et
al., 2005). Stability of unfed digested and weljatited sludge was performed with
serum bottles of 1L. The tests were conducted plicate. Each type of sludge were
placed in the bottles and incubated in shakers (p&0 in the dark at 30°C. For each
series, 200 mL of sludge was added to each serttie.bafter adding the sludge, the
serum bottles were flushed with nitrogen gas. Teststlasted for 15 days when the
biogas production rate had ceased and the biogasneasured using Oxitop pressure
measuring heads. Biogas composition (in terms of @kl CQ) was analysed in a
Fisions Instrument GC 8340 gas chromatogram eqdipgt a 30 m x 0.53 mm x 25
um Molsieve column (Alltech 13940), and a 2 x 25 .53 mm x 1Qum PoraBond Q
column (Varian 7354). The columns were connecteghirallel. Helium was the carrier
gas and its flow rate was 42.5 mL-ftinThe temperatures of the oven, the injection
port, the thermal conductivity detector and tharfient were 40, 110, 100 and 140°C,
respectively.

2.2.8 Experimental set-up

For Experiment 1, every week fresh domestic wastawaeas delivered by a tractor and
pumped into a cooling storage tank (former milkktaMEKO, Assen, The Netherlands)
with a total volume of approximately 3500 L. Thenk& content was continuously
stirred and kept at’@ (average room temperature: 18.5°C). Before eauhfili-up, the

tank was cleaned to avoid any mixing between ‘aldd ‘fresh’ wastewater. Then, the

31



Chapter 2

unsettled influent was pumped from the coolingagertank into a 100 L tank, where it
was settled for approximately a day (simulatingraniy clarification). The supernatant
(70 L) was pumped into a second tank to obtain eveaster free from larger particles.
The wastewater was mixed with the latex beads uaistjrrer (Heidolph, Germany).

For Experiment 2, 50 L fresh wastewater was daéijvdred and kept in a stirred tank
at 4°C (reactor temperature less than 5°C). Altt@a in both experiments were fed by
the same influent tank.

Before each experiment (Experiment 1 and Experir@gna sludge washing phase was
applied according to the method described by Maldedwal. (2006). Introduction of a
washing phase minimizes the impact of the previoasditions on the new test
conditions in the sludge. During the washing pha#itjent COD and VSS values were
monitored until stabilized values were attainedp Teater was the washing medium.
The sludge washing phase was applied for both itpestéd sludge and the extended
digested sludge as the first step during each érpat. Trial results showed that it was
necessary to ‘wash’ the sludge for at least anseldpime period of fourfold the HRT.
The washing phase from each experiment was theducted in total for an elapsed
time period of six fold the HRT value. After theidfje washing phase, the latex beads
could be introduced in the influent tank.

The general set up of both experiments with lateads and wastewater containing
helminth eggs is shown in the Figure 2.4.

GAS COLLECTION

% EFFLUENT

e
Ll
-
MIXER
I ]
PERISTALTIC
PUMP
< RAW TREATED
INFLUENT WASTEWATER WASTEWATER
UASE REACTOR AT 4°C

Figure 2.4 Set up of the experiments 1 and 2. Latex beadsdwixih wastewater were
used for experiment 1 and wastewater containingniméh eggs for experiment 2.
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2.2.9 Sludge bed filtration of latex beads (Experiment 1)

Four types of test series were conducted to stuelgludge filtration capacity to remove
latex beads simulating helminth eggs: (a) impactupflow velocity, (b) impact of
degree of sludge stabilisation (c) impact of sludgd volume and (d) control tests. All
tests except (d) control tests, included a washhmge procedure at the beginning. The
digested sludge was used in the upflow velocity &l the sludge bed volume tests.
The extended digested sludge was only used in xperiment testing the impact of
degree on sludge stabilisation.

a. The impact of the upflow velocity

Four upflow velocities, viz. 0.3, 0.5, 1, 1.5 m-hwere tested. Experiments were
performed in triplicate. The four reactors were feith exactly the same influent by
means of four peristaltic pumps (2 Masterflex, WHid 2 Watson Marlow, USA). The
number of latex beads per litre in the influentiedifrom 3141 to 3159 (Table 2.8).

The test was carried out considering a washing glthsing a time equivalent to
fourfold the HRT value. After that, latex beads #eadded to the influent tank.
Subsequently, the four reactors were started ghgdaiadifferent times to finish in the

same time. Then, it was followed by effluent samgplafter a total time equivalent of
six times the HRT value from the moment the reautas started. Finally. in order to
determine the variation of the influent in terms lafex beads, COD, and solids
concentration, samples of the influent were takethr@e different times: when the test
started, after the washing phase and at the etick ¢ést;

Table 2.8 Set up of reactors to assess the impact of tHewpfelocity and sludge bed
digestibility on the helminth eggs filtration cajigcCOD and VSS concentration.

Description Reactor Reactor Reactor Reactor Reactor Reactor

1 2 3 4 5 6
Upflow velocity" 0.3 0.5 1.0 15 1 0.5
(m-h)

Average number of 3159 3159 3159 3159 3141 3141
latex beads in the

influent

Sludge quality DS DS DS DS EDS EDS

Notes:

! The corresponding hydraulic retention time (HR®) @ipflow velocities of 0.3, 0.5, 1.0 and
1.5 m-h* were 1.33, 0.84, 0.42 and 0.28 respectively. Ain& of 700 mL of sludge was used
in all reactors

2 DS: Digested sludge; EDS: Extended digested sludge
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b. The impact of degree on sludge stabilisation

In order to assess the impact of degree of slutigglisation on the sludge filtration
capacity to remove helminth eggs, two upflow veiesi were tested, i.e. 0.5 and 1.0
m-h?, using digested sludge and extended digested eslimdtyvo reactors of 700 mL.
Reactors were fed with exactly the same influenti®ans of two peristaltic pumps (2
Masterflex, UK).

The test procedure was the same as that for tortpact of the upflow velocity tests.
The experiments were performed in triplicate. THiguent was collected separately
from each reactor in order to be able to take s#pasamples for assessing the latex
beads concentration. The results of latex bead vameere then compared to those
obtained in the impact of the upflow velocity tést the corresponding upflow velocity
(see Reactor 2 and 3 in Table 2.8).

c. Impact of sludge bed volume

In order to study the influence of the sludge bedylt and upflow velocity on the
helminth eggs filtration capacity, two differentlvmes of sludge, i.e. 350 mL and 1000
mL, were applied at two different upflow velocitié. 0.5 and 1 m-f as indicated in
Table 2.9. Assays were done in triplicate. The f@actors were fed with exactly the
same influent by means of four independent petistalimps (2 Masterflex, UK, and 2
Watson Marlow, USA) and latex beads were introduateshce.

Table 2.9 Set up of reactors for testing the impact of the@e bed volume

Description Reactor1  Reactor 2 Reactor 3 Reactor
4

Upflow velocity' (m-F%) 1 0.5 1.0 0.5

Volume of sludge (mL) 350 350 1000 1000

! The corresponding hydraulic retention time (HR@) @ipflow velocities of 0.5 and m- ht
were 0.84 and 0.42 h respectively.

The test was carried out in the same way as exqaafar the upflow velocity test,
except that the four reactors where started inggoaf two, according to their HRT:
first reactors with HRT of 0.84 h (reactor 2 anchall later reactors with HRT of 0.42 h
(reactors 1 and 3). Reactors started at two diitetenes, so that they reached an
elapsed time equivalent to four times the HRT valuthe same time.
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d. Control reactors

In order to study the removal of the latex beadly ty sedimentation, control tests
were performed. Two upflow velocities were testeel, 0.3 and 1.0 m-hin control
UASB reactors, in absence of sludge. Tests weréonpeed in duplicate. The two
reactors were fed with exactly the same influenhigans of two peristaltic pumps (2
Masterflex, UK). The results of latex bead removs sedimentation were then
compared to those obtained in the upflow velogaitst in the presence of a sludge bed
for the same two upflow velocities (see test eactors 1 and 3 in Table 2.8).

The test was carried out in three phases. Firdtlying the blank phase, feeding of the
UASB reactor with settled wastewater during a tieggiivalent to one time the HRT
value. Secondly, adding latex beads to the infltank. Finally effluent samples were
taken after an elapsed time equivalent to threedithe HRT value.

The two reactors where started at two differeneipso that they reached an elapsed
time equivalent to one time the HRT value, bothhat same time. The two reactors
were fed by the same influent tank. Then latex beeere introduced simultaneustly in
the feed tank.

In order to study the removal of the latex beadglbyn settling, 2 samples were taken
from the influent and the effluent. The influentncentration of latex beads was
measured by taking one influent sample of one.lifflee sampling was performed
immediately after the two reactors reached an ethpisne of one time the HRT value.
The effluent concentration of latex beads was nmeashy taking an effluent sample of
one litre from each reactor when an elapsed timéhife times the HRT value was
reached.

2.2.10 Sludge bed filtration of helminth eggs (Experimen®)

This experiment was performed to assess the slhdddfiltration capacity to remove
helminth eggs using inoculum from a domestic waatewUASB reactor. Five upflow
velocities were applied (0.39, 1.58, 2.83, 3.16 4ri® m-h") based on the laboratory
facilities. The indicated upflow velocities of 0.3thd 1.58 m-H are in the range
recommended by von Sperlingt al(2005). The remaining values were selected
considering the influence of high peak flows whigbuld lead to low values of HRTSs.
Experiments were done in triplicate. Raw cooledCastewater containing helminth
eggs was placed in a vessel with permanent mixisigg a stirrer, then it was pumped
to the UASB lab scale reactors by using 2 peristplimps (Masterflex, USA).
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2.3 Results

2.3.1 Sludge bed filtration of latex beads (Experiment 1)

a. Impact of the upflow velocity

The results of the upflow velocity test on helmietig removal, described in Table 2.8,
are shown in Figure 2.5. Each bar, made of thodetq corresponds to one of the four
reactors operated at upflow velocities of 0.3, A®), and 1.5 m, respectively.
Results show decreased removal efficiency at isecapflow velocity.
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Figure 2.5 Latex beads removal efficiency and the averagebeurof
removed latex beads per litre as a function of tipflow velocity.
Results show the average of three repetitions tamdiard deviation.
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b. Impact of degree on sludge stabilisation

Regarding the impact of degree on sludge stabdisabn latex beads removal, no

significant effect was observed (see TahlE0)).

Table 2.10 Effect of the degree of sludge stabilization otexabeads removal
efficiency. Each result shows the average of thseeples and standard

deviation.

Sludge quality

Upflow velocity

Latex beads removal efficiency

(m-h) (%)
DS 0.5 99.0+0.4
EDS 0.5 99.1+0.5
DS 1.0 94.7+35
EDS 1.0 97.2+0.9

Notes:

! DS: Digested sludge; EDS: Extended digested slugéi§eFlocculent sludge

c. Impact of sludge bed volume

The main objective of this test was to measurestfext of the sludge bed volume size
on latex beads removal and COD removal. FiguresBdvs the results for latex beads
removal in relation to the different upflow velaeg and sludge bed volumes. Figure
2.7 shows the results of the effect of the sluale volume size on total COD removal.

It can be observed that increasing the sludge lmdaime did not have a significant
effect on the latex beads removal. Also COD remeifitiency was not significantly
altered for different sludge bed heights, neithieara upflow velocity of 0.5 nor at 1

m-h.
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Latex beads removal (%)

COD removal efficiency (%)
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d. Control reactors

At an upflow velocity of 0.3 mH, no significant differences were observed in latex
beads removal efficiency between the control redntplain settling (average of 99.1 +
1.3 %) and the reactor with a sludge bed (averag@@O0 £ 0.0 %) (Figure 2.8).

At an upflow velocity of 1 m-H, the difference in latex bead removal efficiency
between the sludge bed reactor (94.7 £ 3.5 %) hedcontrol reactor (82.1 + 2.8 %)
amounted to about 12.5 + 4.5 %.
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o+ -4 1 -
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Latex beads removal efficiency (%)

(S, v=0.3 nvh) (CR, v=0.3 m/h) (S, v=1 mih) (CR, v=1 m/h)
Upflow velocity

Figure 2.8 Effect of the presence of the sludge bed on lagadb removal (%).
S: presence of a sludge bed, CR: control readiarsh result shows the average
of three samples and standard deviation

2.3.2 Sludge bed filtration of helminth eggs (Experimen®)

The characteristics of the studied wastewater aedrésults for the different applied
upflow velocities in terms of helminth eggs, COBe¢al coliforms and Total Coliforms
concentrations in Experiment 2 are presented ineTali 1.

39



Chapter 2

Table 2.11Results of the experiment conducted with helmeggs

Upflow
velocity () m- Rt 0.39 158 2.83 3.16 4.12

| egg- Lt 2.33+0.58 4.67 +0.58 433+1.15 4.67+0.58 674 0.58
Helminth eggs g egg-[* 0+0 1+0 1.67 +0.58 3.67+1.15 3.67 +0.58

R (%) 10040 78.57 + 2.89 61.54 + 3.85 21.43 £20. 21.43 +2.89

le TA TA TAS A TAS
oD | mg- L™ 748 + 10 748 +12.5 866.33 + 0.58 1016+ 6 8661+ 3

E mg-L* 400 +2 510 + 103.94 704.33 + 97.99 641.33 + 81.85 585 + 94.92

R (%) 46.52 +0.88 31.82 +14.11 18.7 + 13.33 36:89.63 32.45 +9.26

| MPN-100mLC®  9.2E+07 + OE+07 9.2E+07 + 0E+07  7.93E+07 + 2.19E+0  5.4E+07 + 3.8E+07 1.8E+07 + 3.12E+07
Faecal 7.93E+07 +
Coliforms E MPN-100mC! 2.23E+07 + 1.1E+07 2.19E+07 5.4E+07 + 3.29E+07 5.4E+07 + 3.8E+07 1BE+3.12E+07

R (%) 75.72 + 11.92 13.77 + 42.99 31.93 + 31.55 B85 0+22.29
Total | MPN-100mLC®  92E+07 + OE+07 92E+07 + OE+07 63.13E+07 + 50E+07 6.6FE+07 + 43.88E+07  8.93E+07 * 6.12E+07
Coliforms E 68.84 + 23.85 55.07 + 413 80.25 + 47.69 76 687 3.73+47.69

R (%) 68.84 + 23.85 55.07 + 41.3 80.25 + 47.69 7569 3.73 + 47.69

(*): The area of the UASB reactor was 1.075 X iff

I: Influent; E: Effluent; R: Removal efficiency;:l&dentified specie; TTrichuris spp.;A Ascaris lumbricoidesS: Strongyloides spp.

For each upflow velocity 3 samples were analysed
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The density of the used sludge at 4°C was measiordk 1096 d.*. Analysis of
UASB reactor sludge showed an inverse relationbkigveen both sludge density and
viscosity versus temperature (Figure 2.9).
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Figure 2.9 Density @) and dynamic \&cosity ¢) of the anaerobic flocculent sludge as
a function of the temperature. Tested temperafioregiscosity were 9, 15.5, 20, 25, 31

and 36°C and for density 4, 11, 17, 21, 30, 3548f€C. Each result shows the average
of three samples.

2.4 Discussion

2.4.1 Sludge bed filtration of latex beads

An approximation of the theoretical latex beaddlingt assuming discrete settling
through the sludge bed, can be calculated using.@qUnder the given conditions, i.e.
d=90 um, p, = 1.05 kg-m® and sludge densityp{) = 1.12 kg-m°, latex beads have a
theoretical settling velocity of -0.014 m*twhich is very close to zero. Dynamic sludge
viscosity at 4°C was estimated to fpe= 0.078 kg- rit, assuming a linear extrapolation
based on the reported results in Figure 2.9. H®gative value of the settling velocity
may suggest an upward movement of the beads thrthelsludge bed instead of
settling. Likely in terms of densities, latex beaasy settle in water on top of the sludge
bed under creeping flow conditions. However, treeidite settling theories are possibly,
not applicable under the described experimentadition, as suggested by Seyssietq
al., (2003), who reviewed the rheological charactiessof activated sludge and sewage
sludge. In fact, the used types of sludge behaveasNewtonian flows, which might
imply that application of eq. 2.1 is not valid (Ssieccet al, (2003).
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The surface charge and viscosity of the sludge #ma extracellular polymeric
substances (Johansen et al., 2013) content prieséme fluid (Seyssiecq et al., 2003;
Mori et al., 2006; Pevere et al., 2006) may aftbet sludge filtration capacity of latex
beads. The indicated characteristics might be atgftein resistance against movement
of particles (i.e. latex beads) inside the sludde latter hypothesis needs to be tested.
Additionally, sludge properties like porosity, pgneessure and particle size distribution,
can influence the filtration capacity for latex degLee and Wang, 2000; Redman et al.,
2001).

a. Impact of the upflow velocity

As shown in Figure 2.5, increasing the upflow eélpled to a decrease in the removal
efficiency of latex beads. At the lowest upflow agity of 0.3 m-R', in all three
replicates, 100% removal of latex beads was readhtk beads were not found in any
of the effluent samples. At an upflow velocity héghthan 1 m-H the removal
efficiency dropped below 90% for the three runs.

The very low upflow velocity of 0.3 m-h apparently did not affect the sludge filtration

capacity. As soon as the upflow velocity increashd,resistance against movement of
particles through the sludge bed apparently deetkas well as the associated viscosity
(Pevere et al., 2006). Consequently, the sludgratiibn capacity decreased.

b. Impact of sludge bed volume and stabilisation.

No significant effect of increasing the sludge etlme or degree of stabilisation on
latex bead removal was observed. Sludge propegmsrning the resistance towards
particle movement, are apparently not impacted ly &pplied upflow velocities
between 0.5-1 m-hand the sludge bed volumes between 350 -700 mherJASB
reactor. The presence of extracellular polymeribsgances (Johansen et al.,, 2013)
might be relevant in eggs’ filtration and dependstloe applied sludge retention time
(Mahmoud et al., 2006). A different degree of skidgabilisation relates to different
sludge retention times. Unfortunately, EPS conediains were not analysed within this
study.

The observed low values for total COD removal, ddog related to only the physical
filtration capacity, since at the imposed operaldemperature of 4°C, the biological
activity was minimised, meanwhile some sludge wdshé.

c. Settling of latex beads versus sludge bed filtiian

At an upflow velocity of 0.3 m-1, 100% efficiency was observed for the sludge bed
filtration test. Although the control reactor (plasettling) showed a slightly lower
removal of latex beads, the observed differencesnat significant (Figure 2.8). The
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slighly lower latex beads removal efficiency iniplaettling and sludge filtration might
be attributed to a possible high dynamic viscosityhe sludge compared to the water
(n =0.001569 kg-mt-s* at 4°C). The dynamic viscosity of sludge, whichswaot
measured, is expected to be high since, the visoeported in the current research for
the flocculent sludge was high €0.0765 kg-rit-s* at 9°C). An increased dynamic
viscosity, might contribute to the observed filivat capacity of the sludge layer for
latex bead removal. However, the latter hypotheseds to be tested.

According to Stokes' law the used latex beads hateoretical settling velocity of 0.5
m-h' at 4°C (see the control reactor test in §2.2@3ulting in a net discrete settling
velocity of 0.2 m- R in plain water. Therefore, full removal of thedatbeads in control
reactors was expected and results confirm theoowever, the fact that some latex
beads washed out in the control reactor meansithesr the particle size distribution of
the latex beads is non-uniform, or flow conditiamshe test columns are non-laminar.
Additionally, a current is generated in the oppositovement direction of the particles
in a system where simultaneously, particles attéirggin a fluid (Salinas-Salas, 2012).
Such upward current could also contribute to reduatex beads settling.

At an upflow velocity of 1 m-H, an increased difference in removal efficiency was
expected because the applied upward velocity of L 'nexceeds the theoretical settling
velocity of the latex beads of 0.5 m*lby a factor 2. The observed high retention of the
latex beads at the applied high upflow velocitieghhagain be attributed to a non—
uniform particle size distribution of the beadstle medium or to non-laminar flow
conditions in the used test column. Non-laminar ambulent flow patterns may cause
downward flows and even dead zones in specificspafrthe test column. Also, as a
result of prevailing wall shear stress, decreag#tbw velocities may occur from the
centre to the reactor wall (Figure 2.10), similarpipe flow patterns discussed by
Streeteret al(1988) and Smits (2003). Non-laminar flows may dsocaused by non-
homogeneous influent distribution. Upward flows idémg from presumed laminar
conditions could allow settling of latex beads sirapplied upflow velocity would be
smaller than 1 m-hin some parts of the reactor. The laminar flowimegis difficult to
achieve in water systems due to the low water gisgdAvila et al., 2011). In fact,
when liquid viscosity is low, turbulence may ocdor the form of localized puffs
(Streeter et al., 1988). Additionally, when othenditions prevail, viz. variations in
particle size, presence of non-Newtonian fluidsbwience fluctuations due to biogas
production and so on, discrete settling explanatmannot be used anymore (Mori et al.,
2006; Pevere et al., 2006) .

Also in full scale UASB reactors, a perfectly horeagous influent flow distribution
cannot be expected (Van Haandel and Lettinga, 11984inga, 1995; Seghezzo, 2004),
particularly when realizing that the number of ught feed pipes will be as low as
possible to reduce the construction costs.
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Figure 2.10Possible influent distribution in the used labled3ASB reactor
Source : Adapted from Streetdral (1988) and Smits (2003).

2.4.2 Sludge bed filtration of helminth eggs

For the studied domestic wastewater at 4°C, reshltsv that at an upflow velocity of
0.39 and 1.58 m-h a mean removal of 100 and 79% of helminth eggsxjzected,
respectively. At higher upflow velocities, reachidgl m-h*, which in practice is
impossible to apply for flocculent sludge beds, tiean helminth egg removal dropped
to 21 %. The sludge filtration capacity is strongffected by a high upflow velocity.

Results reveal thatscaris lumbricoidesvas the most common helminth egg present in
the studied wastewater which is in line with thieriture (Ayres and Mara, 1996;
O'Lorcain and Holland, 2000; Brownell and NelsorQ0&). Consequently, the
predominant availability oAscaris lumbricoidesn wastewater in comparison to other
species likeTrichuris trichiuraandHookworms allowed us to usAscaris lumbricoides
as the helminth egg indicator in further reseafidie removal efficiency of faecal and
total coliforms was below 80% under all test coiodis. Insufficient adsorption of the
pathogenic organisms to the sludge occurred anédppted HRT was too short for a

significant die-off at the prevailing temperatuRa@ngeby et al., 1996; Uemura et al.,
2002).
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Dynamic viscosity results show a mean value of P506g-m*-s* at a shear rate of 600
rpm (10 §%) at 20°C. These results are higher than the mesefiorted by Peves al.
(2006), who showed a viscosity of anaerobic grarslladge increasing from 0.0033 to
0.0058 kg-rit-s* for a shear rate decreasing from 1000 - 200 Analysis of UASB
reactor sludge showed an inverse relationship hatweoth density and dynamic
viscosity versus temperature

Sludge dynamic viscosity at 4°C is higher than 63Kg-m*-s* (viscosity measured at
9°C) which is distinctly higher than the water dgma viscosity at 4°C, i.en =
0.001569 kg-rt-s*. The increased viscosity and density at low teaupee, increases
the hydraulic shear stress on the sludge particksylting in a decreased hydraulic
turbulence in the reactor (Mahmoud et al., 200%eReet al., 2006). Density and shape
of particular helminth eggs in combination with theevailing sludge characteristics,
may have an impact on the UASB reactor's filtratiapacity for this type of eggs.

2.4.3 Use of latex beads as a model for helminth eggs

For both latex beads and helminth eggs 100% remiswathieved at 4°C and the used
low upflow velocity of respectively 0.3 and 0.39h: Similar removal efficiencies
were also achieved at upflow velocity of 1.5 arloIm- h* for respectively latex beads
and helminth eggs. Latter results do indicate ld®ix beads are a good alternative for
studying sludge filtration of helminth eggs. Comsidg the high infectiousness of
helminth eggs, which complicates any experimen&iup in terms of health risks
(Feenstra et al., 2000; Fatta-Kassinos et al., ROflle use of latex beads is
recommended.

2.4.4 UASB field operational conditions

Results demonstrated that operating UASB reactoasraduced upflow velocity while
aiming at developing a dense sludge bed with a viggtosity can significantly improve
worm eggs removal in domestic wastewater treatnpdantts. However, under field
operational conditions, viz. upflow velocities beem 0.5-1.0 m-H and temperatures
between 20 -30°C, the volumetric biogas productioft m3-d?) will be higher than at
low temperatures (Lettinga et al., 2001; von Spgriet al., 2005; Chernicharo et al.,
2015). This biogas production will likely impactettsludge bed filtration capacity. In
fact, biogas production, at least locally, incrsaige Reynolds number. The higher
degree of turbulence compared to the current reseuuill likely induce inertial lift of
particles. Therefore the sludge filtration capadiyexpected to decrease at higher
temperatures.
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2.5 Conclusions

Sludge filtration capacity is reciprocally corr@dtto upflow velocity.

For both latex beads and helminth eggs 100% remigvathieved at 4°C and low
upflow velocity of respectively 0.3 and 0.39 mT-hA decreased removal is achieved at
increased upflow velocities.

Under conditions of plain settling, 100% latex beagimoval is achieved at low upflow
velocity of 0.3 m.H due to a theoretical settling velocity of 0.5 i; fat 4°C, of the
latex beads.

Hydraulic fluid properties are different for sluddiration in comparison to plain
settling, resulting in different removal mechanisms

Use of latex beads is a good alternative for snglgiudge filtration of helminth eggs.
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Helminth egg removal capacity of UASB reactors unde
subtropical conditions

Abstract

This research was conducted to study the anaestliige filtration capacity regarding
helminth egg removal in upflow anaerobic sludgenkét (UASB) reactors. Two 25 L
lab-scale UASB reactors were operated at an amtaenderature which varied between
17.1 °C and 28.6 °CAscaris suunegg was selected as the model egg considering its
similarity in terms of size and morphology Ascaris lumbricoidesa human pathogen.
Ascaris suuneggs were obtained from female parasites of iatepigs. The anaerobic
sludge filtration capacity was performed applyingflow velocities between 0.09 and
0.68 m-h’. Three sludge bed heights in the range of 0.30-4 0.50-0.60 m and
0.60-0.70 m were applied. These sludge bed heggiitssponded to 19%-25%, 31%-—
38% and 38%—44% of the total reactor height, raspeg. Under the mentioned
conditions, the average helminth egg removal efficiy was reciprocally correlated to
the imposed upflow velocity. The studied lab-scadactors reported an average
helminth egg removal between 34%-100%, 30%—91%34f6-56%, when the sludge
bed in the UASB reactor was 19%—25%, 31%—38% aft-38% of the total reactor
height, respectively. The decreased filtration cépaat increasing sludge bed heights
might be likely related to biogas production andrateling formation. The average
helminth egg removal efficiency in the control esipents performed without any sludge
bed, by plain sedimentation, varied between 44%6844.

Keywords
Helminth eggs; Ascaris suum pathogens; UASB reactor; sludge bed
filtration capacity.

This chapter is based on
Yaya-Beas, R.E., Ayala-Limaylla, C., Kujawa-RoelelyeK., van Lier, J. B. and
Zeeman, G. (2015). "Helminth Egg Removal CapacityUASB Reactors under
Subtropical Conditions." Wat&{(5): 2402-2421"
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3.1 Introduction

When treated wastewater is intended to be useddiacultural purposes, the presence
of pathogens may limit its application potentidh{dnez, 2007; Navarro and Jiménez,
2011). Due to their shell resistance, helminth emygsthe most persistent pathogens to
inactivation (Jimenez, 2007; Maya et al., 2012)tiPalarly in developing countries,
high concentrations of helminth eggs are presewiomestic wastewater, which cause
parasitic diseases like ascariasis, taeniasis aptutiasis (Cooper et al., 2000;
Blumenthal et al., 2001; Cruz Toribio, 2010). Threvailing symptoms caused by these
diseases include diarrhea, effects on mental dewvelnt, and anemia (de Bonilla, 1990;
Santiso, 1997; WHO, 2006). Within the group of pgtmic organisms, helminth eggs are
infective agents which range in size fromyt0 to more than 100m (Tchobanoglous et al.,
2003; Jimenez, 2007; Qadir et al., 2010).

Most literature regarding removal of helminth eggselated to inactivation of helminth
eggs contained in excess sludge (Borrely et a@81&antzer et al., 2001; Keller et al.,
2004; de Souza et al., 2011; Maya et al., 2012)pmdical removal from wastewater
(Mara, 2003; von Sperling et al., 2005; Jimenez)720 Technologies to inactivate
helminth eggs in sludge are aimed at destroying stinecture of the egg (mainly
damages in its lipid layer) which prevents furtderelopment and survival of the eggs
(Jimenez et al., 2001; Koné et al., 2007; Mayal.et2@12). The best technologies for
inactivation of helminth eggs present in sludgethezmal treatment at 108 °C (Gantzer
et al.,, 2001), irradiation at 3500 Gy (Borrely dt, 4998; de Souza et al., 2011),
pasteurization at 70 °C (Cabaret et al., 2002;e€adt al., 2004) or chemical treatment
using sulfuric, hydrochloric, propionic, aceticpmracetic acid (Jimenez et al., 2001). For
example processes like alkaline pre- and postiziation, by,adding lime or other
alkaline compound to the sludge, and thermophii@eaobic digestion have shown high
residual concentrations of worm egg®., more than 1 egg-§ TS, and 0.99-1.1
egg-g* TS in the sludge, respectively (Jimenez, 2007; &eiyal., 2012). These values
are higher than the restrictive limit in developioguntries, where the use of treated
waste and wastewater in (irrigated) agricultureasymonly applied. (WHO, 1989; von
Sperling et al., 2005; WHO, 2006; Jimenez, 2007gy&kt al. (2012) reported that four
genera of helminth eggse., Ascaris lumbricoidesAscaris suumToxocara canis and
Trichuris trichiura, are sensitive to environmental conditions in ldr@al state in the
sludge. Furthermore, a proper combination of pHiness and contact time with
temperatures above 60 °C can be applied to inaetithee eggs efficiently (Brownell
and Nelson, 2006; Maya et al., 2012). Unfortunatelyternal energy and chemical-
dependent technologies are in general not feaiibldeveloping countries because they
are complex, not sustainable and expensive in tesfmeivestment, operating and
maintenance costs (von Sperling, 1996; Mara, 2008;Sperling et al., 2005; Maya et
al., 2012).

Within the group of technologies applied to physitelminth egg removal (not
inactivation) from wastewater, land-based postitneat technologies such as sand
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filtration, wetlands and polishing ponds are reparto achieve helminth egg removal of
90—99%, 100% and 100%, respectively (von Sperlingl.e 2002; Chernicharo, 2006;
Jimenez, 2007). In addition, Jimenez (2001) repotkat grit removal followed by a
coagulation flocculation process in what is knows advanced primary treatment
(APT), combined with an upflow sand filtration, textd the amount of helminth eggs
from 1.2 to 0.2 egg-g Additionally, a study using APT followed by a safilter
combined with a synthetic medium reduced the amadiitelminth eggs in average
from 26 to 1.2 egg-¢ Furthermore, APT followed by a multimedia fil@nd inclined
parallel plates reduced the concentration from 87 D2 egg-¢ (Jimenez et al., 2001).
Limited research is executed on physical helmimgt) eemoval in UASB reactors (von
Sperling et al., 2002; Jimenez, 2007; Jimenez, REltration and sedimentation has
been considered the main mechanism of helminthreggval in UASB reactors (von
Sperling et al., 2002; Mara, 2003; Jimenez, 200ying filtration and sedimentation,
helminth eggs are respectively accumulated in lindge bed and on the bottom of the
reactor (von Sperling et al., 2003; Jimenez, 2007).

The removal of helminth eggs in UASB reactors hasnbreported to amount to 60—
90% (Jimenez, 2007). UASB reactor technology iatietly cheap and compact and
could contribute to domestic wastewater treatmana isustainable way to improve
environmental protection, resource recovery andiputealth protection (Uemura and

Harada, 2000; van Lier et al., 2001; von Sperlingle 2005; Chernicharo, 2006; van
Lier et al., 2010; Jorsaraei et al., 2013). Howetlee effect of different operational

conditions of UASB reactors on helminth egg remdwad not been evaluated thus far.
Helminth egg removal through sedimentation andafitbn would give an added value to
UASB reactors. Mahmouet al. (2006) described the sludge bed filtration of UASB
reactors as a mechanism for solids removal in domesstewater. Similar processes
might affect the removal of helminth eggs in UAS#ctors.

Pig helminths likeAscaris suumTrichuris suisand Oesophagostomum spare often
used in research as model organisms for humantimaeparasites, because they are
very similar in morphology and size to the correxfing human parasite eggs and are
relative easy to obtain in high numbers from irdelcpigs (Boes and Helwigh, 2000).
Maya et al. (2012) reported that no significant differenceseviund betweerscaris
lumbricoides and Ascaris suumregarding the inactivation conditions. In addition
Ascariseggs were found to be the most resistant helmigth genus to inactivation,
combining unfavorable pH, dryness and temperatomditons, in comparison with
Taenia sp and Toxocara sp. Trichuris sp.and HymennolepigMaya et al., 2012). In
previous work (Yaya-Beas et al., 2010; Yaya-BeaaletUnpublished results), it has
been shown that in the municipal wastewater in PAsgaris lumbricoidesvas the
predominant specie. Therefore, this research waslumied usingAscaris suumas
helminth eggs as surrogate for the human parasite.

Mature Ascaris sp.eggs have an ovoid shape with average sizes of4Q@m
(O'Lorcain and Holland, 2000; Jimenez, 2007). The$minth egg is very resistant to
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inactivation under different environmental condito(Jimenez, 2007; Maya et al.,
2012). This resistance is related to their fouetag shell composed of a lipid layer
with a total thickness of about 4ufn, a mechanically rigid chitinous layer, a vitedlin
membrane and an external coat (O'Lorcain and Hhll&0D00; Quiles et al., 2006;
Jimenez, 2007). The shell is sensitive to lipidszents and shows reduced surfaces and
ridges. This mammillated layer is bile-stained t@aden brown color, and its high
hydration makes it limp in the natural environméQuilés et al., 2006; Maya et al.,
2012). Microorganisms present in anaerobic sludgg phay a role in degrading nematode
eggs, though limited research results are avail&#ae example, it has been reported that
Duddingtonia flagransand Angiostrongylus Cantonengisematofagous fungi) feed on free-
living nematodes at the larval stage at 27 °C (de& €t al., 2011; Federica et al., 2012; Arias
et al., 2013). These fungi could survive in theedtiye tract of different animal species
and kill parasite larvae as they develop in these&vidence exists that they are able to
degrade the eggshell enzymatically and infect teémimth eggs (Larsen, 2000;
Manzanilla-L6pez et al., 2013).

Sludge bed density, extracellular polymeric sulstanSeyssiecq et al., 2003; Mori et
al.,, 2006; Pevere et al., 2006; Johansen et ahhility (Seghezzo, 2004) and
methanogenic conversion capacity (Seghezzo, 200431aaff et al., 2010) are some of
the parameters that may impact the sludge bedtidtr capacity for helminth eggs.
Depending on the applied solids retention time (B&1d the concentration of helminth
eggs in the influent, long-term filtration may le&al saturation of the sludge bed,
possibly lowering the filtration capacity. Accordito reviewed literature (Chernicharo
et al., 2001; Jimenez et al., 2001; Mendez e802; Jiménez, 2005; von Sperling et
al., 2005; Jimenez, 2007; Jiménez et al., 2010édén et al., 2010), no studies have
been done thus far to characterize the sludge apdcity for helminth egg filtration.
Therefore, the main aim of this research was tdysthe sludge bed filtration capacity
of UASB reactors with respect to the physical retenof helminth eggs under different
upflow velocities at the prevailing subtropical tenatures. Filtration capacity is
defined in this research as the physical processt&in helminth eggs using anaerobic
sludge as a filtration medium.
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3.2 Materials and methods

3.2.1 Influent

The research was carried using raw wastewatertiranurban villages called El Angel and
El Milagro located in Lima (Peru). This wastewaiess fed into a pilot plant located at the
Research Center for Wastewater Treatment and Hamr#/astes (CITRAR) at the
campus of the National University of Engineerin@{, Peru). The main characteristics of
the wastewater are shown in Table 3.1.

Table 3.1 Influent wastewater characteristics from two urbdlages called El Angel
and El Milagro located in Lima (Peru), used fosthesearch

Parameter Units Average n
Chemical Oxygen Demand mgL 723.2 £320.3 90
Suspended Solids mg-L 126.5 + 28.5 36
QOils and Grease mg-L 30.8+14.1 36
Total Phosphorous—P mgL 6.6+2 35
Total Kjeldahl nitrogen—TKN mg-T* 16.2+6.5 36
Dissolved Oxygen mg-t 6.8+0.4 36
Temperature °C 228+4.1 233
pH - 7.1+£0.3 233
Fecal Coliforms MPN/100mL 967 x481.89x18 36
Helminth eggs egg-L* 24+1.4 90

Note: Wheren is a number of grab analyzed samples.

The wastewater was pumped daily into a 200 L taiie tank was filled with fresh
wastewater every morning for all cases except vtherupflow velocity of 0.68 m-h
was tested. For the latter situation, it was fillagain in the afternoon when the
remaining volume of the wastewater was 20 L. Afiling the tank, the wastewater
was mixed using a mechanical stirrer (18 RPM) witock solution containingscaris
suum The helminth egg concentration in the tank vabetiveen 20-50 egg-t The
tank was kept at ambient temperatures and its sbntas used to continuously feed the
UASB reactors. The pH and temperature of the wastswvas measured daily at 9:00,
12:00 and 16:00. The setup of the experimentsda/shn Figure 4.1.
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Figure 3.1Set up of the filtration experiments in UASB (upfl@anaerobic sludge
blanket) reactors using wastewater inoculated A#tbaris suuneggs.

3.2.2 Upflow Anaerobic Sludge Blanket (UASB) Reactors

Two 25 L identical acrylic cylindrical lab-scale \$8 reactors with a total height of
1.60 m and a diameter of 0.15 m were used sepaiatelarallel. They were located at
CITRAR. The experiments were performed from Jan2éd0 to August 2013.

3.2.3 Inoculum

The inoculum was anaerobic flocculent sludge sachflem the 536 rh pilot-scale
UASB reactor located at CITRAR. The inoculum wastaat a height of 1.5 m from
the bottom of this reactor (total height of theatea was 6.0 m). The total solids and
volatile solids concentration of inoculum was 163%and 106 + 44 g-t respectively.
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3.2.4 Helminth Eggs

The experiment was conducted usiigcarissuumas helminth egg surrogate for the
human parasite. Thascaris suurhelminth eggs were collected from female parasites
of infected pigs $us crofa domesticjdn order to collect helminth eggs, dissectiohs o
the female parasite were performed according tavBiaet al. (2009) by means of a
longitudinal incision to obtain the reproductivessgm (womb and ovary). The womb
and ovary were placed in 50 mL of physiological wisolution where they were
opened to extract the helminth eggs. The optimabhmmogy and viability of the eggs
of Ascaris suunwere verified by microscopic observation accordioglohnsoret al.
(1998) and by using the staining procedure appiiede Victorica and Galvan (2003),
respectively. Helminth eggs were added to the 20@&ktewater tank, which was fed to
the UASB reactors.

3.2.5 Helminth Egg Counting

A multi-step methodology using local materials wadesveloped from the modified
Bailenger method (Ayres and Mara, 1996) and (Bgien1979). This method was
chosen due to its simplicity and the low cost oterials, in addition to the fact that it
allows recovery of a wide range of helminths froime tsample. The detailed
methodology consists of collection of a 1 L samfddpwed by settling for 24 hina 1
L clear borosilicate glass bottle with graduatitmsoncentrate the helminth eggs and to
remove 90% of the supernatant (900 mL) by usingphos. Then, 60 mL of the
sediment are transferred to six centrifuge tubedahL each. Afterwards, the tubes are
centrifuged at 100@ for 15 min, and 70% of the supernatant (7 mL)d@maoved
without shaking the tubes to avoid mixing the peleth the supernatant. The
remaining 40 mL of sediment is distributed over Hane centrifuge tubes until the
tubes are filled with 10 mL. Next, the bottle ingéd two or more times with 10 mL of
distilled water until it is completely clean. Therresponding rinse water is spread over
the same centrifuge tubes or in new tubes. Didtilater is used to complete the
remaining volume to fill 10 mL of water in each t#fuge tube. Again, the
centrifugation step is repeated. Subsequently, 2 ehlsaturated sodium chloride
solution with a specific gravity of 1.18 is addesdfbotation solution and, the tubes are
shaken vigorously laterally. Afterwards, it is aatiied whether all solids are located in
the liquid phase. After 10 minutes, two phasesdisgénguished in the tubes. Finally,
the top phase (1.5 mL) formed in the tubes is fearnsd to glass slides to be observed
under the microscope (objectives lens 4x and 10d)ta count the eggs.

3.2.6 Physicochemical and Bacteriological Analysis

Total chemical oxygen demand (COD), suspendedssolmlatile solids, oil/grease, pH,
temperature, biochemical oxygen demand (BO&nd fecal coliform analysis were
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determined following standard methods (APHA et dl998). Gravimetric and
extractive-gravimetric methods carried out with diex as a solvent were executed for
solids and oil/grease determination, respectiveyD analysis was executed using high
range Hach’s COD digestion vials as well as a deggagactor DR 200, and program 17
from colorimeter DR 890. Dissolved oxygen, totaltragen Kjeldahl and total
phosphorous were measured according to Method HAOB60, 8038 and 8048,
correspondingly (HACH, 2008). Microscopic views weperformed with an optical
microscope ZEISS Primo Star Serial number 312200171

3.2.7 UASB Operational Conditions

In order to study the influence of different upflelocities and sludge bed heights in
the UASB reactors, four experiments were carriedasuindicated in Table 3.2. Each
experiment was performed in duplicate (two reagtors

In order to facilitate the statistical interpretatiof the results, it is assumed that at an
upflow velocity near to zero, all helminth eggs aeenoved in the UASB reactor in
experiment 1, 2 and 3. This assumption is in liriéa Whe results described in previous
research (Yaya-Beas et al., 2010; Yaya-Beas dfiapublished results).

Table 3.2 Setup of experiments in lab-scale UASB reactore$d the sludge filtration
capacity to remove helminth eggs.

SB Height .
Experiment Variatic?n SBp Upflow Velocities
(m) (%0) (m-h™)

1 0.30 t0 0.40 19to 25 0.09, 0.17, 0.23, 0.34a68

2 0.50 to 0.60 31to 38 0.09, 0.11, 0.17, 0.234 Gy 0.68

3 0.60 to 0.70 38to44 0.09,0.14,0.17, 0.234,00345 and 0.68

4 (blank 0 0 0.09, 0.11, 0.14, 0.17, 0.23, 0.34, and

experiment) 0.68

Notes: Where SB means sludge bed and SBp is tHgeshed expressed as a percentage of
the total reactor height. The upflow velocities0d®9, 0.11, 0.14, 0.17, 0.23, 0.34, 0.45 and
0.68 m-h* correspond to an hydraulic retention time (HRTL5f 12, 10, 8, 6, 4, 3 and 2 h,
respectively. Each experiment was repeated thmeesti

The startup of the UASB reactors was performednatigflow velocity of 0.34 m-Hi

and hydraulic retention time (HRT) of 4 h. Eachlapf velocity for every experiment
was applied during seven days and samples were t@kehe last day. The samples
were taken after an elapsed time equivalent to l4R&, after introducing a known
wastewater corresponding in the influent tank. Hffuent of UASB reactors was
collected separately from each reactor in orddret@ble to take separate samples. For
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every upflow velocity, six samples were analyzed @D and helminth egg content
and temperature in the influent and effluent. Atalf six samples were performed per
upflow velocity, which were collected respectivétpm three measurements in each
UASB reactor.

Experiment 1 was performed 85 days after the efdite UASB reactor. Before starting
experiment 2, reactors were operated for approxinp®&0 days and continuously fed
with domestic wastewater containing an average inéhmegg concentration of 2.4
egg-L* and an HRT of 4 h. The two reactors were fed withctly the same influent
using two peristaltic pumps (2 Masterflex, OldhaoK). Some samples from the
effluent in experiment 2 were taken for each upfi@ocity in order to do microscopic
observations. Experiment 3 started immediately raft@ishing experiment 2.
Experiment 4 (control experiment) was performechwitt sludge in the acrylic UASB
reactor 7 days after all experiments were finishdtexperiments were performed at
ambient temperatures. Sludge was removed in eac®BU&actor in order to maintain
the established sludge bed height variation acagridi Table 2.

3.3 Results and discussion

A summary of the results of experiments 1, 2, 3 4rgllisted in Table 3.1. The sludge
filtration capacity at ambient temperatures andgtubed heights in the ranges of 0.30—
0.40 m and 0.50-0.60 m, showed a negative lineactiftn between the average
helminth egg removal efficiency and upflow veloaitith a coefficient of determination
of 0.94 and 0.91, respectively. When the sludge heEght increased to 0.60-0.70 m,
the negative linear correlation is still present the coefficient of determination {R
decreased to 0.57.
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Table 3.3 Results of helminth egg removal and chemical orygemand (COD)
removal efficiencies at applied upflow velocitiesdawastewater temperatures. Each
upflow velocity was applied three times in each BARactor. Then a total of six
samples per upflow velocity was analyzed.

Upflow Velocity Temperature Helminth Egg

Experiment (m-h-1) (°C) removal (%) COD (%)
Experiment
1 0.09 24624 93+5 719+7.1
0.17 28.6 +2 774 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
0.68 265+ 2 26+7 454 +£6.3
Experiment
2 0.09 22+6 91+3 71.6 +10.3
0.11 225+53 75+10 71.6+2.2
0.17 242+15 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
0.68 255+3 30+15 63+19.1
Experiment
3 0.09 23.3+0.9 55+1 80.3+24
0.14 214+29 53+5 80.2+155
0.17 27.1+0.5 56 +7 80.2+8.1
0.23 23.3+5.7 56 +8 79.3+0.8
0.34 221+4.2 55+11 69.5 +14.8
0.45 285+2 46 + 8 60.5+0.4
0.68 26.2+23 34+8 453 +34
Experiment
4 0.09 169+1 66 +3 776124
0.11 16.9+0.5 48 +3 448 £9.8
0.14 1731 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
0.34 181+1 52+ 10 711+3.7
0.68 17.7+1 54+8 55.2+7.3
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Experiment 1: Upflow velocity between 0.09 and 088h™* and sludge bed height
between 0.30 and 0.40 m (19 to 25% of the totatteaheight)

The efficiencies of helminth egg removal as a fiomcof the upflow velocity, applying
a sludge bed height between 0.30 and 0.40 m inréactors, are shown in Figure 3.2,
both operated at five upflow velocities of 0.09,7.0.23, 0.34 and 0.68 m*hResults
show a decreasing trend for helminth egg removidiefcy at an increasing upflow
velocity. A negative linear relationship was obsehbetween upflow velocity and
helminth egg removal with a high coefficient of eraination & = 0.92). The current
results of the experiment applying a low sludge hedyht of 19-25% show that an
increment of the upflow velocity leads to a deceeat the sludge filtration capacity.
The latter statement could be explained becauseasas the wastewater upflow velocity
increases, the associated sludge viscosity probdbbreases (Pevere et al., 2006).
Analogous to the removal of helminth eggs, the G&boval efficiency is decreasing at an
increasing upflow velocity (Figure 3.3). A negatilinear relationship was observed
between upflow velocity and COD removal with a hagfefficient of determination @R
0.99). Average ambient temperature varied betw8ean@ 28.6 °C in both UASB reactors.

100%

80%

60%

40% -

20%

0 % T T T

0.00 0.20 0.40 0.60 0.8C
Upflow velocity (m. h%)

Helminth eggs removal efficiency (%

Figure 3.2 Helminth egg removal efficiencie®)(versus upflow velocity at a
sludge bed height between 0.30 and 0.40 m.
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Figure 3.3 Total COD removal efficiencies in two UASB reactarbaracterized
by a sludge bed height between 0.30 and 0.40 m.

Experiment 2:Upflow velocity between 0.09 and 0.68 rit-and sludge bed height
between 0.50 and 0.60 m (31 to 38% of the totatteaheight)

The efficiencies of helminth egg removal as a fiomcof the upflow velocity, applying
a sludge bed height between 0.50 and 0.60 m irréactors, are shown in Figuged,
both operated six different upflow velocities: 0.0211, 0.17, 0.23, 0.34 and 0.68
m-h. Results show a decreasing trend for helminth eggoval efficiency at an
increasing upflow velocity (Figure 3.4). A negatiVinear function was observed
between upflow velocity and helminth egg removalthwa high coefficient of
determination R = 0.91). The observed results applying a sludgehesght of 31-38%
were similar to those at a sludge bed height 0P5%-

In contrast, the COD removal efficiency did not wha clear trend at an increasing

upflow velocity (Figure 3.5) when applying a sledd¢ped height of 0.50-0.60 m.
Average ambient temperature varied from 22.0 t4 26.
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Figure 3.4 Helminth egg removal efficiencies)(versus upflow velocity using a
sludge bed height between 0.50 and 0.60 m.
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Figure 3.5 Total COD removal efficienciesersusupflow velocity using a
sludge bed height between 0.50 and 0.60 m.
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Experiment 3: Upflow velocity between 0.09 and 0.88h* and sludge bed height
between 0.60 and 0.70 m (38 to 44% of the totatteaheight)

Results of the helminth egg removal as a functioie upflow velocity at a sludge bed
height between 0.60 and 0.70 m, in two UASB reactiperated at 0.09, 0.14, 0.17,
0.23, 0.34, 0.45 and 0.68 m*hare shown irFigure 3.6. Though a slightly decreasing
trend is shown with increasing upflow velocity, theefficient of determination is low

(R? = 0.83). Moreover, standard deviations are large.

Results on COD removal efficiency show a decreasiegd at an increasing upflow
velocity (Figure 3.7). A negative linear corraatiwvas observed between upflow velocity
and COD removal with a high coefficient of deteration (& = 0.97). Average ambient
temperature varied from 21.4 to 28.5 °C.

Although counterintuitive, the decreasing trendhéminth egg removal efficiency at an
increasing sludge bed height in the studied lalesemactor might be explained by an
increase in turbulence, created by the biogas ptamu and formation of channels
through the sludge bed (Lettinga et al., 1984; Admldir et al., 2014) during all studied
velocities. The possible saturation with helmintig® during previous experiments
could also have influenced the stability of thetsgs with respect to helminth egg
removal. Since none of the eggs are spherical (©4io and Holland, 2000; Quilés et
al., 2006; Jimenez, 2007; Jimenez, 2007), it islyikhat they settle with different, but
unknown orientations (Sengupta et al., 2011).
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Figure 3.6 Helminth egg removal efficiencies)(versus upflow velocity using a
sludge bed height between 0.60 and 0.70 m.
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Figure 3.7 Total COD removal efficiencies versus upflow vetgaising a sludge bed
height between 0.60 and 0.70 m. Results show taeage of two reactors and standard
deviation and three measurements per reactor.

Experiment 4: Blank experiment using upflow velogibetween 0.09 and 0.68 m*h
and no sludge bed

The effect of the upflow velocity on the settlinfjhelminth eggs is demonstrated by the
results of the control experiment, applying a UA®Bctor without sludge. Results for
seven different upflow velocities, 0.09, 0.11, 0.047, 0.23, 0.34, and 0.68 rit-hare
shown in Figures 3.8 and 3.9. Each point is theraye of three samples in two
reactors.

Figure 3.8 indicates that the best efficiency Hetminth egg removal was obtained at
0.09 m-A', when the removal efficiency reached 66 + 3%.
For upflow velocities higher than 0.09 mththe helminth egg efficiency removal was
lower but always exceeded 44 + 3%. It should beddhat standard deviations were
large, so no significant differences were obserf@dhelminth egg removal at an
increasing upflow velocity. Figure 3.9 shows thent for TSS and VSS removal. The
best TSS and VSS removal efficiency (about 80%) @l#tained at the lowest upflow
velocities. For the higher upflow velocities the S&nd VSS removal efficiencies
dropped to 40-50% and 30-40% for TSS and VSS, céspl.

The control experiment was executed in winter atlatively low temperature and
average ambient temperature varied from 16.9 td 18. Latter temperatures were
colder compared to previous experiments since é@xpat 4 was carried out
coincidentally during winter.
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Figure 3.8 Helminth egg removal efficiencies)(versus upflow velocity without sludge
in the control experiment. Results shows the awemfgthree samples and standard
deviation; no sludge bed.
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Figure 3.9 TSS ) and VSS ¢) removal efficiencies in the control experiment—No
sludge bed. Results show the average of three sarapt standard deviation.

Results of experiments 1, 2, 3 and 4 show thaslhidge bed in a UASB reactor is an
inappropriate and unreliable filter medium for hedth eggs. Therefore, for achieving a
complete helminth egg removal, a UASB reactor rbestollowed by an adequate post-
treatment unit like land-based settling units goat-filtration step (Chernicharo et al.,
2001; von Sperling et al., 2005; Chernicharo, 200&)r the control experiment

(without sludge), average helminth egg removakedficy varied between 44 and 66%
at upflow velocities between 0.09 m*tand 0.68 m-H. Unexpectedly, these values
exceed the removal efficiencies of the reactolsdilwith high volumes of sludge,
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particularly at the high upflow velocities. Previotesearch (Yaya-Beas et al., 2010;
Yaya-Beas et al., Unpublished results) showedwisabsity of the flocculent anaerobic
sludge is approximately more than 50 times highan tthe viscosity of the liquid water,
thereby theoretically leading to a better retentdhelminth eggs.

The explanation in the control experiments for wheg/levels of helminth egg removal were
so high is not very clear. Likely, the better réitam might be associated to the absence of
biogas production and thus turbulence. Therefanethe absence of turbulence, the
wastewater flow is more homogeneous (Bolle et HI86; Elmitwalli et al., 1999;
Mahmoud, 2002; Lew et al., 2004), and helminth sgtling follow a discrete settling
pattern. Another remarkable observation is thahetehe lowest upflow velocity (0.09
m-h™) helminth eggs do not settle completely nor ataimed completely by the sludge
bed. The wash out of helminth eggs under theseitionsl may indicate that either the
egg density is much less than expected, or thedistibution is far from laminar (Bolle
et al.,, 1986; Ojha and Singh, 2002; Seghezzo, 2094)igher degree of channeling,
which is expected at higher volumes of sludge {hg# et al., 1984; Jeison and Chamy,
1999; Seghezzo, 2004), will aggravate the extramése flow distribution patterns. The
latter will certainly lead to poorer filtration germances, as was also observed in the
conducted experiments.

COD removal efficiencies showed a similar trend the helminth egg removal
efficiency. An increased removal of COD with deaieg upflow velocity was shown
by Mahmoud (Mahmoud, 2002; Mahmoud et al., 2008pugh completely different in
nature, helminth eggs are also particles that cbeldxpected to behave similarly.

Microscopic observations in the effluent

Microscopic observations were performed only foperkment 2. The presence of
helminth eggs was detected in the sludge sampieaddition, several damages have
been microscopically observed in the morphologyhefminth eggs in the effluent
(Figure 3.1@,c,f) with respect to the influentFigure 3.10—e,g,h) of the UASB reactor.
The observed damages in the internal morphologitrakcture of the eggs might be
related to a possible loss in egg viability. Thdaenages could be possibly caused by
the retention of the eggs in the sludge bed forajygied HRT prior to their washout.
The indicated hypotheses need to be confirmed ithdu researchFigure 3.1@, d
presents respectively some microscopic views omimth eggs in the influent and
effluent of the UASB at an applied upflow velociof 0.09 m-h'. There are some
changes in the internal morphology like probablevdh development but without
progression to the next stageiglire 3.18—e). Figure 3.1@,h shows some observed
damages in the structure of helminth eggs.

69



Chapter 3

The percentage of damaged helminth eggs preseheieffluent of the UASB reactor
that operated under different conditions was né¢meined, but visually they only were
present in the effluent and not in the influent.

Following microscopic observations of the sludgegked at different upflow velocities
in experiment 2, it is shown that damages to hdlmi#ggs occurred in all applied
upflow velocities. It is shown iRigure 3.10 that some helminth eggs formed clusters of
eggs. The mechanisms behind this phenomenon akmoon.

@
(©)
®) (h)

Figure 3.10 Helminth eggs in the influeni) and in the effluentk) for an applied
upflow velocity of 0.09 m-H. Helminth eggs in the influent)and in the effluentd)
and €) for an upflow velocity of 0.34 m-h Helminth eggs from the effluent show an
internal morphology likely affected by the experinted conditions. Helminth eggs in
the influent {) and in the effluentd) and f) of lab-scale UASB reactor for an upflow
velocity of 0.68 m-H. Helminth eggs from the effluenig)( show an apparently
deteriorated semi-crystalline internal morphologyogsible larval development but
interrupted by the conditions of the experiment)l &m) group of attached helminth
eggs.

The observed damages ohscaris suummight be attributed to the prevailing
physicochemical conditions in the direct vicinityf dhe eggs or to other
microorganisms, which could be present in the afdersludge like nematofagous
fungi (da Cruz et al., 2011; Federica et al., 204r2as et al., 2013). The relatively low
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helminth egg removal in the experiment with thehleist sludge bed might also be
related to a high percentage of damaged helmirgl ag a result of a long retention of
helminth eggs in the sludge bed. Damaged helmigtys enight have a decreased
density and thus a lowered settleability. The fdtigothesis could also explain why the
removal of helminth eggs in the blank experimenith@ut sludge bed) is relatively

high compared to the sludge bed reactors. Thisthgses needs to be verified in future
research.

The results showed that helminth egg removal vatl lme sufficient for UASB systems
operated with conventionally collected domestic teaster where relatively high
upflow velocities need to be applied as a resutheflow COD concentration (Dong et
al., 2013; Ozgun et al.,, 2013). New trends in ddimesastewater collection and
transport like uncoupling rainwater (Rulkens, 20@#) source separation (Kujawa-
Roeleveld and Zeeman, 2006; Udert and Lienert, 2ZB&8man and Kujawa-Roeleveld,
2013) increase wastewater concentration and threreéaluce applied upflow velocities.
The observed increased helminth egg removal atcestlupflow velocity might imply
that application of UASB reactors, with similar dtiag rates in source separated domestic
wastewater, leads to improved helminth egg removal.

3.4 Conclusions

This study demonstrated that with an increasedgsiumbd height there is a reduction in
the sludge filtration capacity for helminth egg wamal. If treated wastewater is used for
irrigation purposes, the UASB reactor must be feld by an adequate post-treatment
unit. The sludge filtration capacity at ambient paratures and sludge bed height in the
range of 0.30-0.40 m and 0.50-0.60 m, which agneis19—25% and 31-38% of the
total height reactor, respectively, showed a nggdinear function between the average
helminth egg removal efficiency and upflow velocifyhis study reported an average
helminth egg removal between 34-100%, 30-91% aréd&@4 when the sludge bed
height was 19-25%, 31-38% and 38-44%, respectigéije total height in the UASB
reactor at upflow velocities varying between 0.081 £.68 m-f. Several damages
were observed during microscope observations inntbephology of helminth eggs
present in the sludge and the effluent of UASB taracat upflow velocities between
0.09 and 0.68 m-h
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Presence of helminth eggs in domestic wastewaterdiis removal
at low temperature UASB reactors in Peruvian highlads

Abstract

This work studied the anaerobic sludge filtratiapacity for pathogen reduction in a 29
L and 1.65 m height lab-scale UASB reactor treatitognestic wastewater at low
temperatures in the city of Puno (Peru). The armersiudge filtration capacity was
performed applying upflow velocities of 0.12, 0.1416, 0.20, 0.27 and 0.41 m‘h
Results show that the helminth egg removal varievben 89 and 95% and the most
common specie wasscaris lumbricoidesFaecal coliform ané. coliremoval varied in
the range of 0.9-2.1 and 0.8-1.64¢espectively. Likely related to the low operatibna
temperatures, the total COD removal varied betvB¥eand 62%. The best performance
in terms of removal of helminths eggs, total CORI aarbidity was obtained at the
lowest upflow velocity of 0.12 m-h In order to meet WHO standards for water reuse a
post-treatment unit will be required to polish #fuent.

Keywords
Helminth eggs; municipal wastewater; pathogens; BA&actor; sludge bed filtration

capacity

This chapter has been accepted for publication in \Ater Research as
Yaya-Beas, R.E., Cadillo-La-Torre, E.A. Kujawa-Roadld, K., Zeeman, G. and
van Lier, J. B. (2015). "Presence of helminth eiggdomestic wastewater and its
removal at low temperature UASB reactors in Pemubighlands."
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4.1 Introduction

Treated domestic wastewater is an attractive altesn water source for the production
of irrigation water (WHO, 2006; McCarty et al., 20IMohd, 2013). Pathogen content
might hinder the safe use of domestic wastewateirfigation purposes. Pathogenic
organisms from human faeces contained in wasteveatewvery diverse and can be
classified in four groups, viz. bacteria, protozaasses and helminths (Tchobanoglous
et al., 2003; von Sperling et al., 2005; Santo Dauiet al., 2007; Jiménez et al., 2010).
Within the group of pathogens present in domesétistewater, helminth eggs have been
identified as the most resistant pathogens becaluieeir insufficient removal during
wastewater treatment (WHO, 1989; Jiménez, 2006; WERID6). Regarding reuse of
treated domestic wastewater the World Health Orgdinn (WHO) recommend less
than 1 egg/L of helminth eggs for restricted andestricted irrigation (WHO, 1989;
WHO, 2006). A relatively low Helminth egg contemérying between 2 and 5 egg/L, is
reported in urban domestic wastewater in Peru (\8g@as et al., 2010). Much higher
concentrations between 16 and 43 egg/L were repdyeGarcia Palacio (2010) in
Colombia. In Brazil, Navarro and Jimenez (2011 pré&gd a helminth egg concentration
between 166 and 202 egg/L. These levels of helnggts represent a risk of parasitism
transmission. Parasitic infections are endemic &mady common among Andean
countries like Peru, Colombia, Ecuador and Venez€ooper et al., 2000; Garcia
Palacio, 2010; Gonzalez et al., 2011; Gil et @13.

Sanitation conditions in highlands from low incomegions in Latin American
developing countries are in general poor (Escol@mniRez and Barg, 1990; Reynolds,
2001; WHO, 2012). Some examples are evidenced ivo PReru) (Maco et al., 2001;
Marcos et al.,, 2003; Rossi Luna, 2010), Narifio ¢@dlia) (Sanchez-Triana et al.,
2006; Botero-Garcés et al., 2009; Gomez-Duarté. e2@13), Quito (Ecuador) (Weber
et al., 1994; Da Ros, 1995; Fernandez and Buitiénetos, 2011) and La Paz (Bolivia)
(Benavides and Mendoza, 2003; Escobari, 2003).ekample, a coproparasitological
study conducted in Puno on subjects, whose ages between 4 and 98 years showed
that the overall prevalence of parasitism in thalgtpopulation was 91.20% (Maco et
al., 2001). Poverty and lack of health protectisagsams, and insufficient education,
especially in Andean locations, favour parasitisamgmission in comparison to other
parts of Peru (Maco et al., 2001; Marcos et al03}0Regarding Peru, approximately 9
million people, 32% of the national population (IN2007), live in the highlands. The
treatment of domestic wastewater in the Andeanlaigts is additionally challenged by
the relatively low ambient temperatures and the Vew availability of large areas of
flat land, which makes the application of land-lthsystems very cumbersome. A
typical example is the city Puno located at 3818.s1l.in the Peruvian highlands which
contaminates its inner bay in the ancient Titicdalke with insufficiently treated
domestic discharges (Northcote et al., 1991). Tleegiling low ambient temperatures
in Puno impose difficulties for any biological westater treatment system as
biochemical reaction rates decrease distinctly. VWWbased on only aerobic
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technologies in low income locations usually getesrdinancial constraints associated
to high capital and operational costs (von Sperlib@96; von Sperling et al., 2005;
Kassab et al., 2010). Anaerobic wastewater tredtmercesses can, however, increase
overall energy recovery efficiency and carbon eioisssavings (Lettinga, 2008;
Verbyla et al., 2013).

The application of Upflow Anaerobic Sludge BlanKEIASB) reactors for domestic
wastewater treatment is so far restricted to talpiand semi-tropical conditions
(Seghezzo et al., 1998; van Lier et al., 2010; Saizal., 2011; Heffernan et al., 2012;
Chernicharo et al., 2015). For temperatures beloWwd, application of UASB reactors
is possible when long hydraulic retention times {HRnd long sludge retention times
(SRT) are applied. For these temperatures, an 8RJel than 100 days is necessary to
provide sufficient methanogenic activity (Zeemanl &ettinga, 1999). Such long SRT
will concomitantly result in a long HRT, and consgeqtly, the upflow velocity would
be relatively low. Density and shape of particui@tminth eggs in combination with
anaerobic sludge predominant characteristics at temperatures, could impact
positively on the sludge filtration capacity for Iiménth eggs (Yaya-Beas et al.,
Unpublished results). Thus, a low upflow velocityaymon one hand cause short
circuiting in the sludge bed, and therefore affeegatively the helminth egg removal.
On the other hand, depending on the density angeslo& helminth eggs and the
influence of the quality of the sludge, helmintlgegnight be retained in the sludge bed.

Most investigations applying UASB technology at paratures below 15 °C mainly
focussed on COD removal and not on pathogens rdwlosa et al (2004) reported a
COD removal of 48%, and 70% respectively at 10 dC, when applying a UASB
reactor for the treatment of domestic wastewat&Tiaried between 3 and 24 hours).
Grin (1983) reported that UASB reactors treating maastewater can only achieve a
total COD removal between 30 and 50% at an HRT lod@s at 11-12 °C. Luostarinen
et al. (2007) showed that UASB septic tanks can remo® 6bthe total COD in black
water at temperatures between 5 to 13 °C at an BRZ.3 days. Elmitwalliet al.
(2007) described a 31% of total COD removal in aSBAreactor treating grey water at
an HRT of 20 hours and temperatures between 142argi° C. These low removal
efficiencies will pose the necessity to apply atgoeatment to comply with the
discharge or reuse requirements. Previous res€#egta-Beas et al., 2015; Yaya-Beas
et al., Unpublished results) reported that 100%oreahof helminth eggs is achieved at
4 °C and low upflow velocities between 0.3 and 00391*. Yaya-Beaset al. (2015)
elucidated that helminth egg removal varied betw88% and 26% respectively at
average wastewater temperature between 16.7 ar@l °Z8.for upflow velocities
between 0.09 and 0.68 m*hChernicharo (2006) reported that helminth eggoneah
varied between 60-90%.

Filtration processes for solids removal in domestizstewater using the anaerobic
sludge bed from UASB reactors were researched dymdadet al. (2006). Similarly,
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these processes might affect the removal of pathagdicators like helminth eggs,
faecal coliforms andEscherichia coliin UASB reactors. Thus, the anaerobic sludge
filtration capacity regarding pathogens at tempeest lower than 15 °C would give an
added value to UASB reactors.

The main objectives of this research were to identie common species of helminth
eggs in wastewater in the Andean city of Puno (Pand to study the anaerobic sludge
bed filtration capacity for pathogens removal unidev temperatures. The sludge bed
filtration capacity was assessed in a lab-scale BIA&actor under different upflow
velocities and temperatures, varying between 1ad31a.3 °C. The selected pathogen
indicators were helminth eggs, faecal coliforms Badherichia col(E.coli).

4.2 Materials and methods
4.2.1 Influent

The research was performed in the city of Puncatetliin the Peruvian Andes at an
altitude of 3810 m.a.s.l. Puno is characterisecabyaverage ambient temperature of
8 °C and an annual precipitation of 750 mm (Ol&#dsina and Olarte Daza, 2013). A
volume of 500 L of fresh domestic wastewater cantg helminth eggs was daily
delivered from the WWTP 'El Espinar' located in Hzme city and stored in a stirred
tank (15 rpm) at ambient temperatures. Subsequéntiias pumped to the UASB lab-
scale reactor using a peristaltic pump (Masterflé¢®A). The main characteristics of the
wastewater determined in this research are preténieable 4.1.
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Table 4.1 Main characteristics of the domestic wastewatdtl&Espinar (Puno-Peru)

Parameter Units nt Influent
pH 33 7.8+0.2
Temperature °C 26 125+2.0
Turbidity NTU 33 370 + 130
Total COD mg- L™ 19 621+ 146
Soluble COD mg- L 18 226+ 79

: ; -1
o e s
Total Solids (TS) mg- L™ 16 1532 + 282
Volatile Solids (VS) mg- L™ 16 467 + 162
Helminth eggs mg-L* 17 194 + 79
Total coliform CFU-100mL* 29 5.3E+10 + 5.5E+10
Faecal coliform CFU-100mL* 29 2.5E+10 + 3.17E+10
E. coli CFU-100mL* 29 3.4E+10 + 4.0 E+10

'n: number of analysed grab samples during the rels@eriod

4.2.2 The UASB reactor

A 29 L acrylic lab-scale UASB reactor was used. Téactor height was 1.65 m and
diameter 0.15 m. The research was performed froth écember 2012 to"7July
2013.. The scheme of the reactor set up is showigure 4.1.
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Figure 4.1 Schematic diagram for the set up of the filtratomeriments in the UASB
reactor at low temperatures. A and B indicate the

4.2.3 Inoculum

The inoculum consisted of 6L of anaerobic flocctlsiudge sampled from a 536°m
pilot-scale UASB reactor located at CITRAR (YayaaBeet al., 2015). The inoculum
was sampled at a height of 1.5 m from the bottomhat reactor (total height and
average upflow velocity of the reactor were 6.0md & m-h' correspondingly). The
total solids and volatile solids concentration leé inoculum were 163 + 37 and 106 +
44 g-L% respectively.
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4.2.4 Physicochemical and bacteriological analysis

Suspended solids, total solids, volatile solid$,aoid grease analysis were performed
according to Standard Methods (APHA et al., 1998)e pH, temperature and faecal
coliforms determinations were performed accordmétandard Methods (Eaton et al.,
2005). Soluble COD was determined in a filtered @arthrough a membrane filter type
Millipore and pore size of 0.4am. Chemical oxygen demand (COD) was measured
according to Hach method 8000 (HACH, 2008) follogvihe reactor digestion method
using COD digestion vials high range (20-1500 md)-&and low range (0-150 mg-1),
digester reactor DRB 200 and a DR 890 Hach ColdemeDissolved oxygen
measurement was performed according to Hach metb8d0 (HACH, 2008). Total
coliforms andk. coli were performed according to Membrane Filtrationtihdd using
m-ColiBlue24 Broth PurRite Ampoules (HACH, 2008)adeal coliforms were
performed according to Membrane Filtration Metha@ing m-FC with Rosolic Acid
Broth ampoules (HACH, 2008). The produced colotiggotal coliforms,E. coli and
faecal coliforms were counted and reported in cpléarming units per 100 ml
(CFU-100mLY) of wastewater sample, having a level of detectibh CFU-100mL".
Helminth egg counting was performed according todhme methodology described by
Yaya-Beaset al. (Yaya-Beas et al., 2015). Helminth eggs were ifledt using a
combination of the keys given by USF (2005) andThyenpont (1979). Microscopic
observations were performed with an optical micopsecZEISS Primo Star. Biogas was
continuously collected in 5 litres gas bag. Methanethe collected biogas was
determined by gas displacement in Mariotte flagslsging a 16 % NaOH solution to
remove the C@at ambient temperatures which varied between1@l414.5 °C.

4.2.5 UASB operational conditions

After the inoculation, the UASB reactor startedwigh the domestic wastewater from
Puno as the influent at an upflow velocity of Omiih™. The research on the effect of
various upflow velocities on the filtration capgcibf the anaerobic sludge bed was
initiated after 41 days, when a stable turbidityosal was reached of 83 + 5 %.

a. Set up of experiments

The research was performed during 152 days (22 sye8k upflow velocities, i.e. 0.12,
0.14, 0.16, 0.20, 0.27 and 0.41 it-tvere applied. The number of weeks applied for
each upflow velocity and number of analysis aregiin Table 4.2. Grab samples were
collected for each upflow velocity and measuremeht! replicates were identical.
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Table 4.2 Set up of upflow velocity tests and number of gsial and measurements
performed for each week of the research in thestatbe UASB reactor. A total number
of 3 analyses/day were performed for turbidity gotd while 5 analyses/day for
temperature.

Hydraulic

W Upflow Velocity retention time Total Faecal coli Helminth Total
(m-hY ) coliforms coliforms eggs COD

1 0.12 14.2 1 1 1 0 1

2 0.12 14.2 0 0 0 0 0

3 0.27 6.0 1 1 1 1 1

4 0.27 6.0 0 0 0 0 0

5 0.27 6.0 1 1 1 0 1

6 0.20 8.1 1 1 1 1 1

7 0.20 8.1 1 1 1 0 0

8 0.20 8.1 1 1 1 1 1

9 0.20 8.1 2 2 2 1 1
10-11 0.16 10.1 2 2 2 1 1
1213 0.14 12.1 2 2 2 1 1
14-15 0.12 14.2 1 1 1 1 1
1€ 0.20 8.1 1 1 1 1 1

17 0.20 8.1 2 2 2 1 1
18419 0.27 6.0 2 2 2 1 1
2C 0.41 4.0 2 2 2 1 1

21 0.41 4.0 1 1 1 1 1

22 0.12 14.2 1 1 1 1 1
Total 29 29 29 17 19

*W = week number.

The samples were taken after an elapsed time dgutvaf one HRT, after introducing
a new batch of wastewater in the influent tank. @amfrom influent and effluent were
collected in glass bottles and analytical detertiona were performed immediately.

Depending on the type of analysis, intervals dusagple collection varied over the
whole sampling period, ranging from 0.5 hours tt@irs. In order to guarantee a
steady state, sampling regarding, helminth eggstatadl COD were performed in the
seventh day after applying a specific upflow vetjpciRegarding total and faecal
coliforms andE. coli, samples were taken on the third day, after apglgnspecific
upflow velocity.

Influent and effluent temperature were measurety dizie times (9:00, 11:00, 13:00;

15:00 and 17:00 hours), ambient temperature wasunea hourly. Turbidity and pH of

influent and effluent were measured three timesay (@:00, 12:00 and 17:00 hours).
Methane production for all upflow velocities excépt 0.16 m-FR' was measured once
a day. Due to technical failure no data for biogesduction is available for an upflow
velocity of 0.16 m-F-
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4.2.6 Calculations

The HRT at a predetermined SRT is calculated usiegormula given by Zeeman &
Lettinga (1999):

24*C*SS*R * (1- H)
X

HRT:[ }*SRT (eq. 4.1)

where C is the COD concentration in the influen®a, in kgCODmM ™), SS is the
fraction of suspended solids in the influent (C@DODyw), X is the sludge
concentration in the reactor (in kgC@D?), R is the fraction of CORremoved and H
is the level of hydrolysis of the removed solids¥&d of C and SS are determined from
influent conditions given in Table 4.1.

4.3 Results and discussion

Total helminth egg removal varied between 89 + &d 85 + 3% for different upflow
velocities (see Table 4.3). The average wastevateperature varied between 11 and
14 °C during the research period. The wastewateingluthe research period was
characterised as a medium strength domestic watgteimaterms of COD. Concerning
pathogens’ content in terms of helminth eggs, feealforms andE. coli the domestic
wastewater of Puno is considered very concentratedpared to results reported in
literature (Jimenez et al., 2001; Elmitwalli et,@&002; Tawfik et al., 2006b). The
observed high helminth egg content might be relttetie previous reported very poor
sanitation in Puno (Northcote et al., 1991; Macalgt2001; Marcos et al., 2003).

A summary of obtained results of the experimentgrigating domestic wastewater in a
UASB reactor at different upflow velocities and Ié@mperature, is presented in Table
4.3. The Table 4.3 presents influent end efflul@racteristics and removal efficiencies
for helminth eggs, total coliforms, faecal colifsmE. coli, total COD, BOD5 and
turbidity.
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Table 4.3 Helminth eggs, total coliforms, faecal colifornts, coli, total COD, BOD and turbidity in influent and effint when treating
domestic wastewater from Puno (Peru) in a UASBwttemperature and different upflow velocities.

\Lljg‘;'g}’tvy m-H* 0.12 0.14 0.16 0.20 0.27 0.41

Flow L.t 49.0 57.6 69.1 86.4 115.2 172.8
gﬁ%g:‘;ture °C 10+ 0.6 107 +1 10.4 £0.2 11.5+05 75+1 84+11
:’;’%ﬁg;’ﬁ% °C 123+1.6 12+18 123+2.1 143+2 11.3+0.9 12.3+25

Total Coliforms

n 3 4 4 8 6 4

Influent CFU-100mC* 56E+10+6E+10  1.6E+10+0.8E+10 9.4E+10 + 7.8E+H07E+10 + 5E+10 6.9E+10 + 5.8E+10  2.7E+10 + 2.8E+1
Effluent CFU-100mLC*  0.8E+09 + 0.7E+09 1.1E+09 + 1.2E+09 2.4E+09 + 20+ 3.2E+09 + 2.3E+09  7E+09 + 7.1E+09 3.5E+09 + 10E
Efficiency % 91 +13 95+5 95 +5 91+8 89 +8 66 + 41
Faecal Coliforms

n 3 4 4 8 6 4

Influent CFU-100mC*  4E+10 +6.1E+10  6E+09 + 4.6E+09  4.9E+10 + 4.6E+101E310 + 2.4E+10  1.7E+10 +2.3E+10 0.9E+10 + 1.1E+1
Effluent CFU-100mLC"  2.8E+08 + 1.9E+08 5.5E+07 + 4.8E+07 5.1E+08 + 2(BE+ 6.7E+08 + 49E+08  6.6E+08 + 2.3E+08  5.9E+089E208
Efficiency % 76 + 37 99 +0 96 + 7 88 + 28 82 + 27 85 + 10

E. coli

n 3 4 4 8 6 4

Influent CFU-100mC*  4E+10 +4.3E+10  1E+10+0.4E+10  6.4E+10 + 5.5E+1E+1 + 4E+10 4.2E+10 +4.8E+10  1.7E+10 + 1.8E+10
Effluent CFU-100mC*  55E+08 + 4.7E+08 9.3E+08 + 6.6E+08 1.4E+09 + 1(3F+ 1.3E+09 + 0.9E+09  4.8E+09 + 6.4E+09  2.3E+097E209
Efficiency % 91+12 89+9 95+5 83+19 85+ 13 81+9
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continuation of Table 4.3.

Helminth eggs

n 2 2 2 5 3 2
Influent egg-L* 113 + 37 256 + 16 222 +18 166 + 92 244 + 105 188+
Effluent egg-L* 51 18+6 15+4 2126 35+ 44 9+0
Efficiency % 95 +3 932 941 89+8 89 +11 95+ 1
Total COD
n 3 2 2 5 4 2
Influent mg- L 554 + 84 710 + 98 606 + 49 610 + 149 597 + 246 ¥241
Effluent mg- L 21170 354 + 105 294 + 17 309 +52 287 121 437
Efficiency % 62+8 51+8 517 48 + 6 52 +6 375
BODs
n 3 2 2 5 4 2
Influent mg-L™* 211 £59 255 +4 213 +18 242 £ 76 259 + 77 278+ 4
Effluent mg- L 86 + 25 114 +6 112+1 113 +49 141 + 62 231 +27
Efficiency % 55 + 26 55+3 47 +5 53+ 17 47 +13 16 +3
Turbidity
n 105 42 42 126 105 42
Influent NTU 379+31 345+ 152 309 %73 356 + 171 406 + 185 408
Effluent NTU 52 + 26 56 + 21 78 20 53 +23 66 + 28 123 +25
Efficiency % 87+6 7724 74+9 84+5 81 +10 69 +9
Notes:

- The upflow velocities of 0.12, 0.14, 0.16, 0.2020and 0.41 m-H correspond to an HRT of 14.2, 12.1, 10.1, 8.1 @@ 4.0 hours
respectively
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4.3.1 Helminth eggs content in the wastewater

Results for the whole research period showed a kigly average total helminth egg
concentration in the wastewater, reaching 194 £d@ L* (Figure 4.2). These results
agree with previous research in Peru, Colombia Braril (Garcia Palacio, 2010;

Navarro and Jiménez, 2011). The presence of hdineiggs in the studied wastewater,
evidence the high health risks for getting intedtiparasitism in the current exposed
population to direct contact with the wastewater.

The helminth egg content for each applied upflodoeity is shown in Figure 4.3.
Results show the predominance of four specieslafihth eggs in the sewage influent:
Ascaris lumbricoides, Toxocara spp., Hymenoloeprsarand Enterobious vermicularis.
Ascaris lumbricoidesvas the most common helminth egg present in tiheeimt studied
wastewater with an average concentration of 14206 égg-L* during the whole
research. This helminth egg specie was also thet mpdominant in domestic
wastewater from Lima (Yaya-Beas et al., Unpublishesults)Ascaris lumbricoides
frequently has been reported as the most commanititbl egg in domestic wastewater
in Mexico, Morocco and Colombia (Cifuentes et dl999; Habbari et al., 2000;
Blumenthal et al., 2001; Bethony et al., 2006; GaRalacio, 2010)
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Figure 4.2 Box plot of helminth egg content in the influentidig the research.
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Figure 4.3 Helminth eggs content in the influem)(and effluent ¢) and helminth eggs
removal efficiencies (*) of a lab scale UASB reacad low temperatures and different
upflow velocities: a)Ascaris lumbricoides(b) Toxocara spp (c) Hymenolepis nana,;
and(d) Enterobious vermicularis
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4.3.2 Filtration capacity of anaerobic sludge for pathogas

The current research showed an average helminthresggval efficiency between 89
and 95%. However, the average helminth egg coratéonr in the effluent varies
between 5 and 35 egg/L. Although, the observedatamiucan be considered high, the
final effluent values are also very high, if comgxato the low infective dose of 1 egg
per person (WHO, 2006). Likewise, the survival timehelminth eggs at ambient
conditions reported in the literature is very higvHO, 1989; WHO, 2006). The
longest survival times foAscaris lumbricoides,Toxocara, Hymenolepis nanand
Enterobious vermicularisire 3 years (Strauss, 1996), 2 years (Dunsmork, €t984;
Gillespie et al., 1991; Mizgajska, 2001), 7 mor(@®Donnell et al., 1984) and 70 hours
(Grice and Prociv, 1993) respectively. For the d¢atkd survival time, the
corresponding temperature ranges are [10, 30 @), 37 °C], [-4, 25 °C] and [-10,
40 °C] (Dunsmore et al., 1984; O'Donnell et al.849Gillespie et al., 1991; Grice and
Prociv, 1993; Strauss, 1996; Mizgajska, 2001).

The observed helminth egg removal under low temperaconditions was distinctly
higher than those reported in previous researckwgiad under subtropical conditions
in Peru (Yaya-Beas et al., 2015) and Brazil (Chedrario, 2006). Possibly, the observed
high helminth egg removal is related to the appl@d upflow velocities compared to
the full scale reactors in Brazil (Chernicharo, @)0as well as the lower biogas
production at low temperatures (Lettinga et al.0D0 which limits the degree of
turbulence in the reactor. No significant differerin helminth egg removal efficiency
was found between the applied upflow velocities ahding their fluctuations.
Additionally, no relation between helminth egg remloand turbidity removal was
found. It could be associated to the fact thatitlityp measured all suspended solids
present in the wastewater and helminth eggs arsntladlest fraction of these suspended
solids (Mahmoud et al., 2003; von Sperling et2005; Mahmoud et al., 2006).

Likely, due to large standard deviations relatesh@o-laminar flow conditions, it was
not possible to establish a statistical correlabetween the removal of each specie of
helminth egg and the upflow velocity. However, @ancbe observed that average
removal efficiency ofAscaris lumbricoidesvas higher than the other species. The latter
efficiency removal could be related to the highee of Ascaris lumbricoideswhich is
40-80 x 25-50um, thus having a higher settling velocity or entngot potential
compared to other species (Ayres and Mara, 1996 Size for Enterobious
vermicularisis 50—65 lenght x 20—30 wid{lm while the diameter diymenolepis nana
andToxocara sppis respectively 30-60 and 85— (USF, 2005; Jimenez, 2007).

The collected methane varied between 16 + 1 anl 3NL/kg COD removed, which
was very low compared to the 90 NL/kg COD remoweggbrted at 15 °C by Mahmoud
(2002). The estimated amount of dissolved metharbd effluent as percentage of the
amount of total produced methane varied betweeb4%-using the methane solubility
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in water of 33—36 mL/L at the measured effluentgenatures, a Chpartial pressure of
80% and the applied effluent flow, belonging to tespective HRTSs.

Average of faecal coliforms ark€l coli content in the raw wastewater are 2.5 E+10 and
3.4E+10 CFU-100ml respectively. These values are between 1 and #4 higher
compared to other researches (Jimenez et al., Z@ditwalli et al., 2002; Jiménez
Cisneros et al.,, 2002; Tawfik et al., 2006b). Samivalues has been reported in
Mexican and Latin American's wastewaters and wesd@ated to the existing poor
sanitation conditions and low water use (Saénz+BprE999; Hernandez-Acosta et al.,
2014).

Unlike the strong variation in the influent contésee Table 4.3), removal efficiencies
of faecal coliforms anét. coli were very similar. The average faecal coliformaoeal
varied between 76 and 99% (equivalent to 0.94 ari® 2ogg (Figure 4.4).
Chernicharo (2006) and Seghezzo (2004) reportedasinesults in previous research,
working with UASB reactors under tropical and saptcal conditions. AveragE. coli
removal varied between 81 and 95% (equivalent 73 @nd 1.64 Log). There seems
to be a slight reciprocal correlation between thecal coliforms andt. coli removal
and applied upflow velocities, however’ iR only 0.6.

Low temperatures has been regarded as favourableéterial survival, possibly as a
result of low decay rates and reduced predatiompioyozoa and bacterial predators
(Cools et al., 2001; Zhang et al., 2012). As tHuent still contains helminth eggs and
the lowest concentration of pathogenic indicatorsi#l very high, i.e. 5.5E+07 *
4.8E+07 CFU-100ml* for faecal coliforms (see Table 4.3), a postttremt unit will
be required to meet the WHO guidelines (WHO, 198810, 2006) in the case of water
reuse for irrigation.
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Figure 4.4 Log 10 of Faecal coliforms() andE. coli (m) removal in dJASB
reactor at low temperatures at different appliefiowpvelocities.

4.3.3 Total coliform, COD and turbidity removal

Total coliform removal was always insignificant.viiried between 66 + 41% and 95 +
5% (equivalent to 0.67 + 0.46 lggand 1.57 + 0.57 lqag).

Total COD removal varied between 37 = 5 and 62 + B%ese results (Figure 4.5) are
similar to the observed COD removal of 30-50% at1P1°C reported by Grin (1983).
Elmitwalli (2007) observed a similar COD removal 3% at 14-21 °C. Even though
there is an apparent negative reciprocal trend dmtwiotal COD removal and applied
upflow velocities, due to the large standard déwet, the correlation is statistically not
significant (R of 0.35).

Turbidity removal varied between 69 + 9 and 87 +. &imilar to COD, a negative
slight relationship between the average turbidimoval and applied upflow velocities
(Figure 4.5) is observed. Also, a low correlatmmefficient B of 0.72 was observed.
The seemingly slight negative trend might be exgdi by an imposed increased
hydraulic shear in the sludge bed at the time wtheninfluent flow of the UASB
reactor increased (Mahmoud et al., 2003). An irsgdaupflow velocity will result in
lifting settled particles from the sludge bed wisettling velocities of smaller particles
are exceeded. Consequently, captured solids amchdat and the solids removal
efficiency deteriorates.
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Figure 4.5 Total COD and turbidity removal in a UASB reacabiow temperatures at
different applied upflow velocities.

4.3.4 The sludge filtration capacity for full scale condiions

The highest total helminth egg removal and higl®&3D removal was obtained at an
upflow velocity of 0.12 m-H (see Table 4.3). In order to allow hydrolysis and
methanogesis, the SRT in an anaerobic system slaiulehst become 150 days for
temperatures less than 15 °C (Zeeman, 1991; Zeanwhhettinga, 1999; Lettinga et al.,
2001). A theoretical HRT of 26.7 hours for an SRTLB0 days in a full scale reactor
can be determined through eq.4.1. At such HRT, gffow velocity of 0.23 m-H is
obtained for a total reactor height of 6 m as galheapplied for full scale conditions.
The latter calculation was performed considering phase UASB reactor, X and H
were 15 kgVSS/th (Zeeman and Lettinga, 1999) and 53% (de GraafflOR0
respectively. R was 84% which is the average titsbrémoval at an upflow velocity of
0.20 m-h' (see Table 4.3). According to Table 4.3, an ayerhelminth egg removal
efficiency of 89 + 11% can be expected at an upfielocity of 0.20-0.27 mh
Therefore, for the above mentioned full scale coma$, with an upflow velocity of
0.23 m-h*, ca. 89% of helminth egg removal can be expected. Renwihelminth
eggs have to be removed in a post-treatment step adyricultural irrigation is foreseen
(WHO, 1989; WHO, 2006). For developing countrieshsyost-treatment step could
include high rate trickling filters, rotating bidgial contactor, anaerobic filters,
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constructed wetlands, polishing ponds or overldod Systems (Seghezzo, 2004; von
Sperling et al., 2005).

4.4 Conclusions

The average total helminth egg content in the erftuwastewater varied between 166
and 256 egg-T* whereAscaris lumbricoidesvas the prevailing helminth egg specie.

The sludge bed filtration capacity of a UASB opedatat low temperatures varies
between 89 + 11 and 95 £ 1 % for helminth eggs.simificant difference is shown
between upflow velocities of 0.12—0.41 it-h

The UASB effluent with a helminth egg content vag/between 5 and 35 egg*ldoes
not meet the WHO standards for reuse.

The total and faecal coliforms, afd colireduction is insignificant in a UASB operated
at low temperatures and upflow velocities of 0.1210m-h™
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A Downflow Hanging Sponge (DHS) reactor for faecakoliform removal
from an Upflow Anaerobic Sludge Blanket (UASB) efflient

Abstract

This research was conducted to study the faecafomok removal capacity of
Downflow Hanging Sponge (DHS) reactors as a pesttinent for an Upflow
Anaerobic Sludge Blanket (UASB) reactor. Three losgn continuous lab-scale DHS
reactors i.e. a reactor with cube type spongesowithecirculation, a similar one with
recirculation and a reactor with curtain type spgThe porosities of the applied
medium were 91, 87 and 47% respectively. The oogl@ding rates were 0.86, 0.53
and 0.24 kgCOD-md* correspondingly at hydraulic loading rates of 1.9®7 and
1.32 ni-m% d?, respectively. The corresponding averages foralaealiform removal
were 99.997, 99.919 and 92.121 % respectively. Wh#O (1989) standards, in terms
of faecal coliform content for unrestricted irrigat (Category A), was achieved with
the effluent of the cube type DHS (G1) without reglation. Restricted irrigation,
category B and C is assigned to the effluent ofcililee type with recirculation and the
curtain type, respectively. Particularly for orgasbmpounds, the effluent of evaluated
DHS reactors complies with USEPA standards fogation of so called non-food crops
like pasture for milking animals, fodder, fibre daseed crops.

Keywords
reactor, domestic wastewater, faecal coliforms, BABOD, COD

This chapter is based on
Yaya-Beas, R.-E., Kujawa-Roeleveld, K., van LierBJand Zeeman, G. (2015). " A
Downflow Hanging Sponge (DHS) reactor for faecdifoom removal from an Upflow
Anaerobic Sludge Bed (UASB) effluent.” In Press.t#vaScience and Technology.
Available online 11 August 2015.
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5.1 Introduction

Proper concepts and technologies for attaining staswable, robust and socio-
economically affordable protection of the enviromiheneed to be applied for
wastewater treatment (Chernicharo et al., 2015¢. dldreated wastewater, particularly
in agriculture, is driven by the interest in ing®g water availability and recycling
nutrients in soils with poor fertility (van Lier driHuibers, 2010). Insufficiently treated
wastewater for agricultural water reuse, may créatman and environmental health
risks especially when water reuse is becoming aemoactised activity as a result of
water scarcity (van Lier and Huibers, 2010). Healtinstraints become critical in
developing countries, where helminth infections emdemic (WHO, 2006). Thus, the
monitoring of waterborne pathogens indicators ateial when treated wastewater is
used for agricultural irrigation. Waterborne cofifts, which are generally detected in
higher concentrations than pathogenic bacteriauaeel as a critical indicator for the
potential presence of entero-pathogens in watar §uerling et al., 2005; Uemura and
Harada, 2010).

The regulatory limits for the use of reclaimed weaster for irrigation are best
illustrated by the guidelines of the World Healthg@nization (WHO) and the United
States Environmental Protection Agency (WHO, 198SEPA, 2004; WHO, 2006).

The WHO guideline 2006 does not provide limits faral pathogens, bacterial,
protozoan and organic matter (WHO, 2006), but dostaanitary measures for public
health based on risk assessment. The WHO guidé®8® considers the control of
helminth eggs and faecal coliform content (WHO, 9)98It distinguishes three
categories of water reuse viz., unrestricted (A¥tricted (B) and restricted localised
irrigation (C) (see Table 5.2). The USEPA standalitfferentiates three types of
agricultural reuse viz.: 1) Non commercially prazs food crops (non-CPFC), 2)
CPFC and 3) non-food crops (USEPA, 2004).

Standards for the two presented guidelines arengiveTable 5.1 and Table 5.2. The
WHO guideline 1989 has been applied in EcuadorgAtiga, Brazil and Peru (Jiménez
and Asano, 2008). Moreover, most developing coestgprefer to use the WHO
guideline 1989 and USEPA because of their finanoialstraints to perform requested
analysis and assessments in the new WHO (2006elinad(Angelakis et al., 1999;

Jiménez and Asano, 2008).
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Table 5.1 WHO microbiological quality guidelines (1989) faater use in agriculture.

Helminth .
eqas Faecal coliforms
iy Exposed | . °90s | indicator®
Category Reuse condition8 indicator .
group (in number per
(egg- 1Y) 100 ml)
st monion | worers
A P ' consumers, <1000
uncooked, sport fields, .
. d public
public park <1
Restricted irrigation.
B Cereal, industrial fodder Workers r’;‘ggﬂ%g?%f d
crops, pasture or trées

Restricted irrigation:

Localised irrigation of
C crops in category B, if None Not applicable
exposure of workers and
the public does not occur

2 1n specific cases, local, epidemiological, sociral and environmental factors should be takea in
account and guidelines modified accordingly

® Arithmetic mean foAscarisandTrichuris species and hookworms

“Geometric mean during the irrigation period

4 A more stringent guideline limit<(200 faecal coliforms/100 mL) is appropriated fobfic lawns,
with which the public may come into direct contact

¢ In the case of fruits trees, irrigation shouldseetwo weeks before fruits is picked, and no fshivuld
be picked off the ground. Sprinkler irrigation skboot be used.

Table 5.2 USEPA Standard (2004) for water use in agricaltur

Reclaimed water quality

Type Agricultural reuse i
P g Physicochemical Faeirclzgilcgc;gfrorm
indicators (number per 100 mlyf
Not CPFC: surface or pH =6-9
spray irrigation of any BODs< 10 mg-L*
1 food crop including crops Turbidity < 2 NTU No detectable
eaten raw CI2 residuabl mg-L*
CPFC: surface irrigation -
2 ! pH = 6-9
of orchards and vmeyardsBODS <30 mg-L*
-1 <200
Non-food crops: pasture | 15530 mg-L o
3 for milking animals, Cl; residuai>1 mg- L
fodder, fibre and seed
crops

& Commercially processed food crops (CPFC) are ttiwate prior to sale to the public or others, have
undergone chemical or physical processing sufftdieidestroy pathogens.
® Either the membrane filter or fermentation-tubehtéque may be used
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Within wastewater treatment, anaerobic treatmerferef advantages over other
conventional processes, such as the activated eslpdaress for biochemical oxygen
demand (BOB) removal. These advantages include lower energguwuption, lower
excess sludge production and simple operation amdtemance (van Lier et al., 2010;
Chernicharo et al., 2015). Among the anaerobictoescthe UASB reactor has been
found most suitable for domestic wastewater treatniecause of its simplicity in
construction and compactness. In addition, it meitlequires mechanical mixing and
effluent recirculation (von Sperling et al., 200BASB reactors alone are, however, not
able to meet the wastewater reuse standards garljcwhen treated effluents are used
for agricultural purposes (Chong et al., 2012; @letraro et al., 2015). The limitation
of UASB reactors regarding the agricultural usetrefated wastewater is expressed
mainly by an insufficient or negligible faecal dolim removal (van Lier et al., 2010;
Chernicharo et al., 2015). Furthermore, the helmégg concentration usually exceed 1
egg- Lt in the effluent (von Sperling et al., 2005). Cansently, the effluent does not
comply with the WHO and USEPA guidelines for thee wf treated wastewater in
irrigated agriculture with exposure to workers guodblic.

In order to polish the UASB reactors effluent, saldow-cost aerobic technologies
based on suspended or attached growth systems uivifmwver consumption for
aeration, are proposed in literature (Agrawal et @bP97; Machdar et al., 1997;
Tandukar et al., 2005; von Sperling et al., 2003)e proposed technologies are the
downflow hanging sponge (DHS) reactor, conventidriakling filter, subsurface flow
constructed wetlands, rotating biological contastand polishing ponds.

The combined UASB-DHS reactor can remove faecaforols between 79.0 % and
99.98 % (Tandukar et al., 2005; Tawfik et al., 280Bandukar et al., 2007; Uemura
and Harada, 2010; Onodera et al., 2014). DHS reac@oe characterised by little
material and energy requirement, whereas systeexsay compact, having an HRT
less than 3 hours (Agrawal et al., 1997; Mahmoudlet2011). Another advantage is
that the DHS reactor only requires little maintezggnsince clogging of filter media
does not occur. The latter is attributed to thevaiteng hydraulic shear stress that
dislodges parts of the attached material when drawaches a saturated level (von
Sperling et al., 2005). Subsequently, the excessigsl should is removed by
sedimentation.

Within the DHS reactor, the influent percolates dothrough the sponge medium.
During passage, the water gets almost saturateld exygen without the need of
mechanical aeration. Originally the DHS reactor wasstructed by using cube shaped
polyurethane foam sponges that hang freely in ith@viachdar et al., 2000). Due to its
high porosity, polyurethane sponges could retggnifcantly more biomass in a DHS
reactor compared to the biomass hold-up in a toedit trickling filter system. The
retained biomass in the DHS consists of a wide easfgmicrobial organisms, whose
composition depends on wastewater characteristicé environmental conditions
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(Mahmoud et al., 2011). The active immobilized bé&ss consumes organic compounds
and nutrients from the wastewater for their metabolutilising the dissolved oxygen
(Mahmoud et al., 2011). The most important featuwreBHS reactors are the natural
aeration by convective flows only, the short hydiavetention time (HRT), and the
very long sludge retention time (SRT) (Tawfik et @010). The mechanisms for faecal
coliforms and pathogenic bacteria reduction inDiS reactors are different than those
for organics removal; adsorption to biomass angi@dation by higher organisms
might play a role (Tawfik et al., 2006a).

The DHS reactor was developed in six different urations, named generations (G1-
G6), to test the practical applicability. The geriems differ in orientation and
distribution of the sponges inside de DHS reactad, atherefore, in practical
applicability and dead zone volume.

Results of previous research (Tandukar et al., 20@%/fik et al., 2006b; Tandukar et
al., 2007) demonstrated that DHS reactors type &B,G5 and G6 remove between
79.0 and 99.7 % faecal coliforms at an HRT betwesnd 2.7 h. The capacity to
remove faecal coliforms of DHS reactor type G1 &®lwas not studied. The G1 and
G2 type has however shown their simplicity in terofi<construction (Agrawal et al.,
1997; Machdar et al., 1997; Machdar et al., 20B@xically, investment, operation and
maintenance costs and simplicity are the most itapbrcriteria when selecting a
technology in developing countries (von Sperlinglet2005). Therefore, the aim of the
present research was to define the capacity of Bd8tors (G1 and G2) for removing
faecal coliforms from domestic UASB reactor effltefor agricultural reuse in
developing countries.

5.2 Materials and methods

5.2.1 Influent wastewater

The research was carried out using wastewater fwmrurban villages called El Angel
and El Milagro located in Lima (Peru). This wastésvawas fed into a pilot plant
located at the Research Centre for Wastewater megdat and Hazardous Wastes
(CITRAR) at the campus of the National UniversifyEmgineering (Lima, Peru). The
effluent from a 536 rhpilot-scale UASB reactor located at CITRAR was duses
influent wastewater for the constructed DHS reactofhe main characteristics of the
wastewater fed into the DHS reactors are showralnéers.3:
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Table 5.3 Effluent wastewater characteristics of the 536UASB reactor located at
CITRAR

Parameter Units Average n'
Total coliforms MPN-100mI* 2.6 E+08 + 2.9 E+08 10
Faecal coliforms CFU-100mt 3.4 E+07 +9.8 E+07 45
Dissolved oxygen (DO) mg-L 0.7 +0.7 160
Biochemical oxygen demand

(BODs) mg-L* 102 + 44.2 42
Total chemical oxygen demand

(Total COD) mg-C* 227.1+103.1 67
Soluble chemical oxygen demand

(soluble COD) mg-T* 128.9 +52.9 40
Turbidity NTU 133.1£82.2 638
Temperature °C 209+5.1 640
pH 74+£1.2 636

*n: number of grab analysed samples

The wastewater was daily pumped into three 200dependently stirred tanks (18 rpm)
and from there, transported by gravity to each Détgtor.

5.2.2 DHS Reactors

Two types of DHS reactors were applied, viz. thbectype without (G1) and with
recirculation (G1) and the curtain type (G2). Diéfet types of polyurethane sponges
were used as biomass carrier media and the densftihe sponges were 18, 12 and 20
Kg-m?, according to manufacturer specifications, respelst for each reactor. The
sponge porosities were determined according taviter saturation method performed
by Chenet al. (2004) with the difference that a volume of spodel) was immersed
in a known volume of distilled water (V) under vaau for 5 hours. The saturated
sponge was removed, and then the remaining volume measured (V-Vv). The
porosity (n) was calculated by dividing the voluofepores (Vv) by the corresponding
volume of the sponge (Vol). The measurement wasateg five times. The sponges
were cut in small pieces as will be described &mhetype of reactor.

Three experiments were executed. For experimemdLjdentical cube type (G1) DHS

systems were constructed and operated in paraiéslh one was composed by two
modules in series (01 and 02) as shown in FigureEsach module was made of acrylic
with a total height of 0.29 m and a diameter of9tn0 Each module contained five
columns of cube type sponges. Each column compsigesponge cubes (Figure 5.1).

For experiment 2, one cube type (G1) DHS reactimposed of two modules in series
(01 and 02) was built as is indicated in Figure Each module was made of glass with
a total height of 0.55 m and a diameter of 0.11%ath module contained 12 columns
of cube type sponges and each column comprisegpdrzge cubes. The side of each
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cube, and distance between each sponge cube vepectigely, 0.030 and 0.005 m for
experiment 1, while for experiment 2 these measargsnwere correspondingly 0.025
and 0.005 m. In order to allow natural aeratiom,distances between module 01 and 02
were 0.10 and 0.15 m respectively, for experimeand 2. DHS reactors were operated
from 6" July 2009 to 36 June 2010 for experiment 1, and frofiduly 2011 to ¥
March 2012 for experiment 2.

For experiment 3 one curtain type (G2) DHS reaatomposed of 2 modules in series
(01 and 02) was built as indicated in Figure T&ch module consisted of 1 acrylic
vessel containing 10 sponge rectangular paraligdelsi (sponge-columns) whose sides
were 0.50, 0.050 and 0.038 m for height, length aitth, respectively. Each vessel
had a total length of 0.59 m and a height of 0.74 he width of the vessel was 0.09 m.
The horizontal distance between each sponge stsigdeé each vessel was 0.002 m. A
funnel was placed at the end of each sponge, dw adroper conduction of the effluent
from module 01 to module 02. In order to allow mat@eration, the vertical separation
between module 01 and 02 was 0.010 m. No reciionlatvas applied in this
experiment. The DHS reactor in experiment 3 wasaipd from 2 April 2011 to 38"
October 2011. In order to retain possibly produskdige, in all experiments, a settler
was included after the DHS reactor. The settler el@aaned every week. The settler’s
volume was 0.5, 2.6 and 3.6 L for experiments dn@ 3 respectively.
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5.2.3 Operational conditions

Feeding of DHS reactors was obtained by using eqlistribution of influent
wastewater over the sponges via the influent iffeure 5.1). Flow distributors were
calibrated three times a day in all experimentsrder to guarantee the established flow
indicated in Table 5.5 The flow distributors weeplaced by new and clean ones every
two weeks. No inoculation was applied in any of isactors.

The influent flows were 12.2 L-Hfor experiment 1, and 30.9 L *dor experiment 2.
Only for experiment 2, a recirculation was introdddrom the settler back to the first
module. Recirculation of settled wastewater wasliegpn order to guarantee i) an
homogeneous hydraulic load ii) an increase of tissboxygen in the influent through
the contact of the effluent, and iii) probably ledsad zones than reactors without
recirculation (von Sperling et al., 2005). The regiation (R) flow of 30.9 L-d was
equal to the influent flow (Figure 5.1). The rediliation flow was calibrated three times
a day. For experiment 3, the flow was 86.4 Lahd ten pipes were installed in order to
equally divide the wastewater over the whole sparge.

The end of the start-up period was considered tadigeved when a stable turbidity
content was reached, which was 30 + 24, 17 + 81&nd 2 NTU for experiment 1, 2
and 3, respectively, in the last 10 weeks. In otderesearch the performance of the
three DHS reactors, grab samples of 1L were tak@m £ach experiment after 90, 70
and 57 days of the start-up of the reactors, rdisqpe. The sampling frequency was
determined based on the laboratory facilities ariddicated in Table 5.4.

Table 5.4Frequency of sampling and performed analysistferthree experiments.
The pH and temperature was daily analysed.

Parameter Experiment 1 | Experiment 2 Experiment 3
DO twice a week daily
Turbidity daily
BODs each four weeks|
COD total hth K once a week
COD soluble each three WeekS!  each two weeks
Faecal coliforms

Experiment 1, 2 and 3 were performed during 269, &7d 154 days respectively after
the end of the start-up period. The experimentaiatibn was influenced by the
availability of laboratory facilities. Faecal calin content was selected as main
microbiological quality indicator. BOPand COD were selected as physicochemical
quality indicators for organic compounds.
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The effluent quality in terms of faecal coliformmtent of the evaluated reactors was
then compared with the WHO (1989) standards. RégaBOD; content, turbidity and
pH, the effluent quality was compared to USEPA dg#ads since the WHO guideline
1989 does not include these parameters. A sumniahgeanain operational conditions
for each DHS experiment is given in Table 5.5.

Table 5.5 Main operating characteristics of the DHS reactors

Experiment’ Units 1 2 3

Reactors

DHS type cubes cupes W't.h curtain

recirculation

Generation G1 G1 G2

Flow L-d*? 12.2 30.9 86.4

R? 0 1 0

Surface area m? 0.0064 0.0104 0.0657

DHS Volumé m? 0.0037 0.0114 0.0775

HRT® h 2.90 1.52 2.49

HLR® me-m? d*t 1.92 2.97 1.32

OLR’ kgCOD-m*d* 0.86 0.53 0.24

Settler

HRT h 1 2 1

Volume m 0.0005 0.0026 0.0036

Data of the medium

Total volume of the me

medium 0.0016 0.0023 0.0191

OLRmM? kgCOD-m*d* 1.96 2.69 0.97
Notes:

! Experiment: number of the Experiment.

2 R: recirculation factor expressed as the rela@ofQi. Where Qr and Qi are the recirculation
and influent flow respectively.

% Surface area of the reactor: it corresponds tetintace area of module 01 and is also equal to
the cross sectional area of the acrylic modules.

* DHS Volume: DHS reactor volume which correspondsttie volume of module 01 plus
module 02 excluding the separation between modules.

® HRT: hydraulic retention time of the reactor whinfplies the HRT of module 01 plus module
2. Both modules have the same HRT.

® HLR: hydraulic surface loading rate of the reach@sed on the flow rate over the surface area
of the reactor.

" OLR: organic loading rate, based on the averagP @f@ss flow over DHS volume.

& OLRm: Medium organic loading rate, based on tberftate, average COD and total volume
of the medium.
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5.2.4 Physicochemical and bacteriological analysis

Total and faecal coliforms, total chemical oxygeménd (COD), biochemical oxygen
demand (BOI), dissolved oxygen (DO), analysis were determifodidwing Standard
Methods (Eaton et al., 2005). Faecal coliforms wereasured by the membrane
filtration technique using m-FC agar base as theiume. The agar was prepared in
accordance with manufacturer specifications (GatgrHardy Diagnostics, Santa Maria,
CA). The mixture of agar and appropriately dilut@dstewater sample on the petri
dishes was uniformly spread to avoid trapping aibldes. The cultured petri dishes
were inverted and incubated at 44.5 °C for 24 he Pphoduced colonies by faecal
coliforms were then counted and reported in colimmgning units per 100 ml (CFU-100
mL™Y) of wastewater sample, having a level of deteatibh CFU-100mL*. Total COD
was determined from unfiltered samples. Soluble G&&8 measured after filtering the
sample through a 0.45n membrane filter, type Millipore. COD analysis wasecuted
using high range Hach COD digestion vials high ea(@)-1500 mg-T*) and low range
(0-150 mg-CY as well as a digester reactor DR 200, and progw@ni7 from
colorimeter DR 890. Nephelometric and electrometrethod were applied for turbidity
and DO determination. BODwas determined as a difference of DO content at th
beginning of the experiment and after 5 days inttabhaat 20°C (bottle method). The
pH and temperature were measured with a Hach HQkbbdatory meter.

5.3 Results and discussion

The water saturation method showed that the pogesif sponges were 91 + 0.5%, 87
+ 0.25 % and 47 + 0.45% respectively for experim&ént2 and 3. Effluent faecal
coliform content was hundred times smaller wherratigg the cube type DHS reactor
without recirculation (2.1E+02 + 4.1E+02 vs 3.4E+05.1E+04). However, the mean
BODs content was reduced from 19 to 6 md-hy using recirculation for the cube type
DHS reactor. Also soluble COD decreased from 627tang- *. A total COD, soluble
COD and BOIR removal of respectively 67.2 + 3.1 %, 53.5 + 1.Jaf6 80.9 + 2.0 %
was achieved for experiment 1. Somewhat, higher ovain efficiencies were
accomplished in experiment 2, viz. 74.6 % + 8.217b + 10.6 and 93.6 + 3.4 % for
total COD, soluble COD and BQDcorrespondingly. The removal of total COD,
soluble COD and BODfor experiment 3 was respectively 68.8 + 8.2 %9845.3 %
and 84.9 + 5.3 %. A summary of the results foeaperiments, after the start-up period,
is presented in Table 5.6.
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Table 5.6 Experimental results obtained using DHS reactors

A. Experiment 1: cube type DHS reactor without radiation

Parameter units n Influent Effluent Efficiency
Temperature °C 266 20.9+23 205+3.1

pH 266 7.4+03 77404

DO mg- ! 134 0.8+0.7 56+1

Turbidity NTU 266 145.3+50.1 47.1+35.3 67.2 %l
BODs mg- Lt 12 104.4+13.7 19.5+6.5 809+2%
COD total mg- [ 26 260.8x77.7 85.9 +62.6 67.2+3.1%
COD soluble mg-T* 26 133.3%+31.5 62 +38.1 535+1.1%
E;Iefg";‘r'ns CFU-100mC* 10 6.1E+06 +3.4E+06 2.1E+02+4.1E+02 99.997090.%

B. Experiment 2: cube type DHS reactor with redation

Parameter units n Influent Efluent 1  Effluent?  Efficiency
Temperature °C 130 23.3+43 23.4+43 232+42
pH 126 7.6+0.3 7.7+03 75+05
DO mg-L? 26 0.4+0.3 59+1.1 6.1+0.9
Turbidity NTU 9 1441+637  26.1+17.9 103+4.7 92+4.3%
BODs mg- Lt 8 107.4+391 20452 6.2+28 93.6+3.4%
Total COD  mg-L* 19 196.2+51.3  68.8+33.8 473+152  74.6 8.2
Soluble 1 71.1+
coD mg. L 12 113.2+258  43+7.9 31493 oo
Faecal -1 1.1E+08 * 5E+06 * 3.4E+04 + 99.919 +
coliforms ~ CFY-100mLT 11 50 g 3.1E+06 5.1E+04 0.117 %
C. Experiment 3: curtain type DHS reactor
Parameter units n  Influent Effluert 1 Effluent 2  Efficiency
Temperature °C 154 18.8+1.4 189+1.2 189+11
pH 154 73+1.1 75+04 6.6 £0.5
DO mg- L 154 2.3+0.4 42+0.7 49+0.7
Turbidity ~ NTU 154 104.1+13.8  30.8+12.3 189+48  81.8+%.4
BODs mg- L 22 98.8+155 234+53 149+58  849+53%
Total COD  mg-L* 22 2141+442 N.M. 776+186 62.8+9.9%
gg%ble mg-L? 22 136.2+337 N.M. 50.3+14.1 55+10.9%
Faecal o 7.2E+06 + 1.7E+06 + 5.9E+05+ 92.121+
coliforms  CFYU-100mLY 22 56p 06 1.7E+06 75E+05 6210 %
Notes:

'n means number of grab samples.
’Results show the average values for the efflueti@fwo DHS reactors.
®Results show the average values for the efflugat #ie module 01.
* Results corresponds to the effluent of the DHS8trea

°N.M. means not measured
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5.3.1 The DHS reactor capacity for removing faecal colifans

The main emphasis of this research was to studsetheval efficiency of three types of

DHS systems for faecal coliforms. The pathogeniiciator, faecal coliforms, showed a
significant reduction in all experiments and thettresults were obtained for the cube
type DHS reactor. The highest faecal coliforms otidn of 99.997 + 0.000 % was

obtained in experiment 1. A lower removal efficignof 99.919 + 0.117 % was

achieved in experiment 2. Experiment 3, showeddhest faecal coliforms reduction,

viz. 92.121 £ 6.210 %.

Despite the relatively long HRT of 2.49 hours, thetain type DHS reactor evidenced
the lowest average faecal coliform removal (1.2hdoas compared to that in the cube
type configuration with (3.42 lag and without recirculation (4.74 lgg. This
significantly lower removal efficiency could be asmted to a much lower porosity and
possibly occurrence of dead zones and short dinguitompared to experiment 1 and 2.
The latter might be attributed to the experimenset-up and must be further
investigated. Results indicate that it is necestamnalyse the flow distribution in the
studied DHS reactors. The porosity of the mediuaratierises the available adsorption
sites of the carrier material as previously repbtig (Tawfik et al., 2010; Tawfik et al.,
2011). A low porosity implies low biomass adsorptidt also implies low substrate
conversion rates because of the non-optimised cob&tween wastewater pollutants
and the low amount of biomass. Consequently, a ponosity will lead to a low
biomass yield and low substrate conversion capatitg sponge porosity may affect
the type of biomass, the permissible hydraulic ilogdate and the degree of clogging of
the surface area of the carrier material. Cloggihthe sponge surface area could result
in dead zones during the filtration process singebiomass will grow in the sponge
interior areas (Tawfik et al., 2011).

A significant difference in faecal coliform removal shown between the cube type
DHS reactors without recirculation among experimehtand 3. The best performance
in experiment 1 could be ascribed to the longer HRThe cube type DHS reactor
compared to the other two experiments (Figure. 5.2)
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Figure 5.2 Faecal coliforms removal expressed in terms ote@age and lqg
reductions versus porosity. Legreductions were determined by dividing faecal
coliform content in the influent between faecalifoom in the effluent.

5.3.2 The compliance with water reuse guidelines

Following the WHO qguideline 1989, the effluent withfaecal coliform content of
2.1E+02 CFU-100ml, produced in experiment 1 can be used for unctstti
irrigation (category A). Restricted irrigation, egbry B and C is assigned to the
effluent of experiment 2 with a faecal coliform ¢temt of 3.4E+04 + 5.1E+04
CFU-100mL* and the effluent of experiment 3 with a faecalifooin content of
5.9E+05 # 7.5E+05 CFU- 100, respectively.

Average BODRQ content in the effluent of the evaluated DHS rees;tvaried between
6.2 and 19.5 mg- L[}, which is lower than the USEPA standard of 30 myfar treated
effluents applied for CPFC and non-food crops ($yfZeand 3). The average pH
variation between 6.6 and 7.7, complies with USEStAndards for each type of
agricultural use. Average turbidity variation beéme10.3 and 47.1 NTU in all
evaluated DHS reactors, exceeds significantly ith@ bf 2 NTU for irrigation of food
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crops (type 1). Therefore, in terms of BQRurbidity and pH, the effluents meet the
USEPA standard for agricultural reuse, type 2 and 3

5.3.3 The performance of DHS reactors with respect to orgnic matter removal

Generally, the DHS is a good polishing step in tewhtotal COD, soluble COD and
BODs removal. No significant differences were foundameling total and soluble COD
removal between the three experiments. The avéBads of 80.9 to 93.6 % and total
COD removal efficiency of 67.2 to 74.6 %, obseriuedhe DHS G1 reactors were in
close proximity to results of Agrawat al. (1997) and Machdaat al(1997). The latter
were 97 % and 78 % for the B@BnNd total COD removal efficiency, respectivelyeTh
total COD removal efficiency of 62.8 %, obtaineddrlS G2 reactor was similar to the
59 % reported by Machdat al.(2000).

The turbidity, a measure for the suspended solgent, was reduced by 67.2 + 1 %,
92.0 % + 4.3 % and 81.8% * 4.4 % in experiment Bnd 3, respectively. Results
illustrate a significant increase in average DQhia effluent of the DHS reactors, viz.
respectively 0.8 - 5.6, 0.4 - 6.1 and 2.3 - 4.9 Imffor experiments 1, 2 and 3 (see
Table 5.6). The latter can be attributed to cotivedlow natural aeration.

The lowest BODR and turbidity removal was obtained in experimenBODs removal

in experiment 2 was 12.7% higher compared to tHaevabtained in experiment 1.
BODs removal in experiment 2 was slightly higher thaqperiment 3. The highest
BODs removal efficiency was observed in experimentghlying could be attributed to
the recirculation of the settled wastewater. Retétion enhances the contact between
organic matter and microorganisms present in toélii (von Sperling et al., 2005).
Additionally, turbidity removal in experiment 2 wasgher than that in experiment 3,
with a significant difference of 10% (see Tabl6)5No correlation was found between
BODs and faecal coliform removal.

The pH in the effluent of experiment 2 is slightwer compared to the pH of the
influent. This reduction could be associated to satagree of nitrification as observed
in the lowest part of trickling filters when the B@ concentration is near 15 mg-L
(Agrawal et al., 1997; von Sperling et al., 2005).

During the experimental trials, the operation araintenance activities of the lab-scale
DHS reactors were relatively simple and consisferleaning of pipelines to maintain a
constant flow and to prevent clogging. Sponges neethin good condition (no visual
damage observed) during the research period.
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5.4 Conclusions

Cube type (G1) DHS reactors showed the best cgdacifaecal coliform removal. The
cube type system without recirculation complieshwitVHO (1989) standards for
unrestricted irrigation (Category A). Restrictedgation, category B and C is assigned
to the effluent of the cube type DHS reactor weéhirculation and the curtain type DHS
reactor, respectively. Regarding organic compoutiaseffluent of the evaluated DHS
reactors complies with USEPA standards in termsB0Ds, pH and turbidity for
irrigation of only non-food crops, like pasture farilking animals, fodder, fibre, and
seed crops. Results did not show a correlation émtwBOR removal and faecal
coliform removal.
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6.1 Introduction

Freshwater availability is a complex issue thaeet economy, society and ecology.
Water shortages rapidly increase with increasifmipopulation and might be further
impacted by climate change. Due to fresh watercigartreated urban wastewater is
considered as an alternative water source for @ltwi@l, industrial and municipal uses
in urban and peri-urban areas of both developirdjiadustrialised countries (Jiménez
and Asano, 2008; McDonald et al., 2011; Mohd, 20#8steo et al., 2013; Norton-
Brandédo et al., 2013). Irrigation with treated veaster has several advantages. For
instance, if not removed during treatment, treatedtewater contains nutrients which
can be beneficially used in agriculture insteadadifficial fertilisers (Van Lier and
Huibers, 2004; van Lier and Huibers, 2010; Mohd130 However, care should be
taken to not over-fertilise crops since irrigatiwater demand is generally determined
by crop water requirements and not by nutrient defegBoom et al., 2008). Another
constraint of treated water reuse is the presefammtaminants that can affect the
quality of soils, crops, and human health, suctpathogens, salts, metals, organic
compounds and pharmaceutical and personal carduessi(Van Lier and Huibers,
2004; Fatta-Kassinos et al., 2011; Abargues et2@l1?). From the previous list, the
main concern for the agricultural use of treatedtexater is the presence of pathogens
like bacteria, helminth eggs, protozoa and entéricses (see Chapter 1).

Particularly in developing countries, wastewatezatment systems are often non-
existent or abandoned altogether due to high eneeguirements, lack of skilled
operators and investment, and/or too high operatiwh maintenance costs (Verbyla et
al., 2013). Due to fresh water scarcity the efflueh wastewater treatment plants
(WWTP) is used by farmers to irrigate all kind abps (Jiménez and Asano, 2008;
Méndez Vega and Marchan Pefia, 2008). Thus, untreateartially treated wastewater
that is used for agricultural irrigation becomesaairce of pathogens transmission of
increasing importance (Balcazar, 2007). Therefamners and consumers are more and
more at risk of getting infected due to the expesiar pathogen-rich irrigation waters
and/or polluted crops (Feachem et al.,, 1983; Ayaesl Mara, 1996; Marquez-
Hernandez et al., 2010).

In industrialized countries, the commonly appliedstewater technologies use high
amounts of energy, sometimes even with the additbrchemicals for advanced
nutrients removal and/or effluent disinfection (®blanoglous et al., 2003; Lettinga,
2008; Verbyla et al., 2013). A treatment technolbgged on mainly aerobic treatment
in low income countries usually generates financiahstraints (von Sperling et al.,
2005). These constraints are associated with thh bapital and operational costs
(Campos and Von Sperling, 1996; Kassab et al., R@rtaerobic wastewater treatment
processes can, however, increase overall energyepc and fossil carbon emission
savings (Lettinga, 2008; Verbyla et al., 2013). rEfiere, combined anaerobic—aerobic
systems could be more effective in terms of captad operational costs than full
aerobic systems (Chan et al., 2009; Kassab et2@lQ). Anaerobic treatment of
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domestic wastewater is a viable and cost-effectiternative under subtropical
conditions (Seghezzo, 2004; Chernicharo, 2006).ram advantages are the relatively
low construction and operational cost, operatiaiaplicity and low sludge production.
Additional advantages comprise energy productiomiagas and the applicability in
small and large scales (Lettinga et al., 1984; 8egh et al., 1998; Lettinga et al., 1999).
Within anaerobic technologies, the upflow anaerahicige blanket (UASB) reactor is
mostly applied and considered a more sustainabdenative for domestic wastewater
treatment in developing countries for cities andbmommunities (Khan et al., 2011).
Though, UASB reactors alone are not able to meetONelise standards, particularly
when treated wastewater is used for agriculturgbgses (Khan et al., 2013).

Several aerobic post-treatment processes havefreposed to enhance the quality in
the UASB reactors effluents. Typical selectionsognpass the activated sludge process,
rotating biological contactor (RBC), trickling #t, down-flow hanging sponge (DHS)
reactor, sequencing batch reactor (SBR), dissohiedlotation, constructed wetland,
anaerobic and aerobic filter (Machdar et al., 2008ernicharo, 2006; Tawfik et al.,
2006a; Khan et al., 2011). During the selection appropriate technologies in
developing countries, economic limitations shoutddonsidered (Chernicharo, 2006).
Particularly, due to their compactness and theiegpbn of convective airflows without
energy use, DHS reactors have several advantagestioy other mentioned aerobic
processes. These advantages are its low investosinénd energy requirement, as well
as its limited maintenance. (Machdar et al., 2008mura et al., 2002; Machdar and
Faisal, 2011; Fleifle et al., 2013; Fleifle et &013). Although, not thoroughly studied,
the DHS reactor is considered based on literatwrea goromising technology for
pathogen removal. Consequently, the DHS reactorbess selected in the present
research to polish UASB reactor effluents (see @hrd).

The largest part of this research (Chapter 2, @Gnapt Chapter 4 and Chapter 5) was
conducted in Lima (Peru). Lima is characterizedabgemi-arid climate and a water
supply network coverage of 91 %. Additionally, Liisecurrently struggling with water
scarcity (Fritzmann et al., 2007; Wirth, 2010; $rR015). The remaining population
(9%) is located mainly in the hilly parts of theycwithout access to the drinking water
network, whereas the wastewater is dischargedviatier sources or infiltrated in the
soil located in the vicinity (Liwa, 2008; loris, 28). Even though 91 % of the
population is connected to the public sewer netwakly about 51 % of the
wastewaters receive some treatment (Vergara Lefii8)2The raw or partially treated
wastewater is illegally discharged in the rivergectly discharged into the Pacific
Ocean, or used for crops (Schoppmann, 1996; Pedsaly, 2000; Liwa, 2008). Only
5 % of the treated wastewater is used for irrigafiowa, 2008). However, there is an
increasing demand for irrigation water especiallgng the Peruvian desert coast
(Bartone, 1985; Ledn and Moscoso, 1995; Schoppn®®6; Nava, 2001). About 33
WWTP apply water reuse in irrigated agricultureveming approximately 3010 Ha
(Bartone, 1985). For example in the city of Taceffluents from stabilization ponds
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have been used since 1975 to irrigate 200 Ha cdtpes, maize, alfalfa and olives
(Nava, 2001). Unfortunately, public health riskssexvhen WWTP are not correctly
working, due to the lack of operation and mainteeaor higher organic and pathogenic
loads in the influent, compared to the design loddsn and Moscoso, 1995; Nava,
2001). The health risks are expressed as the piitpalf getting infected by direct
contact between humans (or animals) and pathogessmt in wastewater (Nava, 2001,
WHO, 2006).

Within the group of pathogens, helminth eggs hanhdentified as a crucial indicator

because of their low infective dose of 1 egg pesqe Additionally, helminth eggs are

present in wastewater in most developing counf{desenez, 2007; Jimenez and Asano,
2008; Navarro and Jiménez, 2011). The situatidmghlands from low income regions

is aggravated when poor sanitation conditions prelize to the increased pathogen
content (see Chapter 4). Then, in order to preventirrence of intestinal parasitosis,
the removal of helminth eggs is an important datevhen selecting a technology for

domestic wastewater treatment. Consequently, themuresearch gives more insight
into the filtration capacity of sludge from UASBaors with particular emphasis on
helminth egg removal.

6.2 The importance of removing helminth eggs in wastewar
treatment plants

6.2.1 The helminth egg content in wastewater and sludge

Helminthiasis remains a major cause of diseasesoimtries with poor sanitary
facilities (Santamaria and Toranzos, 2003; Larsbrale 2010). Probably because
countries can not afford the measurement costshehminth egg concentration in raw
wastewater and wastewater sludge has not beentedpior detail, (Mahvi and Kia,
2006; Garcia Palacio, 2010; Navarro and JiménelZl ;2Gil et al., 2013; Verbyla et al.,
2013). The helminth egg concentration in domeststewater varied widely between 1
and 3006 eggs-t in Bolivia, Brazil, Colombia, Iran, Jordan, Mexic¥enezuela,
Morocco, Ukraine, France and United States (Mamd Kia, 2006; Garcia Palacio,
2010; Navarro and Jiménez, 2011; Gil et al., 2043pyla et al., 2013). Moreover, the
information of helminth eggs in excess sludge igemgcarce than in wastewater and
varied between 1 and 735 eggs per g TSS in Bragipt, Ghana, France , Germany,
Great Britain and United States (Navarro and JimgR@11). The results of the current
research showed that the average helminth egg wowaten in raw domestic
wastewater varies between 4 + 1 and 194 + 79 éggrLLima and Puno (Peru),
respectively. Based on the infective dose of 1 hhmegg per person (WHO, 2006), it
could be expected that the probability of gettinfgcted with parasitosis is much higher
in Puno than in Lima. Latter difference could bgiltited to the prevailing different
sanitation conditions (see Chapter 2, 3 and 4)sTthe capacity to remove helminth
eggs until a level of less than 1 egd-lis an important criterion when selecting a
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technology for domestic wastewater treatment whenans come in direct contact with
treated wastewater.

6.2.2 Predominance of helminth eggs

The results of the present research, show Alsatairis lumbricoides, Trichuris spnd
Strongyloides spare the most common helminth eggs present in dicnesstewater

in subtropical Lima (see Chapter 2). Additionallgcaris lumbricoides, Toxocara sp.,
Hymenoloepis hanandEnterobious vernicularisvere the most common helminth eggs
present in the low temperature domestic wastewatdPuno (Peru), situated at an
altitude of 3800 m.a.s.l. The content of the cqroesling helminth eggs were 142 + 106,
41 + 19, 21 + 11 and 36 + 55 egQ-Lrespectively. (see Chapter 4Ascaris
lumbricoides and Trichuris trichiura are considered the worldwide most prevailing
helminth eggs (Cifuentes et al., 1999; Habbarilgt2®00; Blumenthal et al., 2001;
Santamaria and Toranzos, 2003; Bethony et al., ;2G@6cia Palacio, 2010). In the
present researchAscaris lumbricoidesvas always present in the largest numbers in
Peruvian wastewater.

6.2.3 Removal of pathogens from domestic wastewater

The reduction of pathogens like helminth eggs, dséctand viruses as recommended in
the WHO guidelines (WHO, 2006), can be achievedjyylying so called land-based,
extensive wastewater treatment processes, likelisgtion ponds and constructed
wetlands (Jiménez et al., 2010). Such land-basadnient processes usually require a
large surface area, which varies between 1 and” pempopulation equivalent (von
Sperling et al., 2005; Moelants et al., 2008). Wnfoately, this area demand is a major
drawback since large areas of flat land are notlahle in hilly areas, whereas land
prices, especially in the urban and per-urban aaeagenerally too high. (Moelants et
al., 2008). Thus, the current research is focusedamcalled compact technologies,
evaluating the potentials of particularly UASB rems for removing (filterable)
pathogens .

UASB reactors are reported to remove 60-90% of libbminth eggs in domestic

wastewater (Jimenez, 2007). Sedimentation andatiifin have been considered the
main mechanisms of helminth egg removal in UASRt@a (von Sperling et al., 2002;

Jimenez, 2007). Chapter 1 presents an overviewatliogen removal efficiencies,

applying different treatment trains that includ&JASB reactor for treating domestic
wastewater. As existing information on the UASBdgle filtration capacity is mainly

related to solids (Mahmoud et al., 2003) and nopathogen removal, the current
research is focused on the filtration capacity Helminth egg removal. The research
considered the influence of different environmerdad operational conditions like

temperature, upflow velocities, and wastewaterattaristics on the filtration process
(see Chapters 2, 3 and 4).
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UASB reactors are known to have a limited remowglacity for pathogenic bacteria
(Khan et al., 2013), indicating that an additiotrabtment step is required for meeting
the reuse restrictions. Selection of the most prgosst treatment system depends on
local conditions. In the present research, the DE&tor was selected as the post
treatment step for the UASB reactor (see Chapterb8}ically for its high faecal
coliform removal capacity at a relatively low HRAccording to literature (Uemura et
al., 2002; Chong et al., 2012), it can remove up.5 logo of faecal coliforms at short
HRTs (between 0.5 to 1.3 h), at temperatures betwesnd 30°C. For the current study,
DHS reactors removed between 1 and 4day faecal coliforms, also applying a
relatively short HRT (less than 3 h) at temperauretween 19 and 23°C (see Chapter
5). By using the proposed sequence of UASB-DHStoeador treating the sewage
prior to agricultural reuse, the human health riskkbe distinctly reduced compared to
untreated reuse or treatment with solely a UASBtraThe analysis of health risks is
a very complex research that depends on the emu@ntal, economic, social, and
epidemiological characteristic of each location (@/H2006; Drechsel et al., 2008;
Mara and Kramer, 2008). The health risks associati¢hl the use of effluents from
UASB and DHS reactors are further discussed in ieBHealth risks associated to
water reuse in agriculture view of the WHO guidelines (2006).

6.3 The anaerobic sludge filtration capacity for helmirth eggs

6.3.1 UASB sludge filtration capacity and the effect of pflow velocity

In this research the filtration capacity of ana&afludge to remove helminth eggs
under different conditions was studied. Followihg titerature (Dietrich, 1982; Cheng,
1997), the removal of a mixture of differently sizparticles is very complex, because
they would settle at different velocities. UsingJASB sludge bed as a filter for the
removal of particles, the complexity increases tuprevailing reactor conditions, such
as biogas production, applied liquid upflow velgand fluctuations in temperature.

The results presented in Chapter 2 describe thesimée of upflow velocity on helminth
egg removal in UASB reactors, excluding factore lilemperature and related gas
production. This research was divided in two pdristhe first part latex beads were
used with a uniform size (standard L90: g £90) and density (1.05 mg/L) (Coulter®
CC, Miami, USA). The latex beads were used to siteuhelminth eggs, as their shape,
size and density are similar to the helminth egaratieristics (Quinzanos et al., 2008).
The main objective was to determine the filtrat@apacity of digested sludge (from a
primary sludge digester) for retaining helminth £ggom domestic wastewater. A
temperature of 4 °C was selected to limit biodegtiath minimise gas production. As a
result, the sludge bed performance was mostly énfted by the different, applied
upflow velocities. Supplementary experiments withsludge bed showed that settling
played a major role in the removal, rather thandfilon. Results show a decreased latex
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beads removal efficiency at increased upflow véjocAdditionally, the degree of
sludge digestibility did not show a significantesft on the sludge filtration capacity.
During the second part of the research, the fittratapacity of the UASB sludge was
evaluated using five upflow velocities, namely 0.3%8, 2.83, 3.16 and 4.12 m‘h
For both latex beads and helminth eggs, 100% relrisvachieved at 4°C using an
upflow velocity of 0.3 and 0.39 m-h respectively. Therefore, a 100% filtration
capacity of flocculent sludge in UASB reactorsxpected for wastewater temperatures
nearly to 4°C when operating the UASB at an upfleslocity of about 0.3 m:h
Finally, the use of latex beads in university latories to study more filtration tests of
sludge in UASB reactors is recommended to preventisks of parasitic infection

6.3.2 UASB sludge filtration capacity for helminth eggs &low temperature
domestic wastewater treatment

Chapter 4 presents the filtration results unddd femnditions, performed in the city of
Puno located at an altitude of 3800 m.a.s.. Erpemts were conducted at the
prevailing low average wastewater temperaturesdewi1.3 and 14.3 °C. The average
helminth eggs influent content was 194 + 79 egh-lrrespective of the applied upflow
velocity between 0.12 and 0.41 rishthe helminth egg filtration capacities were very
similar between 89 and 95%. Although the applietlompvelocity seems to be at the
low side, proper treatment of domestic sewage iat ltw temperature can only be
expected using an upflow velocity of 0.23 it; which is calculated based on Zeeman
& Lettinga (1999). The lower helminth egg removainpared to the filtration capacity
achieved at 4°C, at similar upflow velocities (Ctea®), might be due to the observed,
though low, gas production. Results show that tre¥age helminth egg content in the
effluent was 19 + 23 egg-t Then, with the prevailing high influent helmingygs
content, the observed filtration capacities are sufficient for applying unrestricted
irrigation according to the WHO guidelines (WHO,899. Regarding faecal coliforms
andE. coliremoval, results showed an insignificant removdkss than 1.7 Log for

all applied conditions. Therefore, disinfectionriseded as a post treatment step to
remove remaining helminth eggs, faecal coliformd Bncoli, if treated wastewater is
used for irrigation purposes and has to reach WHiQedjnes.

6.3.3 UASB sludge filtration capacity for helminth eggs mder subtropical
conditions

This part of the research is presented in Chaptérhg prevailing, average ambient
temperature was 22.8 °C in the city of Lima (PedASB sludge filtration experiments
were performed using a stock solution, contairksgaris suuma model organism for
human helminth eggs. The helminth egg concentraitiothe influent tank varied
between 20-50 egg-L
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The study demonstrates that, when applying tempermbetween 17.1 and 28.6 °C and,
if the sludge bed height increases, then filtrati@pacity of anaerobic sludge inside
UASB reactors for helminth eggs is reduced.

When the system was operated at a sludge bed h&figl8—38% of the total reactor
height, a reciprocal correlation between the awerdagiminth egg removal efficiency
and upflow velocity (between 0.09 and 0.68 ) vas observed. The reported average
helminth egg removal varied between 30 and 100 Bé.average helminth egg removal
efficiency in the control experiment without a ghad bed, representing plain
sedimentation, varied between 44% and 66%. Theedsitig trend in helminth egg
removal efficiency at an increasing sludge bed Hteigas explained by a possible
increment in turbulence, created by the biogasumrtion and channel formation in the
sludge bed (Lettinga et al., 1984; Abdelgadir et 2014). Importantly an additional
settling step after the UASB is therefore suggestadpractical purposes, to improve
the helminth egg removal to below restrictive stamd. More research is needed to
understand the exact influence of biogas produgdtighe flow of wastewater inside the
UASB reactor and in the filtration capacity of tHASB sludge.

Microscopic observations showed the deterioratethi-seystalline morphological
structure ofAscaris suuneggs present in effluents and sludge. These damamggt be

attributed to the contact of microorganisms presenthe UASB sludge bed and
helminth eggs at the experimental conditions. Unfmately, damagedscaris suum

eggs in effluent and sludge were not quantifiedested on viability. The question
whether effluents of UASBSs, containing Ascaris egme still infectious, therefore still
needs to be answered.

6.4 Post treatment of UASB reactors

The main aim of this phase of the research (se@t€h8) was to study the capacity of a
DHS reactor for removing faecal coliforms from #féuent of a UASB reactor treating
domestic sewage. Then based on the WHO standaddthamuality of the produced
wastewater different agricultural reuse possiktittould be assigned. The DHS reactor
was selected among several types of high ratditrickilters as a promising technology
for post treatment of UASB effluents. Among its mé&atures reported in the literature
is the capacity to effectively retain colloidal maal (Tandukar et al., 2005; Tawfik et
al., 2006a; Tandukar et al., 2007; Uemura and Haradl0; Onodera et al., 2014). In
general, they showed a faecal coliform reductiamwben 79.0 % and 99.98 %.

Regarding faecal coliform removal, the resultshi$ study have been compared to the
WHO guidelines of 1989, which contains the maximpemmissible limits in absolute
values that most developing countries employ (Aakjel et al., 1999; Jiménez and
Asano, 2008; Gonzalez Gonzéalez and Chiroles Ruba)011). The WHO guidelines
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of 2006 for unrestricted irrigation, provides regoended restrictions for faecal
coliforms based on a quantitative microbial riskessment (QMRA) approach, i.e. no
absolute values are given. The recommended réstctare accompanied with the
introduction of proper sanitary measures and recentations to calculate the referred
limits based on a risk assessment for a specifiation. The latter assessment was not
available in this study. Further, analysis regagdiralth risks is described in secttb
Health risks associated to water reuse in agrictu

Results evidenced that a DHS reactor can remowalfaeliforms between 92.121 and
99.997 % (equivalent to 1.25 to 4.74 {gcat a relatively short HRT (between 1.25 and
2.28 h). The highest faecal coliform reduction 897 + 0.000 % was obtained in
cube type DHS (G1) reactors without recirculatidnlower removal efficiency of
99.919 + 0.117 % was observed in the cube type QB reactors with recirculation.
The curtain type DHS (G2) reactor, showed the loviascal coliforms reduction, viz.
92.121 £ 6.210 %.

The rather efficient removal of faecal coliformorfr the UASB effluent by the
investigated DHS reactors, proves a high DHS efficy when compared to extensive
technologies, like constructed wetlands and staiibn ponds (De Sousa et al., 2001;
Cavalcanti, 2003; von Sperling et al., 2005) asobsping alternative for the UASB
reactors. The best results of faecal coliform remhavere obtained for the cube type
DHS reactors, which probably can be attributechtomore even flow distribution and
observed media porosity in this configuration. Disserved higher porosity might lead
to the occurrence of less dead zones, more adsorteas compared to the curtain type
reactor.

Based on the average faecal coliform content ireffieent of the three evaluated DHS
reactors, different reuse possibilities can begassl to the treated wastewater following
the WHO guidelines (WHO, 1989; WHO, 2006). The wedfit with an average faecal
coliform content of 2.1E+02 CFU-100m_ produced in the cube type DHS reactor
without recirculation can be used for unrestridredation (Category A). Unrestricted
irrigation includes crops likely to be eaten uncedksport fields and public parks. The
effluent of the cube type DHS reactor with reciatidn, with an average faecal
coliforms content of 3.4E+04 CFU-100mLcan be used for restricted irrigation, of
Category B. Restricted irrigation Category B coreesi cereal crops, fodder crops,
pasture and trees. The effluent of the curtain ®ptS reactor without recirculation,
with an average faecal coliform content of 5.9E4DBU-100mL* is assigned to
restricted irrigation, Category C, which include®ps not exposed to workers and
public.
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6.5 Health risks associated to water reuse in agriculte

The new WHO guideline of 2006 does not provide tinfior viral pathogens and
bacteria. In order to apply this WHO guidelinesirecommended to apply a health risk
study in all situations of water reuse (WHO, 20@®isk is the likelihood of identified
hazards causing harm in exposed populations ineeifggd time frame including the
severity of the consequences (CAMRA, 2015).

Based on exposure scenarios of vegetable consumgptih the epidemiological context,
a tolerable Disability Adjusted Life Years loss jperson per year (DALY loss pppy) of
<10° DALY pppy is recommended for irrigation using ties wastewater in agriculture
(WHO, 2006; Drechsel et al., 2009). This value esponds to a tolerable risk of fatal
cancer of 10 per person from consuming drinking water contajrancarcinogen. Then
this infected person has a 1: 100 000 lifetime chaof developing fatal cancer. One
DALY loss means one year of iliness or one year the to premature death (WHO,
2006). DALYs are an important tool for comparingalile outcomes because they
account health effects and delayed and chronicctsffeincluding morbidity and
mortality (Bartram et al., 2001). Thus, when riskdescribed in DALYs, different
health outcomes can be compared and risk-manageseeisions prioritized (WHO,
2006; Drechsel et al., 2009).

According to the WHO guidelines of 2006, food crapsgated with treated wastewater,
especially those eaten uncooked, are expectedas bafe as drinking water in order to
prevent infection of people due to direct contaithwrigated crops. Thus, the tolerable
disease burden of10° DALY pppy should be applied (WHO, 2006). In order
achieve the indicated tolerable DALY loss pppy, temoval of pathogenic organisms
is the main objective of domestic wastewater treatnfor developing countries as it
expresses the risk factor for public health (Mahdhetial., 2011). Helminth eggs are of
particular interest because a person only reqainesnimum infective dose of 1 egg to
be infected (Jimenez, 2007). Additionally, the $uml/time of helminth eggs at ambient
conditions is long and varies from months to mdrant 3 years (Shuval, 1990; de
Victorica and Galvan, 2003; Khan et al., 2008). rEfiare, a content of helminth eggs
less than 1 egg-Lis requested in most situations except for higimstrops applying
localised drip irrigation, when no crops are pickga from the soil like fruit trees.
Gravity-fed irrigation and pressurised irrigatiore amain types of irrigation system
distinguished in the WHO guidelines. They differtire way water is applied, in their
uniformity and application efficiency, in the castthe system components, and in the
water quality which they transport (Eisenberg et2014). Localised irrigation employs
drippers and micro-spray heads. The water is applieectly at one point, or under the
soil surface, which is closest to the plant (Ororale 1999; Eisenberg et al., 2014).
Particularly, for localised drip irrigation no raomendation regarding helminth eggs
content is given because there is not direct cofiteisveen the treated wastewater and
crops (WHO, 2006).
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6.5.1 Risks associated with the use of treated wastewater

Based on the tolerable DALY loss pppy, the DALYdqeer case (of the disease) and
the disease-infection ratio (dir), the tolerablsedise pppy [? and the annual risk of
infection [R)], so called tolerable infection risk can be deteed according to the
following equations (WHO, 2006):

_ Tolerable DALY loss pppy (eq. 6.1)
° DALY loss per case

_ Tolerable disease risk pppy
P, = o (eq. 6.2)

Where the disease-infection ratio (dir)[0,1]

Additionally, in order to determineg, the probability of infection in an individual or

in a community from a single dose of pathogeg, Fust be determined using the
quality of health's report, the so called "healthicome" for a specific location. The

health outcome can be obtained by epidemiologitadiss or quantitative microbial

risk assessment (QMRA) when no database containfagmation of a specific disease
is available (Drechsel et al., 2009; Navarro amiédiez, 2011). For the QMRA the first
step is to establish the best distribution modginfi observed infection rates as a
function of pathogen exposure doses (Navarro andrikz, 2011).

For the dose-response relationships, the betadtosse-response model (see eq. 6.3)
was used for the risk calculation of getting inéetby 'ingesting' helminth eggs, virus
and bacteria (Haas et al., 1999; Drechsel et @092Navarro and Jiménez, 2011). The
beta-Poisson dose-response model considers thpathegen-host survival probability
vary according to a beta probability distributiofijis model was selected by Navarro
et al. (2009) and Haast al. (1999) as it best describing the dose-responastiosships
for the Ascaris lumbricoidesrotavirus andsalmonellalnon-typhi):

Po :1{1{'\?}(23 —1)} (eq. 6.3)

F)I(A)::I'_[l_F)l(d)]rI (eq 6-4)
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In eq. 6.3Pq) is the risk, expressed as probability of beconiifigcted by ingesting ‘d’
number of organisms (dose) from a single expostygis the median infection dose,
representing the number of organisms that will 6hfB0 per cent of the exposed
population; andx is the dimensionless infectivity constant (Drec¢leteal., 2009). This
dose (d) is the number of pathogens ingested Wélttop (i.e. lettuce, carrots or onion)
and is assumed to be a volume of treated wastewzdéremains on the crop after
irrigation, for example, 11mL to remain on 100glettuce (Shuval et al., 1997). In eq.
6.4 Py is the annual risk of infection (or tolerable irfea risk) in an individual from
"n" multiple exposures per year to a pathogen dBaeticularly for helminth eggs, the
beta-Poisson moded & 0.1048 = 1.096) was used in previous research (Navarab. et
2009; Navarro and Jiménez, 2011) to estimate figksoaris lumbricoideinfection for

a child who consumes raw crops once per week.

The WHO guidelines of 1989 suggests the numberatfqgens allowed per 100 mL of
treated wastewater (WHO, 1989). Thus, eq. 6.1,&2and 6.4 allows the calculation
of the pathogen dose that can be ingested by amsegpindividual to the wastewater
(containing the pathogens) without exceeding thg BVHO, 2006). It considers that
pathogens in raw wastewater can be reduced by iagptseatment technologies and
sanitary measurements. Treatment technologies grassrthe application of physical,
biological and chemical processes through wasteveatgineering in order to improve
the quality of the water. Sanitary measurementsbioenthe application of activities,
which can be used by inhabitants to protect thealth and to reduce the level of
exposure of a particular dose of contaminants apr(WHO, 2006). The exposure
assessment is very complex and involves a combimafi addressing the methods used
to measure the microbes and their content in thterwair or soil and the duration of the
exposure (CAMRA, 2015).

Results of this research demonstrates that withaembic treatment, UASB reactors
can provide an average helminth egg removal irrdhge of 26 - 93% and 89 - 95 % at
subtropical and low temperature conditions. Theesfahe expected risk & in an
individual from a single dose of pathogens usingstexaater from the influent and
effluent of the UASB reactor for irrigation of cr@pvas evaluated using the beta-
Poisson dose-response model (eq. 6.3).arhedp values ¢ = 0.104p = 1.096) were
taken from another parameterisation on previousaret (Navarro et al., 2009; Navarro
and Jiménez, 2011). Additionally, the expected Rgk was determined assuming an
Ascaris lumbricoidesontent of 100 egg-t in the influent and a wastewater volume
between 1 and 10 mL (dose) that remain on the ciidps number of ingested helminth
eggs is directly proportional to the applied dog&ssults of iy are shown irFigure 6.1
After P calculation, the annual risk of infectiopadPwas determined using eq. 6.4 and
results are shown iRigure 6.2

134



Chapter 6

0.080

0.070+

0.060 .

0.050+

0.040+

0.030+

pathogen dose R ()

0.020+

Risk of infection in an individual exposed to a sigle

0.010+

0.000 ‘ ‘ ‘ ‘

Dose (mL)

——  Helminth egg content of 100 egg*L

—-— Helminth egg content of 74 egg-lafter 26 % removal
—— Helminth egg content of 7 egg-Lafter 93% removal
—— Helminth egg content of 11 egg?lafter 89% removal
—— Helminth egg content of 5 egg-iafter 95% removal

Figure 6.1 Risk of infection from a single dose of pathogersing wastewater
containing helminth eggs for irrigation of cropslidaing the beta-Poisson dose-
response model.

An Ascaris lumbricoidesontent of 100 egg-t in the influent, different helminth egg
removal of 26, 89, 93 and 95 %, and doses of wagtzwolume between 1 and 10 mL
that remain on the crops per exposure were assurhedexposure group consumes raw
crops once per week.
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Figure 6.2 Annual risk of infection of an individual per yetarhelminth egg doses.

An Ascaris lumbricoidesontent of 100 egg-Lin the raw influent, different rates for
helminth egg removal (26, 89, 93 and 95 %) in wdatvastewater and doses of
wastewater volume between 1 and 10 mL that remaithe crops per exposure were
assumed. The current results considers that thesex@ group consumes raw crops
once per week.

Particularly, the results of | and Ray for 10mL of wastewater remaining in the
ingested crops which were previously contaminaté&ti Wwelminth eggs are shown in
Table 4.1. According to Table 4.1, on the onedhdincan be expected that 981900 of
1000 000 inhabitants would get infected if theyesiga 1 - 10 mL dose of raw
wastewater which remains on the crops. On the dthaed, if a UASB reactor is used in
the Peruvian highlands, the amount of infected |geaqan be reduced to 5500
inhabitants if they ingest a 1 - 10 mL dose of #ueht wastewater from a UASB
reactors which remains on the crops. It means dhatial risks of infection can be
reduced by 74%. Therefore, the application of UASEhnology as (pre)treatment will
significantly reduce the annual risksaf? of becoming infected. The reduction afaP
is expressed in the range of 19 - 90 % and 84 -,98%pectively, when helminth egg
removal varies in the range of 26 - 93% and 89 %095
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Table 6.1 Different levels of risks and removal of risks agated to helminth
eggs in the effluent of UASB reactors and raw waater for 10mL of
wastewater remaining in the ingested crops.

Helminth
eggs Helminth eggs P Piay ,
content in removal P Py removal removal cﬁ);rzrcigcr)igfil::s
wastewater (%) (%) (%)
(egg-L)
100 0% 0.0741 0.9819 0% 0% a
74 26% 0.0599 0.9601 19% 2% b
7 93% 0.0077 0.3304 90% 66% b
11 89% 0.0118 0.4607 84% 53% c
5 95% 0.0055 0.2513 93% 74% c
Notes

a: correspond to null removal of helminth eggs @né$n raw wastewater

b: correspond to the removal of helminth eggs irSBAeactors at subtropical conditions

c: correspond to the removal of helminth eggs wattemperature UASB reactors in Peruvian
highlands

Regarding faecal coliforms, it must be realised thay are not necessarily pathogenic
but the number of faecal coliforms gives a satisfigcindication whether the water has
been contaminated by faeces (von Sperling et @D22von Sperling et al., 2005).
Therefore, the presence of faecal coliforms in éewaource indicate a risk of getting
infected by possible pathogens present in the waiter faecal coliform group includes
the genugscherichia Klebsiella Enterobacte Serratia and Citrobacter. Escherichia
coli is a major enteric pathogen particularly in depélg countries (Guentzel, 1996). It
resides as a commensal gram negative bacteriune imtestinal tract and is excreted in
faeces. Enterohemorrhadischerichia col(EHEC; particularly serotype O157:H7) is a
highly pathogenic variant and has been the causmaify diseases from faecally
polluted food (Strachan et al., 2005).

For the dose-response relationship of faecal coli§p no specific model was found in
the revised literature (Rose and Gerba, 1991; Shetval., 1997; Tellez et al., 1997;

Haas et al., 1999; Bartram et al., 2001; Howarclet2002; Westrell et al., 2004;

Beltran and Jiménez, 2008; Drechsel et al., 2003;léesschauwer et al., 2014). For
this reason it is assumed ttagcherichia coli(EHEC) is present in the wastewater in
the same number as the faecal coliforms content.
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The dose-response model (see eq. 6.3) which bsstildes the pathogen-host survival
risks Enterohemorrhagi€scherichia coli(EHEC) is the exponential dose-response
model shown in eqg. 6.5 (CAMRA, 2015):

P, =1-e ™ (eq. 6.5)

In eqg. 6.5"r" is a model parameter. Then, the exponential -desponse model (r =
0.000218) was used to estimate risk EHEC infec(i©arnick and Helgerson, 2004;
Strachan et al., 2005; CAMRA, 2015).

One of the limitations of UASB reactors regardihg tirect agricultural use of treated
wastewater is expressed mainly by an insufficiemegligible faecal coliform removal

capacity (see Chapter 2 and 4) compared to the \WiHdelines of 1989. Therefore, the
capacity of a DHS system for removing faecal cofife from a domestic UASB

reactor's effluent to produce wastewater qualititable for agricultural reuse was
studied in Chapter 5. Results of this research detnated an average faecal coliform
removal for cube type DHS reactors without and wahirculation of 4.74 and 3.42

logio respectively. The curtain type DHS reactor showresl lowest performance for

faecal coliforms removal (average removal of 1@hd).

Assuming an EHEC content of 1 E+08 CFU-100hih the influent of a DHS reactors
and 3 scenarios of 4.74, 3.4 and 1.25Jagf EHEC removal, the expected risks of
infection Rg and Ra) are calculated and presented in Figure 6.3 awguré&i6.4
respectively. The three scenarios correspond toeffieents of the cube type DHS
reactors without recirculation and with recircubati and the curtain type DHS reactor
respectively. It should be noticed that EHEC contefnl E+08 CFU-100mL in the
influent wastewater is rather exaggerated consigdtie fact that EHEC is part of the
larger groupEscherichia colimany of which cause little or no disease (Stractaa.,
2005; CAMRA, 2015). Therefore, the calculated rieknfection will be high.

For the Rg) the exponential dose-response model was usedré@ig3). During the
current calculation a wastewater volume betweendl1® mL that remains on the crops
(dose) was assumed, however, to confirm it, furtlesearch is needed for a specific
location. The number of ingested colony formingtsigCFU) is directly proportional to
the applied doses.
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Risk of infection in an individual expose

to a single pathogen dose f)

0 2 4 6 8 10
Dose (mL)

—— EHEC content of 1 E+08 CFU- 100fiL

—=— EHEC content of 1.82 E+03 CFU- 100miafter 4.74 log, removal
—a— EHEC content of 3.8 E+04 CFU-100mlafter 3.42 log, removal
-« EHEC content of 5.62 E+06 CFU- 100mlafter 1.25 log, removal

Figure 6.3 Risk of infection from a single dose of pathogarsng wastewater
containing Enterohemorrhagi&scherichia coli (EHEC) for irrigation of crops
following the exponential dose-response model.

An EHEC content of 1 E+08 CFU-100itlin the influent, different rates for EHEC
removal (4.74, 3.42 and 1.25 lggin treated wastewater and doses of wastewater
volume between 1 and 10 mL that remain on the cpgpexposure were assumed. The
current results considers that the exposure gronpumes raw crops once per week.
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Figure 6.4 Annual risk of infection of an individual per yetw Enterohemorrhagic
Escherichia col(EHEC)dose.

An EHEC content of 1 E+08 CFU-100Min the influent, different EHEC removal of
4.74, 3.42 and 1.25 | lgg and, doses of wastewater between 1 and 10 mlrehain

on the crops per exposure were assumed. The expgsarp consumes raw crops once
per week.

Particularly, the results of @ and Ra) for 10mL of wastewater remaining in the
ingested crops and contaminated with EHEC are shiowhable 6.2. According to
Table 6.2, on the one hand, it can be expectadathpeople from a group of 1000 000
inhabitants would get infected with EHEC if theyg@st a 1 - 10 mL dose of raw
wastewater which remains on the crops. On the dthad, if acube type DHS reactor
without recirculation is used to polish the effluesf UASB reactor, the amount of
infected people can be reduced to 186900 inhabit&wr the latter calculation it was
assumed that they ingest a 1 - 10 mL dose of aesfflwastewater from cube type DHS
reactor which remains on the crops. It means thaual risks of infection can be
reduced by approximately 81%. Then, it can be coptated from Table 6.2 that the
annual risks of becoming infectegaf® can be highly reduced using a cube type DHS
reactor without recirculation compared to the otsteidied DHS reactors. The risks of
infection from a single dose of EHEC can be redu2®8 times with respect to the
influent (from 1 to 0.004) after using a UASB+DH&actor in cube type DHS reactor
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without recirculation. For the DHS reactor withirealation the risks can be reduced 13
times with respect to the anaerobically treatetu@rft (from 1 to 0.0795). Finally for
curtain type DHS reactor, no significant reductidmisks may be expected (Table 6.2).

Table 6.2 Different levels of risks and removal of risks asated to EHEC in
the effluent of UASB reactors and without UASB reas for 10mL of
wastewater remaining in the ingested crops.

: Lo
EHECinthe %0 P Pl DHS
effluent reduction P Piay removal removal tvoe
(CFU-100mL™) < (%) (%) yp

100 000 000 0.00 1.0000 1.0000 0.0% 0.0% a
1820 4.74 0.0040 0.1869 99.6% 81.3% b
38019 3.42 0.0795 0.9867 92.0% 1.3% c
5623413 1.25 1.0000 1.0000 0.0% 0.0% d

Notes

a: No DHS reactor was used

b: cube type DHS reactors without recirculation
c: cube type DHS reactors with recirculation

d: curtain type DHS reactor

6.5.2 Approaches to achieve targets of WHO guidelines

The WHO guideline (2006) distinguish between d#éfegrachieved pathogen reduction
in terms of logp units for restricted and unrestricted irrigatitnigated crops included
in these two groups were clearly described by Aada&iset al., (2006). Crops for
restricted irrigation comprise forests and areasrehaccess to the public is not
expected, fodder, industrial crops, pastures, tf@hsse fruits do not come into contact
with the ground during collection), seed crops,psrthat produce products which are
processed before consumption. Unrestricted irdgathcludes all other crops such as
vegetables, vineyards and crops, with productsatatconsumed raw and produced in
greenhouses.

The WHO guideline (2006) recommends 6-7 and 3-4plagits of pathogen reduction
for unrestricted and, restricted irrigation in arde achieve a tolerable annual risk of
infection of <10° DALY pppy. These recommendations need to be azfjust a
particular location after a health risk assessmé&he indicated targets for pathogen
reduction can be achieved by a combination of westr treatment and sanitary
measures. Sanitary measures includes natural tli@fofpathogens under field
conditions, washing products before eating, contlinaof the filtering properties of
the soil and type of irrigation (Oron et al., 1999HO, 2006). Helminth eggs must be
removed in all cases except for drip irrigation fagh growing crops (DIH) like fruit
trees, pecans trees (WHO, 2006).
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During the current research, faecal coliforms wermoved by the UASB reactor
between 1 and 2 lggunits (see Chapter 2 and 4). Therefore, accorttintpe WHO
guidelines of 2006, the effluent of UASB reactoas de used for restricted irrigation
via subsurface irrigation (Type G) or for unreg#it irrigation of high growing crops
using drip irrigation only when no crops are pickgxdfrom the soil (Type C). However,
it can be noticed that each case should be analigged particular situation since
probably drip irrigation is not feasible because lifjh maintenance costs in
consideration of their easily clogging by suspenchadter.

The results of Chapter 5 revealed that faecal @otifremoval in a DHS reactor varied
between 1 and 4 lggat relatively short HRT (between 1.3 and 2.3 hllldwing the
WHO guidelines of 2006 in terms of only faecal faiins, the effluent of different
water reuse options can be stated (Figure 6.5¢. ffluent of the cube type DHS
reactor without recirculation with 4.74 lggaverage reduction of faecal coliforms can
be used for all types of irrigation except typeI&cond, the effluent of the cube type
DHS reactor with recirculation and 3.42 {p@verage reduction of faecal coliforms can
be used for both, unrestricted irrigation (typear®l C) and restricted irrigation (types
G and H). Finally, the effluent of the curtain typ&IS reactor without recirculation
with 1.25 logoaverage reduction is only suitable for unrestrigreigation through a
subsurface irrigation system which allow 7 dg@duction required for root crops.

The application of an appropriate post-treatmeohnelogy after UASB reactors and
DHS reactors could further enhance the level oh@gen reduction. Particularly for
UASB reactors, in order to gefl0® DALY pppy, the remaining helminth eggs should
be removed by post treatment technologies such ddishing ponds, constructed
wetlands, overland flow, coagulation and sand diitn (Jimenez et al.,, 2001;
Tchobanoglous et al., 2003; von Sperling et alQ320In order to reduce faecal
coliforms, some disinfection technologies, depegdifithe water use, were suggested
by previous researchers (Cheremisinoff, 2001; Zapnd Smith, 2002; Von Sperling,
2005; Bracho et al., 2006). These disinfection tettgies include maturation ponds,
slow sand filters, advanced oxidation processes R®YO UV irradiation, chemical
disinfectants such as bromine, chlorine and iodRegarding chemical disinfection
methods, care should be taken for the formatiomlisinfection by-products, such a
organochlorides, which are carcinogenic and persistnd accumulate in the field.

Regarding other constituents content, the guidgluheveloped by WHO does not set
any value regarding BOD, COD, metals or nutriemistent for water reuse. It should

be realised that organic matter as such is not fahignd nutrients are even beneficial
for the farmers (Van Lier and Huibers, 2004Van laed Huibers, 2004; van Lier and
Huibers, 2010). Additionally, the WHO guidelinesggest to take into account good
agricultural practices to minimize the environméitgacts like salinisation of soil and

contamination of water resources.
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| COMBINATIONS OF WASTEWATER TREATMENT AND HEALTH MEA  SURES |

A: Treatment is followed by pathogen die-off betwetbe last irrigation and D: Treatment is followed by drip irrigation fordogrowing crops (DIL)
consumption. Root crops that can be eaten uncooked E: Crops can be irrigated immediately after treatt
B: Treatment is followed by pathogen die-off betwebe last irrigation and F: Treatment is followed by labour intensive rieséd irrigation
consumption and washing products. Non-root salagscand vegetables carG: Treatment is followed by highly mechanisedniesd irrigation
be eaten uncooked H: Treatment is followed by sub-surface irrigation
C: Treatment is followed by drip irrigation for ligrowing crops (DIH)
Source: Adapted frodVHO guideline (2006)

Figure 6.5 Options for water reuse after the studied UASB BhtS reactors according to WHO guidelines of 2006rder to achieve the health based target
of <10° DALY per person per year. All combinations requirehelminth eggs content less than 1 egyg-&xcept when treatment is followed for drip
irrigation for high growing crops (DIH).
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6.6 Prospects for water reuse and excess sludge

Application of an appropriate wastewater treatntectnology is the key component for
increasing the coverage of wastewater treatmentleweloping countries. It often

requires proven technology, achievement of targptedmeters, low investment costs,
low operation and maintenance costs, compared fWilllf mechanical or aerated

technologies that are often applied in industréalicountries (Libhaber and Orozco-
Jaramillo, 2012). Based on the current researatart be concluded that the UASB
reactor can be an appropriate technology in deimopountries. However, it is

necessary to add a post treatment unit to polishvihstewater until achieving the
established target regarding pathogen removal,ceglyeto minimize the associated

health risks when the treated water is consideseddricultural reuse.

Special care should be taken into account for tkeess sludge coming from the
wastewater treatment process, since it contairts &mngounts of pathogens (Navarro et
al., 2009). Then this sludge must be stabiliseavatdered (reaching minimally 25 %
DS) and disinfected (ddegaard et al.,, 2002). Thsinfdiction step must include
inactivation of viable helminth eggs. Differentatatives has been described in the
literature (Jdegaard et al., 2002; Jimenez, 200ahe&Ket al., 2007; Fidjeland, 2010;
Fidjeland et al., 2013; Magri et al., 2015) to distct the sludge. These technologies
include alkaline post stabilization, acid treatmemaerobic digestion, thermal drying of
anaerobically digested sludge, ammonia sanitisat@mmposting, dehydration and
electron beam irradiation.

6.7 Recommendations for future research

— The presence of helminth eggs in the treated wasezwosses risks to people if the
treated wastewater is used for agricultural irimat(WHO, 2006). During the
present research, it was demonstrated that frontetttenological point of view the
filtration capacity of sludge in UASB reactors (demnated in this research “sludge
filtration capacity”) can contribute to reduce thelminth egg content from the
influent. In wastewater streams characterised byh hihelminth egg content,
anaerobic sludge filtration would provide advangaf@ environmental protection
specially by reducing health risks. However, durihg sludge filtration process in
the UASB reactor containing a flocculent anaeraldicge bed, it is necessary to
study the hydraulic influence of density, viscositypflow velocity, the biogas
production and temperature. The resulting sluddgation capacity might be
insufficient to attain the restrictive residual ingith egg concentration.

— During the research on the sludge filtration cayaander subtropical conditions

several unexpected damages were observed in thehology of helminth eggs in
the anaerobic environment. Therefore, it is recondrd to study the disinfecting
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microbial capacity of anaerobic sludge from UASEaters over helminth eggs
viability. Results can provide useful informatiandptimise pathogen removal.

- Helminth eggs removed during the anaerobic filbratprocess are accumulated in
the excess sludge (Navarro et al., 2009). Therefomre investigation using low
cost technologies must be performed in full scdngs in order to inactivate
helminth eggs from the indicated excess sludgesaally in developing countries.

— This thesis has shown that DHS reactors were alieniove faecal coliforms in the
range of 1.25 to 4.74 legusing HRT values of less than 2.5 hours. Thesaltees
makes this technology apparently feasible to apphen land area is limited.
Further research is needed on an appropriate scaleler to study the influence of
media porosity, type of flow, short circuiting abibfilm formation on and inside
the medium during the treatment process on faecdifoan removal. The
identification of microorganism and mechanisms Iagd in faecal coliform
removal should be addressed. The removal of spep#ithogens may also be
studied in order to determine the extent of wastemaieatment, different types of
treated wastewater reuse and risks to which humanexposed to. Further research
is also needed to study the viability of helmingye through the developed biofilm
in a DHS reactor.

— In order to address the water reuse approach WgH@ guidelines from 2006, the
removal capacity of DHS reactors with respect te thost known pathogens in
developing countries likesalmonella spp Shiguella spp Escherichia coli(for
example EHEC serotype 0157:H7) and helminth eggsldtbe investigated.

— Further research needs to be performed in devejopiuntries to determine the
DALY loss per case, the median infection dosggMnd the effect on pathogen
reduction by combining wastewater treatment teatgies and health measures
proposed by the WHO (2006). The obtained infornmatidll allow to calculate the
risk of becoming infected by ingesting a dose frasingle exposure [§] and the
annual risk of infection [i&)], and therefore apply WHO guidelines 2006 in
developing countries.
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General summary

General summary

The use of treated wastewater in agricultural @titph becomes an attractive alternative,
especially when water resources are scarce. Howesiece domestic wastewater
includes discharges from toilet, kitchen and showterontains human pathogens. The
presence of pathogens in wastewater increases hhewtn and environmental risks.
Anaerobic wastewater treatment will only limitedlduce the pathogenic content and
thus may need an additional post treatment stéplfibreuse criteria. So far, the exact
pathogen removal capacity of anaerobic reactorsairsmunclear and so does risk
reduction by implementing anaerobic treatment vatimplementary post treatment.
Since at present, raw or partially treated sewagedmmonly used in irrigated
agriculture, a detailed insight in the pathogen aeah capacity of compact, cost-
effective treatment systems is of crucial importanthis research describes the effect
of Upflow Anaerobic Sludge Blanket (UASB) reactonscombination with specific
post-treatment steps during the wastewater tredtnimmring the research, particular
emphasis was placed on the use of UASB reactorstalits compactness and low
operation and maintenance costs compared to aeteffinologies, such as activated
sludge, that are commonly used in industrialisatchtiies.

Chapter 1 describes the main pathogens, prevailing in westiw It also shows the

main benefits of the use of reclaimed domestic ewaater. This chapter includes an
overview of existing wastewater treatment techniel®gapplied for wastewater

reclamation in developing countries. Various “treant trains” are presented consisting
of combinations of a UASB reactor with differentspdreatment techniques. These
"treatment trains" were categorized in systems ribatiire a significant amount of land
area (land-based dimensioned design) and those&ldhatt (volumetric based design).
Latter systems are much more compact.

Chapter 2 presents the research on determining the filtnatiapacity of anaerobic
sludge for helminth eggs at different operatiomatditions in UASB reactors. During
the experiments an operational temperature of 4wdS applied to minimise the
bioactivity in the sludge bed. Filtration tests weronducted under different upflow
velocities. Before filtration tests, a sludge waghphase was applied to minimise the
impact of the preceding experimental conditionse ®tudy was performed in two
phases: the first one, using latex beads simuldteiminth eggs, and the second one,
using real helminth eggs. During the first phasehef research, the anaerobic sludge
filtration capacity was evaluated using digestadigé from a primary sludge digester
operated at a hydraulic retention time (HRT) ofda@s at 35 °C. The digester is part of
the wastewater treatment plant (WWTP) located ia,Hthe Netherlands. Four types of
test series were conducted to study the sludgatfdh capacity to remove latex beads:
impact of upflow velocity, impact of degree of shedstabilisation, impact of sludge
bed volume, and control tests. During the experisyefour upflow velocities, namely
0.3, 0.5, 1, and 1.5 m-t were tested. For the second phase, a contromiésout
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sludge was used to study the removal of the lagexi® solely by sedimentation. For the
second phase, a flocculent UASB sludge was usezllafter sludge was taken from the
536 nt pilot-scale UASB reactor located at the Researemt€@ for Wastewater
Treatment and Hazardous Wastes (CITRAR) at the wampthe National University
of Engineering (Lima, Peru). Microbiological anadysincluded total and faecal
coliforms and the identification of the most comntmiminth eggs species.

Results from the first phase showed a decreasedvadnefficiency of latex beads at
increased upflow velocities. With regards to tm@act of degree of sludge stabilisation,
no significant effect was observed. Increasing shelge bed volume did not have a
significant effect on the latex beads removal. Atuflow velocity of 0.3 m-H, no
significant differences were observed in the ldieads removal efficiency between the
control reactor and the reactor with a sludge IRmsults of the second phase showed
that the most common helminth eggs found in thelisth wastewater wer@scaris
lumbricoides Trichuris spp andStrongyloides spdt was demonstrated that at 4°C and
low upflow velocities of 0.30 and 0.39 m*hrespectively, 100% removal for both latex
beads and helminth eggs is achieved. Lower renmefaentages were found at higher
upflow velocities. Additionally, 100% latex beadsnroval was obtained at plain
settling at a theoretical settling velocity of @BH* at 4°C. Total and faecal coliform
removal was less than 80% at all studied upflovociéies.

Chapter 3 describes the experiments on assessing the anaeshluge filtration
capacity regarding helminth eggs under subtropicalditions. Two lab-scale UASB
reactors at average ambient temperatures betwedh drvd 29°C were used\scaris
suumhelminth eggs were selected as model eggs, coimgidieir similarity in terms
of size and morphology tAscaris lumbricoidesa human pathogeAscaris suuneggs
were obtained from female parasites of infected.pidne helminth egg concentration in
the influent tank varied between 20-50 eggs: The sludge filtration capacity tests
were performed applying upflow velocities betweei90and 0.68 m-A The sludge
filtration capacity test was performed at ambiemperatures. The sludge bed thickness
was in the range of 0.30-0.40 and 0.50-0.60 m. fdnge is coincided with 19-25%
and 31-38% of the total UASB reactor height. Tretstshowed a reciprocal correlation
between the average helminth egg removal efficiemzy upflow velocity. The average
helminth egg removal was between 34-100%, 30-91&634+56%, when the sludge
bed height in the reactor was 19-25%, 31-38% andi8®, respectively, at upflow
velocities varying between 0.09 and 0.68 th-h

Chapter 4 presents the research on assessing the anaedialge diltration capacity of

UASB reactors at low ambient temperatures. Thearebewas performed using a lab-
scale UASB reactor of 29 L and domestic wastewatgh temperatures varying
between 11 and 14°C for a period of 22 weeks afterstart-up of the reactor. The
scenario of the research was the city of Puno teitban the Peruvian Andes at an
altitude of 3810 m.a.s.l. The effect of severallawfvelocities, viz. 0.12, 0.14, 0.16,
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0.20, 0.27 and 0.41 mi*h on the reduction of pathogens was tested. Thieogahs
indicators were helminth eggs, faecal coliforms Bndoli. The average helminth eggs
influent concentration was 194 + 79 egg<:LAscaris lumbricoideswas the most
common helminth egg found in the influent (averafel42 eggs-1%) and effluent
(average of 19 eggs-1). Results show that the sludge filtration capaeéyied between
89 and 95% for helminth egg removal. The obsenigd helminth egg removal could
be related to the lower biogas production at lomgeratures that probably limited the
degree of turbulence in the reactor. Faecal caolifogmoval varied between 0.9 and 2.1
logip andE. coliremoval varied between 0.8 and 1.6,0d he total Chemical Oxygen
Demand (COD) removal was low and varied betweenaBd 62%. The best
performance in terms of removal of helminth eggsalt COD and turbidity was
obtained at the lowest upflow velocity of 0.12 it: Whe results confirmed that post-
treatment is required to further remove pathogemsathieve the World Health
Organization (WHO) guidelines.

Chapter 5 describes experiments to determine the capacitfafaral coliform removal
by Down Flow Hanging Sponge (DHS) reactors as a-fpeatment alternative for the
effluent of UASB reactors by conducting three ldegn continuous lab-scale
experiments. Three different DHS reactors wereuatat. These reactors were the cube
type DHS (G1) without and with recirculation ancktburtain type DHS (G2). The
porosity of the applied medium was 91, 87 and 4Mitenthe respective HRT was 2.9,
1.5 and 2.5 h. The organic loading rate was 0.88 @nd 0.24 kg COD-Thd* while
their corresponding hydraulic loading rate was 1.9207 and 1.32 fam?2.d*
correspondingly. Cube type (G1) DHS reactors shotiedbest capacity for faecal
coliform removal. According to the WHO guideline$989), the effluent with an
average faecal coliforms content of 2.1E+02 CFU-hQ0", produced in the cube type
reactors without recirculation, can be used forestricted irrigation (Category A).
Restricted irrigation of category B is assignedhe effluent of cube type reactor with
recirculation and an average faecal coliforms aunte the effluent of 3.4E+04
CFU-100mL". Restricted irrigation of category C is ascribedtte effluent of curtain
type reactor with an average effluent coliform emtof 5.9E+05 CFU-100mt The
average Biochemical Oxygen Demand (B{pEeduction varied between 80.9 and 93.6
with a BOD; content in the effluent of 19.5 and 6.2 md-In cube type without and
with recirculation. For the curtain type reactdre taverage BOPreduction was 84.9%
which correspondent to a B@Rontent of 14.9 mg-T in the effluent. With regards to
the effluent BORQconcentrations, all researched DHS reactors conhplith the United
States Environmental Protection Agency (USEPA)ddaahs for restricted irrigation of
non-food crops, like pasture for milking animaltsider, fibre, and seed crops.

Chapter 6 includes the results and discussion and refletthe presented work in the
whole thesis. The results show that especiallyhieninth egg removal by anaerobic
sludge filtration is a promising alternative foegreatment of wastewater especially for
locations with space limitations where the appiaratof large land-based treatment
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systems is simply not possible. Firstly, specitératon is given to the residual public
health risks after the application of UASB reactimiswater reclamation in subtropical
conditions and low temperatures. Secondly, thelvasihealth risk after the application
of DHS reactors for polishing the UASB reactor w@ffits, under subtropical
conditions, was analyzed. The health risks analyss carried out following the
recommendations of the 2006 WHO guidelines. Theesponding annual risks of
infection (named ) in an individual, due to the ingestion of an ag& number of
organisms in a specified dose was determined. & assumed that a dosage of
wastewater volume between 1 and 10 mL remainedhenctops per exposure. A
reduction of the annual risks of infection can xpested when applying any of the
researched treatment systems. The assessed redisciio the range of 19-90% at a
helminth egg removal in UASB reactors between 263896, at subtropical conditions,
i.e. average wastewater temperature between 1hdQ@% °C. The observed reduction
of annual risks is in the range of 84-93% when lmlmegg removal in UASB reactors
varies in the range of 89-95% at low temperatuneditmns, i.e. average wastewater
temperatures between 11 and 14 °C.

For DHS reactors, the annual risks analysis watopeed usingEnterohemorrhagic
Escherichia coli(EHEC) as a pathogen indicator. Results show dhatal risks are
lowest using the effluent of a cube type DHS reactonpared to the effluent of curtain
type reactors. During this theoretical health rsialysis it was concluded that when
using a cube type DHS reactor without recirculatithe risks of infection for water
reuse can be reduced 253 times compared to urdreatgtewater reuse. Similarly, for
the DHS reactor with recirculation, the risks ofeittion can be reduced 13 times
compared to untreated reuse. However, for the ioutype DHS reactor no significant
reduction of health risks is expected.

This research clearly shows the application patntof the compact wastewater
treatment system consisting of a UASB reactor fedld by a cube type DHS reactor for
the reclamation of domestic sewage for agriculitnigation. Results show a distinct
reduction in human health risks compared to the afsantreated sewage, but also
compared to the use of solely a UASB reactor.

The use of treated wastewater in agricultural @titph becomes an attractive alternative,
especially when water resources are scarce. Howeiece domestic wastewater
includes discharges from toilet, kitchen and showerontains human pathogens. The
presence of pathogens in wastewater increases hheath and environmental risks.
Anaerobic wastewater treatment will only limitedduce the pathogenic content and
thus may need an additional post treatment stéplfibreuse criteria. So far, the exact
pathogen removal capacity of anaerobic reactorsairsmunclear and so does risk
reduction by implementing anaerobic treatment vdtmplementary post treatment.
Since at present, raw or partially treated sewagedmmonly used in irrigated
agriculture, a detailed insight in the pathogen aeah capacity of compact, cost-
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effective treatment systems is of crucial impor&anthis research describes the effect
of Upflow Anaerobic Sludge Blanket (UASB) reactdns combination with specific
post-treatment steps during the wastewater tredtnimmring the research, particular
emphasis was placed on the use of UASB reactorstalits compactness and low
operation and maintenance costs compared to aetetfinologies, such as activated
sludge, that are commonly used in industrialisathtiies.

Chapter 1 describes the main pathogens, prevailing in wastiw It also shows the

main benefits of the use of reclaimed domestic ewaater. This chapter includes an
overview of existing wastewater treatment techniel®gapplied for wastewater

reclamation in developing countries. Various “treant trains” are presented consisting
of combinations of a UASB reactor with differentspdreatment techniques. These
"treatment trains" were categorized in systems rtbatiire a significant amount of land
area (land-based dimensioned design) and thoseldhaot (volumetric based design).
Latter systems are much more compact.

Chapter 2 presents the research on determining the filtnatapacity of anaerobic
sludge for helminth eggs at different operatioratditions in UASB reactors. During
the experiments an operational temperature of 4wdS applied to minimise the
bioactivity in the sludge bed. Filtration tests weronducted under different upflow
velocities. Before filtration tests, a sludge washphase was applied to minimise the
impact of the preceding experimental conditionse ®tudy was performed in two
phases: the first one, using latex beads simuldteiminth eggs, and the second one,
using real helminth eggs. During the first phasdhef research, the anaerobic sludge
filtration capacity was evaluated using digestadigé from a primary sludge digester
operated at a hydraulic retention time (HRT) ofda@s at 35 °C. The digester is part of
the wastewater treatment plant (WWTP) located ia,Hthe Netherlands. Four types of
test series were conducted to study the sludgatidn capacity to remove latex beads:
impact of upflow velocity, impact of degree of shedstabilisation, impact of sludge
bed volume, and control tests. During the experimeiour upflow velocities, namely
0.3, 0.5, 1, and 1.5 m-f were tested. For the second phase, a contromigisout
sludge was used to study the removal of the lagexi solely by sedimentation. For the
second phase, a flocculent UASB sludge was usesllafter sludge was taken from the
536 nt pilot-scale UASB reactor located at the Researemt€@ for Wastewater
Treatment and Hazardous Wastes (CITRAR) at the nampthe National University
of Engineering (Lima, Peru). Microbiological analysincluded total and faecal
coliforms and the identification of the most comntmiminth eggs species.

Results from the first phase showed a decreasedvadnefficiency of latex beads at
increased upflow velocities. With regards to tmgact of degree of sludge stabilisation,
no significant effect was observed. Increasing shelge bed volume did not have a
significant effect on the latex beads removal. Atupflow velocity of 0.3 m-H, no
significant differences were observed in the ldieads removal efficiency between the

159



General summary

control reactor and the reactor with a sludge IREbults of the second phase showed
that the most common helminth eggs found in thelistl wastewater wer@scaris
lumbricoides Trichuris spp andStrongyloides spdt was demonstrated that at 4°C and
low upflow velocities of 0.30 and 0.39 m*hrespectively, 100% removal for both latex
beads and helminth eggs is achieved. Lower renueaentages were found at higher
upflow velocities. Additionally, 100% latex beadenoval was obtained at plain
settling at a theoretical settling velocity of @bh* at 4°C. Total and faecal coliform
removal was less than 80% at all studied upflovesiékes.

Chapter 3 describes the experiments on assessing the anaeshlige filtration
capacity regarding helminth eggs under subtropicalditions. Two lab-scale UASB
reactors at average ambient temperatures betwedh dvd 29°C were usedscaris
suumhelminth eggs were selected as model eggs, coimgjdiheir similarity in terms
of size and morphology tAscaris lumbricoidgsa human pathogeAscaris suuneggs
were obtained from female parasites of infected.pldie helminth egg concentration in
the influent tank varied between 20-50 eggs:Che sludge filtration capacity tests
were performed applying upflow velocities betweef90and 0.68 m-A The sludge
filtration capacity test was performed at ambiemperatures. The sludge bed thickness
was in the range of 0.30.40 and 0.50-0.6M. This range is coincided with 425%
and 3138% of the total UASB reactor height. The tesadd a reciprocal correlation
between the average helminth egg removal efficiemzy upflow velocity. The average
helminth egg removal was between-200%, 3091% and 3456%, when the sludge
bed height in the reactor was 19-25%, 31-38% andi8®, respectively, at upflow
velocities varying between 0.09 and 0.68 th-h

Chapter 4 presents the research on assessing the anaedalge diltration capacity of
UASB reactors at low ambient temperatures. Thearebewas performed using a lab-
scale UASB reactor of 29 L and domestic wastewaigh temperatures varying
between 11 and 14°C for a period of 22 weeks afterstart-up of the reactor. The
scenario of the research was the city of Puno teitbin the Peruvian Andes at an
altitude of 3810 m.a.s.l. The effect of severallapfvelocities, viz. 0.12, 0.14, 0.16,
0.20, 0.27 and 0.41 m‘h on the reduction of pathogens was tested. Theogahs
indicators were helminth eggs, faecal coliforms Bndoli. The average helminth eggs
influent concentration was 194 + 79 eggs:lAscaris lumbricoideswvas the most
common helminth egg found in the influent (averagel42 eggs-I%) and effluent
(average of 19 eggs-1). Results show that the sludge filtration capaeigied between
89 and 95% for helminth egg removal. The obsenigd helminth egg removal could
be related to the lower biogas production at lomperatures that probably limited the
degree of turbulence in the reactor. Faecal califogmoval varied between 0.9 and 2.1
logio andE. coliremoval varied between 0.8 and 1.6,(0d he total Chemical Oxygen
Demand (COD) removal was low and varied betweenaBd 62%. The best
performance in terms of removal of helminth egggalt COD and turbidity was
obtained at the lowest upflow velocity of 0.12 it: Whe results confirmed that post-
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treatment is required to further remove pathogemsathieve the World Health
Organization (WHO) guidelines.

Chapter 5 describes experiments to determine the capacitfafaral coliform removal
by Down Flow Hanging Sponge (DHS) reactors as a-fpeatment alternative for the
effluent of UASB reactors by conducting three ldagn continuous lab-scale
experiments. Three different DHS reactors wereuatatl. These reactors were the cube
type DHS (G1) without and with recirculation ancktburtain type DHS (G2). The
porosity of the applied medium was 91, 87 and 4Mienthe respective HRT was 2.9,
1.5 and 2.5 h. The organic loading rate was 0.8 @nd 0.24 kg COD-Thd* while
their corresponding hydraulic loading rate was 1.2207 and 1.32 fam2d*
correspondingly. Cube type (G1) DHS reactors shotiedbest capacity for faecal
coliform removal. According to the WHO guideline$989), the effluent with an
average faecal coliforms content of 2.1E+02 CFU-hQ0", produced in the cube type
reactors without recirculation, can be used forestricted irrigation (Category A).
Restricted irrigation of category B is assignedhe effluent of cube type reactor with
recirculation and an average faecal coliforms aunte the effluent of 3.4E+04
CFU-100mL*. Restricted irrigation of category C is ascribedtte effluent of curtain
type reactor with an average effluent coliform emtof 5.9E+05 CFU-100mt. The
average Biochemical Oxygen Demand (B{pEeduction varied between 80.9 and 93.6
with a BOD; content in the effluent of 19.5 and 6.2 md-In cube type without and
with recirculation. For the curtain type reactde taverage BOPreduction was 84.9%
which correspondent to a B@Dontent of 14.9 mg-1 in the effluent. With regards to
the effluent BOIQconcentrations, all researched DHS reactors corhplith the United
States Environmental Protection Agency (USEPA)ddaahs for restricted irrigation of
non-food crops, like pasture for milking animalsgder, fibre, and seed crops.

Chapter 6 includes the results and discussion and reflattthe presented work in the
whole thesis. The results show that especiallyheninth egg removal by anaerobic
sludge filtration is a promising alternative foegreatment of wastewater especially for
locations with space limitations where the appiaratof large land-based treatment
systems is simply not possible. Firstly, specitgraton is given to the residual public
health risks after the application of UASB reactfiswater reclamation in subtropical
conditions and low temperatures. Secondly, theluesihealth risk after the application
of DHS reactors for polishing the UASB reactor wéfts, under subtropical
conditions, was analyzed. The health risks analyss carried out following the
recommendations of the 2006 WHO guidelines. Theesponding annual risks of
infection (named B,) in an individual, due to the ingestion of an age number of
organisms in a specified dose was determined. & assumed that a dosage of
wastewater volume between 1 and 10 mL remainedhenctops per exposure. A
reduction of the annual risks of infection can bgexted when applying any of the
researched treatment systems. The assessed rediscfio the range of 19-90% at a
helminth egg removal in UASB reactors between 2628%0, at subtropical conditions,
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i.e. average wastewater temperature between 1hdQ@% °C. The observed reduction
of annual risks is in the range of 84-93% when lhatlmegg removal in UASB reactors
varies in the range of 89-95% at low temperatuneditmns, i.e. average wastewater
temperatures between 11 and 14 °C.

For DHS reactors, the annual risks analysis wafopeed usingeEnterohemorrhagic
Escherichia coli(EHEC) as a pathogen indicator. Results show d@haual risks are
lowest using the effluent of a cube type DHS reactanpared to the effluent of curtain
type reactors. During this theoretical health rsialysis it was concluded that when
using a cube type DHS reactor without recirculatie risks of infection for water
reuse can be reduced 253 times compared to urdreatstewater reuse. Similarly, for
the DHS reactor with recirculation, the risks ofection can be reduced 13 times
compared to untreated reuse. However, for the ioutgpe DHS reactor no significant
reduction of health risks is expected.

This research clearly shows the application paantof the compact wastewater
treatment system consisting of a UASB reactor fe#ld by a cube type DHS reactor for
the reclamation of domestic sewage for agriculitnigation. Results show a distinct
reduction in human health risks compared to the afsantreated sewage, but also
compared to the use of solely a UASB reactor.
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Algemene Samenvatting

Algemene samenvatting

Het gebruik van gezuiverd huishoudelijk afvalwaberde landbouw wordt als een
aantrekkelijk alternatief gezien, vooral wanneertevaschaars is. Huishoudelijk
afvalwater bevat echter toilet-, keuken- en doucttewen veel ziekteverwekkers
(pathogene organismen). De aanwezigheid van ziekiekkers in gezuiverd
afvalwater kan bij waterhergebruik leiden tot grasico’s voor de volksgezondheid.
Anaerobe afvalwaterzuivering kan het aantal pathegen het afvalwater weliswaar
verlagen, maar voor een vergaande verwijderingpathogenen is een na-geschakelde
zuivering nodig. Hergebruik van vergaand gezuivetddelijk afvalwater in de
geirrigeerde landbouw zal de risico’s voor milieu wlksgezondheid in grote mate
reduceren in vergelijking met de veelvoorkomendepassing van ongezuiverd
rioolwater. Dit onderzoek beschrijft de mogelijkleedvan Upflow Anaerobic Sludge
Blanket (UASB) reactoren in combinatie met spek#dienabehandelingsstappen ten
behoeve van de verwijdering van pathogene orgamisiigdens het onderzoek werd
met name gekeken naar UASB-reactoren vanwege huapaxtheid en lage exploitatie-
en onderhoudskosten in vergelijking met aeroben@ldgieén, zoals actief slib.

Hoofdstuk 1 beschrijft de belangrijkste ziekteverwekkers di@nkomen in afvalwater.

Het beschrijft tevens de belangrijkste voordelem Wzt gebruik van gezuiverd
huishoudelijk afvalwater. Ook bevat het hoofdstek @verzicht van technologieén die
gebruikt worden voor de zuivering van afvalwatemmtwikkelingslanden. De diverse
behandelingsketens, bestaande uit een combinatie een UASB-reactor met
verschillende nazuiveringstechnieken, worden in haibfdstuk nader toegelicht. De
zuiveringscombinaties zijn ingedeeld in systemen ab basis van landoppervlak zijn
gedimensioneerd (land-based) en systemen die véifisate zijn gedimensioneerd
(compact).

Hoofdstuk 2 beschrijft onderzoek naar de filtratie capaciteh anaeroob slib voor
wormeitjes onder verschillende operationele omstgratlen in UASB-reactoren.
Tijdens de experimenten werd een temperatuur v@ntdégepast, om de biologische
activiteit van het slib-bed te minimaliseren. Fitte proeven werden uitgevoerd bij
verschillende opwaartse snelheden. Voor de proesxed een slib spoelfase toegepast
om het effect van de voorafgaande experimenteleéaomdigheden te minimaliseren. Het
onderzoek werd uitgevoerd in twee fasen. In deedéasse werden latex korrels gebruikt
als surrogaat voor wormeitjes in afvalwater. De due fase bevatte afvalwater met
echte wormeitjes. Gedurende de eerste fase vambetzoek werd de filtratiecapaciteit
van slib onderzocht, waarbij gebruikt werd gemaait uitgegist primair slib afkomstig
van een 35°C slibgistingstank die bedreven werd eset verblijftijd van 30 dagen op
de rioolwaterzuiveringsinstallatie (rwzi) in Edeedierland. Er zijn 4 testen uitgevoerd
om de slibfiltratiecapaciteit van latex korreldtestuderen. De toegepaste testvariabelen
waren opwaartse snelheid, mate van slibstabilisatiede invloed van het slib-bed
volume. Er zijn 4 opwaartse snelheden getest, rign@e8, 0.5, 1, en 1.5 m-h Voor
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de tweede fase, werd een controle test zondegsbhuikt om de verwijdering van latex
korrels door alleen bezinking te bestuderen. Vaoivdeede fase werd viokkig slib uit
een UASB gebruikt. Dit slib was afkomstig van ee36 5i* UASB testreactor van

CITRAR in de stad Lima (Peru). Met behulp van migtodogische analyses werden de
totale en fecale colibacterién en de meest voorkamevorm ei soorten geidentificeerd.

Resultaten uit de eerste fase lieten een verminderdijderingsrendement zien van
latex korrels bij een verhoogde opwaartse snelhi@al.mate van slibstabilisatie had
geen significant effect. Het verhogen van het Bblovolume had geen significant effect
op de verwijdering van de latex korrels. Bij eerwaprtse snelheid van 0.3 mth
werden geen significante verschillen gevonden irwideringsrendement van latex
korrels tussen de referentiereactor met alleenmextede reactor met slibbed. Uit de
resultaten van de testen uit de tweede fase blijktdle meest voorkomende eitjes in het
onderzochte afvalwaterdscaris lumbricoides, Trichuris spgen Strongyloides spp
waren. Bij 4 °C en lage opwaartse snelheden vapeotigvelijk 0.30 en 0.39 m-h
werd 100% verwijdering bereikt van zowel latex latsr als wormeitjes. Hogere
opwaartse snelheden resulteerden in een verminderdgidering van korrels en eitjes.
Daarnaast werd 100% van de latex korrels verwijdeet behulp van eenvoudige
bezinking bij een theoretische bezinksnelheid vam® hbij 4 °C. Bij alle toegepaste
opwaartse snelheden was de verwijdering van zowtlal coliformen als fecale
coliformen minder dan 80%.

Hoofdstuk 3 beschrijft de resultaten van onderzoek naar deatfikcapaciteit van
anaeroob slib voor wormeitjes onder subtropischetandigheden. Hiertoe, werden
twee labschaal UASB-reactoren met gemiddelde testyen tussen de 17°C en 29°C
gebruikt. Ascaris suunwormeitjes werden geselecteerd als model eitjgsgerzien ze
qua grootte en morfologie op humane pathogene wgesndijken. Ascaris suuneitjes
werden verkregen uit vrouwelijke parasieten vamiedte varkens. De concentratie van
wormeities in de influent tank varieerde tussen 2B 50 eities:-I. De
slibfiltratiecapaciteitstesten werden uitgevoerddmngevingstemperatuur en opwaartse
snelheden tussen 0.09 en 0.68 Th-Be hoogte van het slibbed was tussen 0.30 en 0.40
m en tussen 0.50 en 0.60 m. Deze slibbedhoogte &oeneen met 19-25% en 31-38%
van de totale UASB-reactor hoogte. De testen to@mmteomgekeerde correlatie tussen
de opwaartse snelheid en de verwijdering van wdjeseiDe gemiddelde verwijdering
van wormeitjes lag tussen 34-100%, 30-91%, en 3%-bb een slibbed hoogte van
respectievelijk 19-25%, 31-38%, en 38-44%. De optsaasnelheden varieerden
tussen 0.09 en 0.68 m*h

Hoofdstuk 4 presenteert het onderzoek naar de anaerobe tsditifitapaciteit van
UASB-reactoren bij lage omgevingstemperaturenwaat! uitgevoerd in de plaats Puno
(Peru) op een hoogte van 3810 m boven zeeniveaufiligie experimenten zijn
uitgevoerd in een labschaal UASB-reactor van 29dt huishoudelijk afvalwater als
influent bij temperaturen tussen 11 en 14 °C. Hetwijderingsrendement van
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wormeitjes, fecale coliformen da coli. is vastgesteld bij opwaartse snelheden van 0.12,
0.14, 0.16, 0.20, 0.27, en 0.41 it:tDe gemiddelde concentratie van wormeitjes in het
influent was 194 + 79 eitjes-t. Ascaris lumbricoidesvas het meest voorkomende
wormeitje in het influent (gemiddeld 142 eitjeS)L en effluent (gemiddeld 19
eities- 1. Uit de resultaten blijkt dat de slibfiltratiecagiteit voor wormeitjes varieert
tussen 89 en 95%. De waargenomen hoge verwijdeangde wormeitjes kan worden
toegeschreven aan de lage opstroomsnelheid eneasage biogasproductie bij lage
temperaturen, hetgeen de turbulentie in de redmperkt. Verwijdering van fecale
coliformen varieerde tussen 0.9 en 2.1;4agn voorE. colitussen 0.8 en 1.6 lgg De
totale verwijdering van chemisch zuurstof verbr{@ZV) was laag en varieerde tussen
de 37 en 62%. De beste prestatie met betrekkingetetijdering van wormeitjes, totale
COD, en troebelheid werd verkregen bij de laagptgaartse snelheid van 0.12 fi-h
Om te voldoen aan de pathogenen richtlijnen vawddd Health Organization (WHO),
is nabehandeling noodzakelijk.

Hoofdstuk 5 beschrijft de verwijdering van fecale coliformeretmbehulp van Down
Flow Hanging Sponge (DHS) reactoren als nabeharglelan het UASB-reactor
effluent. Hiervoor werden drie, lange termijn, dooe labschaal experimenten
uitgevoerd. De DHS reactoren waren van het ‘kultysé, DHS (G1) met en zonder
recirculatie en ‘gordijn’ type DHS (G2). De porasitvan de toegepaste media was 91,
87 en 47%, terwijl de respectievelijke hydraulisekeblijftijd (HRT) 2.9, 1.5 en 2.5 uur
was. De organische belasting bedroeg 0.86, 0.58.2h kg CZV-m>d?, terwijl de
bijbehorende hydraulische belasting 1.92, 2.97.88 &-m 2 d* bedroeg. De ‘kubus'
type (G1) DHS reactoren hadden het hoogste rendenveor de verwijdering van
fecale colibacterién. Volgens de in 1989 vastgdst®/HO richtlijnen kan het effluent
geproduceerd in een ‘kubus' type reactor zondércrdatie, met een gehalte aan fecale
coliformen van 2.1E + 02 CFU-100 L voor niet-restrictieve irrigatie worden
gebruikt (categorie A). Restrictieve irrigatie, @gorie B, is toegestaan voor effluent van
de ‘kubus' type reactor met recirculatie met efituecale coliform concentraties van
gemiddeld 3.4E+04 CFU-100 miL Restrictieve irrigatie, categorie C, is toegestaa
voor effluent van een ‘gordijn’ type reactor metneegemiddelde concentratie van
5.9E+05 CFU-100 ml’. De reductie in biochemisch zuurstof verbruik (BYV
varieerde tussen 80.9 en 93.6 % met een BgBdhalte in het effluent van 19.5 en 6.2
mg-L* in de ‘kubus’ type reactoren zonder en met rette; en 14.9 mg-1: voor de
‘gordijn’ type reactor. Dus, wat betreft BZV verdgring kan worden geconcludeerd
dat het effluent van de onderzochte DHS reactoreldoet aan de United States
Environmental Protection Agency (USEPA) normen vodpatie van gewassen die
niet als voedsel dienen voor mensen. Voorbeelderdeae toepassingen zijn weilanden
voor melkvee, veevoer, vezels, en zaadgewassen.

Hoofdstuk 6 beschrijft de resultaten en discussie en reflectge het gepresenteerde

werk in het proefschrift. De resultaten laten z@at de verwijdering van wormeitjes
door anaerobe slibbed filtratie een veelbelovendraatief is voor behandeling van
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afvalwater wanneer er onvoldoende ruimte beschikimam op opperviakte basis
gedimensioneerde systemen te installeren. In hefdbtuk wordt nader ingegaan op de
gezondheidsrisico's van de toepassing van UASBaeatin subtropische klimaten en
bij lage temperaturen. Daarnaast zijn de gezondhsido's geanalyseerd van DHS
reactoren als nazuivering van UASB reactoren osdbftropische omstandigheden. De
gezondheidsrisico-analyse werd uitgevoerd volgeas2806 WHO-richtlijnen. Het
overeenkomstige jaarlijkse risico op infectie (gemol R)) als gevolg van de inname
van een gemiddeld aantal pathogene organismemidass werd bepaald per individu.
Er werd aangenomen dat per blootstelling 1 tot 10(behandeld) afvalwater met de
gewassen werd ingenomen. Bij toepassing van elk d®  onderzochte
zuiveringssystemen wordt een vermindering van ddijiese infectierisico’s verwacht.
De berekende vermindering van het jaarlijkse oisliedraagt 19-90%, bij een
verwijdering van wormeitjes in de UASB-reactorenssten 26 en 93%, voor
subtropische gebieden (gemiddelde afvalwater temtyper tussen 17 °C en 29 °C). Bij
lage temperaturen (gemiddelde afvalwater temperdatiasen 11 en 14 °C) varieert de
verwijdering van wormeitjes in de UASB-reactorennv@9-95%, en ligt de
waargenomen vermindering van het jaarlijkse risissen de 84 en 93%.

De analyse van het jaarlijkse risico bij toepassiag DHS reactoren werd uitgevoerd
met Enterohemorrhagic Escherichia cqiEHEC) als een ziekteverwekker indicator. De
resultaten laten zien dat het jaarlijkse risicaelaig bij het gebruik van het effluent van
de ‘kubus' type DHS reactor in vergelijking met ‘derdijn’ type reactor. Uit deze
theoretische gezondheidsrisico-analyse kan wordsorgludeerd dat de risico's van
besmetting bij gebruik van effluent van de ‘kubugpe DHS-reactor, zonder
recirculatie, 253 maal lager zijn dan bij gebrudavongezuiverd water. Met een ‘kubus’
type DHS-reactor met recirculatie kan het infeaiepr 13 keer worden verminderd in
vergelijking met gebruik van ongezuiverd waterkBn geen significante vermindering
van gezondheidsrisico's worden verwacht bij hetgikbvan een ‘gordijn’ type DHS-
reactor. Dus, in vergelijking met hergebruik vamgeruiverd afvalwater in de landbouw
of behandeling met uitsluitend een UASB-reactor|lenu de gezondheidsrisico's
duidelijk worden verminderd indien de zuivering ta@s uit een UASB reactor gevolgd
door een ‘kubus’ type DHS reactor.
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SENSE PhD Courses

o Environmental Risk Assessment of Micropollutants (2008)

o Research in Context Activity: ‘Co-Organising Conference on: Novel Cost Effective
Technologies for Waste Water Treatment and Bio-energy Production’, Wageningen (2008)

o Environmental Research in Context (2014}

Other PhD and Advanced MSc Courses

Teaching and supervising Thesis students, Wageningen University (2008)

Techniques for Writing and Presenting Scientific Papers, Wageningen University (2008)
Project- and Time Management, Wageningen University (2008)

Information Literacy PhD including EndNote Introduction, Wageningen University (2008)
Innovative technologies for urban wastewater treatment plants, University of Santiago de
Compostela (2009)

o Anaerobic wastewater treatment for industrial and municipal wastewater, Peruvian
Engineers Association-CIP (2012)
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Management and Didactic Skills Training

o Supervising of MSc student with thesis entitled ‘Filtering capacity of the sludge of a UASB
reactor for pathogen removal’ (2009)

o Supervising of BSc student with thesis entitled “Wastewater Reuse in Lima, Peru’ (2010)

o Co-organising International Course ‘Anaerobic Treatment of domestic and Industrial
wastewater’, Peruvian Engineers Association-CIP, Peru (2010), ‘Aerobic Treatment of
domestic and Industrial wastewater’, Megacity Project Liwa and Peruvian Engineers
Association-CIP, Peru (2011), ‘Industrial wastewater management and treatment’, Megacity
Project Liwa and Peruvian Engineers Association-CIP, Peru (2013), ‘Domestic wastewater
treatment with emphasis on UASB reactors’, Peruvian Engineers Association-CIP, Peru (2013)

Oral Presentations

o Potentials for compact anaerobic systems for wastewater reclamation in Lima. Symposium
"Novel Cost Effective Technologies for Wastewater Treatment and Bio-energy Production”,
4-5 September 2008, Wageningen, The Netherlands

o Helminth ova removel using UASB reactors at 4°C. 3" International Congress Wastewater in
Small Communities (Smallwat11), 25-28 April 2011, Seville, Spain

o Fiftration capacity of anaerobic sludge bed for pathogens removal in a UASB reactor at low
temperatures. Xl Latin American Workshop and Symposium on Anaercbic Digestion, 24-27
November 2014, La Habana, Cuba
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