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SUMMARY

Pollution of surface water resources is a growing worldwide problem and conventional
water treatment technologies generally cannot effectively remove the wide variety of
contaminants from surface water sources. Natural treatment techniques such as bank
filtration (BF) may represent a cost-effective and sustainable alternative compared to
advanced treatment technologies. BF is achieved by the continuous pumping of a
hydraulically linked well, situated in the vicinity of a surface water supply, inducing
filtration flow to the interception aquifer. The subsurface sediments serve as natural
barriers capable of eliminating various types of pollutants from water bodies. The efficacy
of this technique has been demonstrated in developed countries for more than a hundred
years as a means of producing high-quality drinking water. However, the environmental
conditions in certain countries are expected to vary as a result of climate change in the
coming years. Equally, several arid-zone countries (e.g., Egypt and India) have recently
paid more attention to BF as a means of meeting their demand for drinking water. The
efficiency of BF in arid conditions still needs to be investigated. These regions are
characterised by (i) highly variable hydrological parameters and poor surface water
infiltration into the adjacent aquifers. As a consequence, long travel times may be required
and the potential for anaerobic conditions to form increases; (ii) high temperatures, which
promote biological activity along the infiltration path affecting BF treatment mechanisms;
and (iii) surface waters that are highly polluted, particularly organic substances that
significantly influence the reactions taking place in the infiltration zone. BF is a site-
specific technique, and there is a lack of knowledge on its design and sustainable
management in arid and polluted environments. This thesis aimed to analyse the efficacy
of BF in eliminating chemical contaminants and supplying good quality drinking water
to meet local environmental standards.

Dissolved organic matter (DOM) is very important in terms of the physical processes and
biochemical reactions that occur in the infiltration zone, and is a significant determinant
of bank filtrate quality. This research aimed to assess the behaviour of organic matter
fractions during the filtration process using analytical techniques such as size exclusion
liquid chromatography with organic carbon detection and organic nitrogen detection (LC-
OCD/OND), and fluorescence excitation-emission matrix spectroscopy integrated with
parallel factor analysis (FEEM-PARAFAC). Laboratory-scale batch and soil column
experiments were performed to examine the impact of environmental parameters (i.e.,
temperatures between 20-30 °C and redox conditions) on the attenuation of organic
constituents in the filtration region. Experiments were conducted using different types of
feed water collected from different sources. Results showed that non-humic compounds
(e.g., biopolymers) were most prone to elimination during infiltration. The removal of



biopolymers exceeded 80% under aerobic conditions regardless of the ambient
temperature. Conversely, humic compounds displayed temperature-dependent behaviour
with preferential removal at lower temperatures (20-25 °C). However, an increase in
humic compounds in the effluent was observed at high temperatures (30 °C), which might
be attributed to (i) the dissolution of soil organic matter into the infiltrated waterand (ii)
the presence of micro-organisms capable of turning labile compounds into more
refractory ones. Organic fluorescence analysis revealed an increase in the concentrations
of humic compounds of terrestrial origin in the effluent at higher temperatures.

BF has been shown to have a relatively high potential to remove organic micropollutants
(OMPs) in developed countries. However, its effectiveness under arid conditions is still
not thoroughly understood. To address this gap, a laboratory-scale batch study was
conducted to investigate the behaviour of different OMPs in the filtration region. The
removal efficiencies of various classes of OMPs (polyaromatic hydrocarbons,
insecticides, and pesticides) under varying conditions of raw water sources, temperature
(20-30 °C), and redox conditions (i.e., oxic, anoxic, and anaerobic) were examined for a
residence time of 30 days. Results revealed that the attenuation of OMPs and their
reactions with the surrounding environment is strongly controlled by their properties (i.e.,
solubility). Highly-hydrophobic OMPs (i.e., DDT, pyriproxyfen, pendimethalin, p-BHC,
endosulfan sulphate, and PAHS; logS < -4) tended to adsorb (> 80%) onto sand grains
regardless of the temperature and redox conditions. Hydrophilic OMPs (i.e., molinate,
propanil, and dimethoate; logS > -2.5) also showed high removal efficiencies during
filtration, with removal rates of more than 70%. Furthermore, an abiotic study illustrated
that biodegradation is the principal mechanism through which such compounds are
eliminated in the infiltration zone. Moderately-hydrophobic OMPs (atrazine, simazine,
isoproturon, and metolachlor; 2.5 > logS > -4) were the most persistent compounds under
the examined experimental conditions, and were mainly removed by adsorption.

The presence of heavy metals (HMs) in bank filtrate degrades its quality and causes
severe damage to human health. Soil column experiments were conducted to assess the
feasibility of using BF to eliminate HMs during infiltration. The impact of the organic
composition of the feed waters (four different water sources were examined) on the
removal of selected HMs (Pb, Cu, Zn, Ni, and Si) was explored. To provide insight into
the organic composition of the different types of feed water, FEEM-PARAFAC and
fluorescence indices (e.g., the humification index, fluorescence index, and biological
index) were used. Experiments were performed in a temperature-controlled room (30 °C)
and under aerobic conditions. Among the HMs examined, Pb had the greatest tendency
for adsorption onto the sand surface and effluent Pb concentrations were below the
detection level (5 pg/L) for all of the feed waters. In comparison, the removal efficiency
of Cu, Zn, and Ni ranged between 65% and 95%, and depended significantly on the
organic concentration and composition of the raw water. Humic compounds



demonstrated the ability to reduce the removal efficiencies of these HMs during the
infiltration process. Humic compounds could accumulate on the surface of sand grains
and thereby reduce the sorption capacity of the sand matrix. Moreover, humic compounds
also reacted with the HMs to form aqueous complexes. Conversely, biodegradable matter
was found to be effective in enhancing the sorption of HMs onto the sand grains. The
removal of Se was enhanced when the feed water contained a higher concentration of
biodegradable matter. Nevertheless, it should be noted that high a concentration of
biodegradable matter in the source water would increase the probability of shifting the
infiltration environment into anaerobic conditions, and consequently enhance the
mobilisation of adsorbed HMs into the infiltrating water.

The mobilisation of (toxic) metal(loid)s such as Fe, Mn, and As during infiltration, and
the enrichment of their concentrations in bank filtrate, are major drawbacks that restrict
the widespread implementation of BF in developing countries. DOM is the principal
factor influencing the redox reactions taking place in the infiltration zone. In this research,
column experiments were conducted under anaerobic conditions to assess the effect of
the organic composition of the feed water on the release of Fe, Mn, and As during BF.
Columns were filled with iron-oxide-coated sand and fed with different types of source
water. Excitation-emission spectroscopy coupled with a parallel factor framework
clustering analysis model was used to measure the organic characteristics of the feed
water and fluorescence indices were also estimated. The concentrations of Fe, Mn, and
As in the filtrate were in the range 10-20 pg/L, 1,500-3,900 pg/L, and < 2-7.1 pg/L,
respectively, indicating that Mn-reduction was the prevailing mechanism under the
experimental conditions. The mobilisation of such metal(loid)s was significantly
dependent on the organic composition and concentration of the feed water. Humic
compounds were observed to have a positive effect on the release of the metal(loid)s from
the soil into the infiltrating water. Humic compounds have a high shuttle-electron capacity
and can, therefore, function as chelators and react with the geogenic metal(loids) to form
aqueous complexes. Moreover, these compounds may function as mediators of the
microbial reduction of these metal(loids) in the infiltration region. The fluorescence
results showed that humic substances—regardless of their origin—have adequate
capability to release Mn into the infiltrating water. Furthermore, terrestrial humic
compounds (condensed structure) exhibited higher efficiency in mobilising Fe.
Additionally, batch studies were conducted to assess the impact of humic, fulvic, and
tyrosine concentrations in the mobilisation of metal(loid)s. The experimental results
showed that humic and fulvic compounds at low concentrations (< 5 mg-C/L) had the
same capability to release Mn. The same trend was observed for Fe mobilisation.
However, fulvic compounds (i.e., lower molecular weight humic compounds) at higher
concentrations demonstrated a greater ability to mobilise Mn. Humic compounds, on the
other hand, were comparatively more effective than fulvic compounds at mobilising Fe
at higher concentrations of humics. However, these findings require further verification
under different soil conditions and with different metal(loid) chemical compositions and
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structures. Biodegradable organic matter was also identified as being effective at
mobilising Fe and Mn in the infiltration zone. Batch studies revealed that biodegradable
matter (i.e., tyrosine) at concentrations greater than 10 mg-C/L was capable of creating
adequate to create a Fe-reducing environment in the infiltration region, and thereby,
enriching the concentration of Fe in the filtrate water.

The effective implementation of BF is highly dependent on the surrounding
environmental and hydrological conditions. Here, the feasibility of implementing BF in
an arid environment (Aswan, Egypt) was investigated. The overarching objective was to
establish guidelines for the management of BF systems under these environmental
conditions. A multidisciplinary approach was taken in order to achieve this objective,
which included the following activities: (i) the development of a hydrological model to
determine the impact of environmental variables on the performance of BF; (ii) a water
quality monitoring study to characterise the quality of the bank filtrate; and (iii) an
economic viability analysis to compare BF with existing treatment techniques. From a
hydrological perspective, BF is favourable under the local environmental conditions in
Aswan City. However, the design parameters (e.g., number of wells, production capacity,
and distance between wells) should be identified based on minimising the contribution of
contaminated groundwater to the final total pumped water. In the future, the water level
of the River Nile is projected to decline owing either to the construction of the
Renaissance Dam in Grand Ethiopia and/or as a consequence of climate change. The
model results revealed that a fall in the level of the River Nile by 0.5-1.5 m would have
a substantial effect on BF design parameters (e.g., travel time, drawdown and the share
of bank filtrate) in the onset operation of the wells. Nevertheless, the continued operation
of BF wells for long periods (approximately 100 days) could mitigate these effects. The
water quality study demonstrated that BF in Aswan City could be an effective technique
to eliminate chemical contaminants and ensure good quality drinking water. However,
there was an increase in terrestrially-derived humic compounds in the pumped water,
which may be due to the dissolution of these compounds from the soil into the infiltrating
water or the result of mixing infiltrated water with polluted groundwater. If post-
chlorination is implemented, this increase in humic compounds in the pumped water may
increase the potential for the formation of trihalomethanes. Finally, the Net Present VValue
(NPV) and the Payback Period (PBP) were used as economic indicators to determine the
viability of BF relative to other treatment techniques. Results indicate that BF has a lower
NPV and PBP, indicating that it is economically viable in the case study in Aswan City,

Egypt. .
Overall, this study revealed that BF is an efficient and affordable technique capable of
providing good quality drinking water that meets local standards in arid environments.

However, the following factors should be taken into account during the design and
development of BF well fields:
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Humic compounds are subject to enrichment during the infiltration process,
especially at high temperatures. Therefore, post-treatment should focus on
eliminating these compounds. Conversely, biodegradable material can be readily
eliminated in the infiltration region;

The removal efficiencies of OMPs with moderate hydrophobicity (approximately
-2.5 > 1logS > -4) is low in the infiltration area, requiring long travel times (> 30
days) for efficient elimination even at infiltration temperature of 30 °C.

BF can be rendered more viable by positioning fields close to surface water
sources with low organic content. DOM (specifically humic compounds) reduces
the HM adsorption efficiency and promotes the release of undesirable metals (e.g.,
Fe, Mn, and As) from the soil into the infiltrating water;

BF design parameters (e.g., the number of wells and well distance/spacing) should
be configured to minimise the proportion of polluted groundwater in the overall
pumped water;

Further research is required to address the issue of well clogging, which restricts
the application of BF in arid countries.
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SAMENVATTING

Vervuiling van het oppervlaktewater is een wereldwijd probleem. Conventionele
waterzuiveringstechnieken zijn over het algemeen niet in staat de grote verscheidenheid
aan verontreinigende stoffen uit het oppervlaktewater te verwijderen. Natuurlijke
zuiveringstechnieken, zoals oeverfiltratie (BF), kunnen een kosteneffectief en duurzaam
alternatief vormen voor geavanceerde zuiveringstechnologieén. Oeverfiltratie is een
toepassing waarbij (er continu) oppervlaktewater wordt gepompt in een nabije put, zodat
er een continue watertoevoer ontstaat naar een (de) ondergrondse filtrerende
watervoerende laag. De ondergrondse sedimenten werken als natuurlijke filters die
verschillende soorten vervuilende stoffen uit het water kunnen verwijderen. Deze
techniek heeft zijn werkzaamheid in ontwikkelde en vochtige landen al meer dan honderd
jaar bewezen en resulteert in drinkwater van hoge kwaliteit. De milieuomstandigheden
kunnen de komende jaren echter door klimaatverandering worden aangetast in
verschillende landen. Als gevolg hiervan hebben verschillende landen (bijvoorbeeld
Egypte en India) de laatste tijd meer aandacht besteed aan oeverfiltratie om aan de vraag
naar drinkwater te voldoen. De toepasbaarheid van oeverfiltratie onder deze drogere
klimaatomstandigheden moet nog worden onderzocht. Landen met een aride klimaat
hebben de volgende kenmerken: (i) zeer variabele hydrologische omstandigheden en
matige oppervlaktewaterinfiltratie in de aanliggende watervoerende laag. Als gevolg
hiervan zal de reistijd van het geinfiltreerde water naar verwachting langer worden en zal
kans op anaerobe omstandigheden toenemen. (ii) Een hoge temperatuur, waardoor
biologische activiteit tijdens de infiltratie hoger IS en de
oeverfiltratiebehandelingsmechanismen worden beinvloedt. (iii) Het oppervilaktewater is
sterk vervuild met vooral organische stoffen die de reacties in de infiltratiezone
aanzienlijk beinvloeden. Oeverfiltratie is een plaatsgebonden techniek, en er is een
duidelijk tekort aan kennis over het ontwerp en het beheer van deze duurzame techniek
in extreme omstandigheden met een droog klimaat en sterk vervuild oppervlaktewater.
Het doel van deze thesis was om de werkzaamheid van oeverfiltratie te analyseren in
dergelijke milieuomstandigheden, waarbij het verwijderen van de chemische
verontreinigingen en het leveren van drinkwater van goede kwaliteit -dat voldoet aan de
lokale normen- centraal staat.

Opgelost organisch materiaal (DOM) wordt beschouwd als een drijvende factor voor
fysische processen en biochemische reacties die voorkomen in het infiltratiegebied en
staat centraal als het gaat om kwaliteit van oeverfiltratie. Dit onderzoek is gericht op het
volgen van het gedrag van organisch materiaalfracties tijdens de filtratie met behulp van
geavanceerde analysetechnieken zoals: grootte-selectieve vloeistofchromatografie met
organische koolstofdetectie en organische stikstofdetectie (LC-OCD/OND) en matrix
excitatie-emissie fluorescentiespectroscopie met parallelle factoranalyse (FEEM-
PARAFAC). Op laboratoriumschaal zijn batch- en bodemkolomexperimenten uitgevoerd



om de effecten van milieuparameters (temperatuur (20-30 °C) en redoxcondities) op de
aantasting van organische bestanddelen in het filtratiegebied te onderzoeken. Het
experiment werd uitgevoerd met behulp van vier soorten water met verschillende
herkomst. De experimentele resultaten toonden aan dat de groep van non-humische
verbindingen (bijvoorbeeld biopolymeren) het meest vatbaar is voor afbraak tijdens
infiltratie. Ongeacht de omgevingstemperatuur bedraagt de afbraak van biopolymeren
meer dan 80% van het totaal onder zuurstofrijke omstandigheden. Omgekeerd vertonen
humusverbindingen een temperatuurafhankelijk gedrag waarbij een lagere temperatuur
(20-25 °C) optimaal is. Bij een hoge temperatuur (30 °C) werd echter een toename van
humusverbindingen in het effluent waargenomen. Dit kan worden toegeschreven aan (i)
het oplossen van bodem-organisch materiaal in het geinfiltreerde water en/of (ii) de
aanwezigheid van micro-organismen die in staat zijn labiele verbindingen om te zetten in
sterkere verbindingen. Uit de analyse van de organische fluorescentie is gebleken dat er
een toename is van de humusverbindingen van sedimentaire oorsprong in het effluent bij
hoge temperatuur.

Oeverfiltratie heeft aangetoond dat er in ontwikkelde landen een relatief hoog potentieel
is om verbindingen van organische microverontreinigingen (OMP's) te verwijderen. Deze
werking is echter nog nooit voldoende onderzocht in een droog milieu. In dit onderzoek
is op laboratoriumschaal een batchstudie uitgevoerd om het gedrag van verschillende
OMP's in het filtratiegebied te onderzoeken. De filtratie efficiéntie van verschillende
klassen OMP's (polyaromatische koolwaterstoffen, insecticiden en pesticiden) werden
onderzocht voor de verblijftijd van 30 dagen onder wisselende omstandigheden
(temperatuur 20-30 °C in oxische, anoxische en anaerobe condities) in onbehandeld water.
Uit de resultaten bleek dat de verwijdering van OMP's en hun reacties op de omringende
milieuomstandigheden in hoge mate afhankelijk zijn van de chemische eigenschappen
van de OMP’s (o.a. oplosbaarheid). Hydrofobe OMP's (zoals DDT, pyriproxyfen,
pendimethalin, B-BHC, endosulfan sulfaat en PAK's; logS < -4) hebben de neiging om te
adsorberen (>80%) aan zandkorrels, ongeacht de temperatuur en de redoxcondities.
Hydrofiele OMP's (0.a. molinaat, propanil en dimethoaat, logS > -2,5) volgen dezelfde
trend en werden effectief verwijderd tijdens het filtratieproces (> 70%). De abiotische
studie toonde aan dat biologische degradatie het belangrijkste mechanisme is om
dergelijke verbindingen in de infiltratiezone te verwijderen. Matig hydrofobe OMP's
(atrazine, simazine, isoproturon en metolachloor, 2.5 > logS > -4) hadden de meest
persistente eigenschappen in de onderzochte experimentele omstandigheden en werden
voornamelijk verwijderd door middel van adsorptie.

De aanwezigheid van zware metalen (HM) in het oeverfiltraat vermindert de kwaliteit
ervan en veroorzaakt ernstige schade aan de menselijke gezondheid.
Bodemkolomexperimenten werden uitgevoerd om te onderzoeken of oeverfiltratie
geschikt is om zware metalen te filtreren. De impact van de organische samenstelling (in
de vier soorten water met verschillende herkomst) op de verwijdering van geselecteerde
zware metalen (Pb, Cu, Zn, Ni en Si) werd onderzocht in dit onderzoek. De organische
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samenstelling van het water is bepaald met FEEM-PARAFAC en fluorescentie-indices
(bijv. humificatie-index, fluorescentie-index en biologische index). De experimenten
werden uitgevoerd in een kamer met een gecontroleerde temperatuur van 30 °C in een
aerobe omgeving. Van de onderzochte zware metalen adsorbeerde lood (Pb) het best aan
de zandmatrix; de loodconcentratie van het effluent lag onder het detectieniveau (5 pg/L)
voor alle watergroepen. Ter vergelijking: de verwijdering van koper, zink en nikkel
varieerde tussen 65 en 95%; en was sterk afhankelijk van de organische stof concentratie
en -samenstelling in het ruwe water. Humusverbindingen blijken geschikt om het
filterrendement van zware metalen te verbeteren. Humusverbindingen kunnen zich
ophopen op het zandoppervlak en op deze manier de sorptiecapaciteit van het zand
verminderen. Daarnaast kunnen humusverbindingen zelfs reageren met de zware metalen
en kunnen er complexen worden gevormd. Daarentegen is gebleken dat biologisch
afbreekbaar organisch materiaal de sorptie van zware metalen aan de zandkorrels kan
verbeteren. De Se-verwijdering werd verbeterd wanneer het voedingswater een hogere
concentratie biologisch afbreekbare stoffen bevatte. Toch moet worden opgemerkt dat
een hoge concentratie van biologisch afbreekbare stoffen in het bronwater de kans
vergroot op een anaeroob infiltratiemilieu waardoor eerder geadsorbeerde zware metalen
worden gemobiliseerd en terecht komen in het water.

De mobilisatie van toxische metalen (zoals Fe, Mn, As) tijdens de infiltratie waardoor
concentraties van deze metalen in het oeverfiltraat toenemen is een belangrijk nadeel dat
de toepassing van de oeverfiltratietechniek beperkt, vooral in ontwikkelingslanden.
Opgelost organisch materiaal is de belangrijkste factor die de redoxreacties in de
infiltratiezone beinvloedt. In dit onderzoek werd een anaeroob kolomexperiment
uitgevoerd om de rol van de organische samenstelling van het water te onderzoeken bij
het vrijkomen van ijzer, mangaan en arsenicum tijdens oeverfiltratie. De kolommen
werden gevuld met zand dat gecoat was met ijzeroxide waarna verschillende soorten
water werden geinfiltreerd. De excitatie-emissie-spectroscopie technieken gekoppeld aan
het parallelle factor-framework-cluster-analysemodel werden gebruikt om de organische
kenmerken van de waterbronnen in kaart te brengen. Ook werden de fluorescentie-indices
geschat. De concentraties van Fe, Mn en As in het filtraat varieerden respectievelijk
tussen 10-20, 1500-3900 en <2-7,1 ug/L. Dit geeft aan dat de mangaanreductie het
belangrijkste mechanisme was onder de onderzochte experimentele omstandigheden. De
mobilisatie van dergelijke metalen was sterk afhankelijk van de organische samenstelling
en concentratie in het voedingswater. Humusverbindingen bleken een positief effect te
hebben op het vrijkomen van de metalen uit de bodem. Humusverbindingen hebben een
hoge shuttle-elektron capaciteit en kunnen dus functioneren als chelaten en reageren met
de geogene metalen zodat complexen worden gevormd. Bovendien kunnen ze bijdragen
aan de microbiéle reductie van deze metalen in het infiltratiegebied. De
fluorescentieresultaten toonden aan dat humusverbindingen, ongeacht hun herkomst, in
staat zijn om mangaan te mobiliseren zodat het in het infiltrerende water terecht komt.
Daarnaast zorgden aardse humusverbindingen (gecondenseerde structuur) er voor dat er
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meer ijzer gemobiliseerd werd. Ook zijn er in dit onderzoek batchstudies uitgevoerd om
de impact van humus-, fulvine- en tyrosineconcentraties op de mobilisatie van metalen te
onderzoeken. De experimentele resultaten toonden aan dat humus- en
fulvineverbindingen bij een lage concentratie (< 5 mg-C/L) hetzelfde vermogen hadden
om mangaan te mobiliseren. Dezelfde trend was waargenomen voor ijzermobilisatie.
Echter waren de fulvineverbindingen (humusverbindingen met een lager moleculair
gewicht) in hogere concentraties beter in staat om mangaan te mobiliseren.
Humusverbindingen waren in hogere concentraties daarentegen effectiever dan
fulvineverbindingen om ijzer te mobiliseren. Deze bevindingen moeten echter nog
worden onderzocht in verschillende bodemsoorten met verschillende chemische
metaalsamenstellingen en -structuren. Biologisch afbreekbare organische stoffen bleken
ook ijzer en mangaan te mobiliseren in de infiltratiezone. Uit het batchonderzoek is
gebleken dat biologisch afbreekbare stoffen (bv. tyrosine) bij een concentratie van meer
dan 10 mg-C/L voldoende zijn om een ijzer-reducerend milieu in het infiltratiegebied te
creéren zodat de ijzerconcentratie in het filtraat toeneemt.

De toepassing van oeverfiltratie is sterk afhankelijk van de milieu- en hydrologische
omstandigheden. De haalbaarheid van oeverfiltratie in een droge omgeving (Aswan,
Egypte) is in deze studie onderzocht. Het overkoepelende doel van deze studie was om
richtlijnen op te stellen voor het beheer van oeverfiltratiesystemen onder deze
milieuomstandigheden. Om dit doel te bereiken werd een onderzoek uitgevoerd waarin
drie disciplines zijn samengekomen, waaronder (i) de ontwikkeling van een hydrologisch
model om de impact van milieuvariabelen op het resultaat van oeverfiltratie te bepalen.
(ii) Er is een waterkwaliteitsonderzoek uitgevoerd om de kwaliteit van het oeverfiltraat te
bepalen. iii) Er is een economische rendabiliteitsanalyse uitgevoerd om oeverfiltratie te
vergelijken met bestaande zuiveringstechnieken. Vanuit hydrologisch oogpunt is
oeverfiltratie een gunstige techniek onder de lokale milieuomstandigheden van Aswan
City. De ontwerpparameters (bv. aantal putten, productiecapaciteit, afstand tussen de
putten) moeten echter vooral worden bepaald op basis van minimalisatie van het
oppompen van verontreinigd grondwater. Het waterpeil van de rivier de Nijl zal naar
verwachting in de nabije toekomst dalen als gevolg van de bouw van de Renaissancedam
in Grand Ethiopié of ten gevolge van klimaatverandering. De modelresultaten hebben
aangetoond dat de daling van het peil van de Nijl (met 0,5-1,5 m) een substantieel effect
heeft op de oeverfiltratieparameters (bv. reistijd, het aandeel van het oeverfiltraat) bij het
in werking stellen van de putten. Toch zouden oeverfiltratieputten gedurende een lange
periode (ongeveer 100 dagen) de gevolgen kunnen verzachten. Het
waterkwaliteitsonderzoek toonde aan dat oeverfiltratie in Aswan City een effectieve
techniek is om de chemische verontreinigingen te elimineren en een behoorlijke kwaliteit
van het drinkwater te garanderen. Er was echter een toename van de humusverbindingen
(terrestrisch) in het opgepompte water, welke het gevolg kan zijn van het oplossen van
deze verbindingen uit de bodem in het infiltrerende water of van het mixen met het
verontreinigde grondwater. Als er chloor wordt toegevoegd aan het gefilterde water kan
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de toename van  humusverbindingen de kans op vorming van
trihalogeenmethaanverbindingen vergroten. Uiteindelijk werden de kapitaalwaarde (NPV)
en de terugverdientijd (PBP) gebruikt als economische karakteristieken gebruikt om de
levensvatbaarheid van oeverfiltratie te bepalen ten opzichte van andere
zuiveringstechnieken. De lage berekende NPV- en PBP-waarden betekenen dat de
oeverfiltratietechniek een gezonde economische levensvatbaarheid heeft.

Samengevat heeft deze studie aangetoond dat oeverfiltratie een efficiénte en betaalbare
techniek is om drinkwater van goede kwaliteit te leveren, dat voldoet aan de lokale
normen in landen met een droog milieu. Tijdens de ontwerp- en ontwikkelingsfasen moet
echter rekening worden gehouden met een aantal punten:

- Tijdens het filtratieproces kan de concentratie humusverbindingen toenemen, vooral bij
hoge temperaturen. Daarom moet nabehandeling voornamelijk gericht zijn op het
elimineren van deze verbindingen. Wel kan biologisch afbreekbaar materiaal gemakkelijk
worden verwijderd tijdens filtratie.

- Matig hydrofobe OMP's (ruwweg -2,5>logS>-4) worden nauwelijks verwijderd in het
infiltratiegebied en er is een lange reistijd (>30 dagen) nodig om dergelijke verbindingen
te verwijderen.

- Het gebruik van de oeverfiltratie is rendabeler wanneer oppervlaktewater wordt gebruikt
met een laag gehalte organische stof. Opgeloste organische stof (DOM, specifiek
humusverbindingen) vermindert de adsorptie efficiéntie van zware metalen en bevordert
het vrijkomen van ongewenste metalen (bijv. Fe, Mn en As) uit de bodem in het
infiltrerende water.

- De oeverfiltratie-ontwerpparameters (bv. aantal putten en putafstand) moeten zo worden
bepaald dat het aandeel van verontreinigd grondwater in het totale opgepompte water tot
een minimum wordt beperkt.

Verder onderzoek moet worden verricht om andere problemen aan te pakken, zoals
verstoppingsprocessen, die de toepassing van oeverfiltratie in droge landen in de weg

staan.
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1. Introduction

1.1 BACKGROUND

The demand for high-quality drinking water is growing dramatically throughout the world,
particularly with a rise in urbanisation and population growth. However, contamination
of surface water resources through the discharge of municipal and industrial wastewaters
necessitates intensive industrial treatment (Ray et al., 2011). Schwarzenbach et al. (2006)
reported that chemical contamination of surface water is a serious environmental problem
facing humanity. In the last few decades, a growing variety of environmental
contaminants have been detected at elevated concentrations in freshwater resources
including organic compounds such as humic acids, compounds used in personal care
products, pesticides, insecticides, pharmaceuticals, and synthetic chemicals; and
inorganic chemicals such as nitrogen, phosphorus, and metals. This presents numerous
challenges for drinking water treatment systems, such as odour, colour, and taste, as well
as raising the required dosage of chemicals for coagulation and disinfection processes
(Matilainen et al., 2010). Most developing countries employ conventional water-
treatment technologies that are no longer considered viable for effectively disinfecting
polluted water and eliminating or reducing contaminants to the required levels (Maeng,
2010).

Arid and semi-arid societies face even more severe water management challenges due to
the scarcity of water resources (Sophocleous, 1997, 2002), Indeed, many countries with
an arid climate struggle to supply good quality drinking water at a low economic cost.
The hydrological conditions in arid climates can be extreme and highly variable
(Sophocleous, 2000). High temperatures primarily influence the effectiveness of
conventional treatment processes, such as adsorption, coagulation and disinfection and
thereby, the quality of drinking water provided (Sugiyama et al., 2013). Moreover, this
increases the required chemical dosages for disinfection processes (LeChevallier, 2004).
Geriesh et al. (2008) suggested that pre-treatment involving filtering surface water and
reducing organic content would increase the quality of drinking water supplied in arid
climates. Therefore, natural treatment systems, such as bank filtration (BF), offer
potentially viable options for water supply schemes in arid and semi-arid areas. These
systems involve treatment and/or pre-treatment steps to remove pathogens, algal toxins
and organic matter (OM), and reduce turbidity and chemical pollutants in the drinking
water (Hiscock et al., 2002).

1.2 BANKFILTRATION

BF is regarded as a simple and sustainable technique that can provide good -quality
drinking water. After the Second World War, European surface water resources became
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heavily contaminated with industrial and municipal waste water, and BF was the only
means considered able to secure drinking water of acceptable quality (Shamrukh et al.,
2011). BF is a process in which surface water undergoes a subsurface flow caused by the
lowering of the hydraulic head prior to abstraction from vertical or horizontal wells
(Grischek et al., 2003). The raw water extracted from the production well consists of a
mixture of infiltrated surface water and ambient groundwater. It has been shown that
under suitable hydrogeological conditions, well-operated BF facilities may provide
relatively low-cost, high-quality drinking water that requires little further treatment
(Tufenkji et al., 2002). Alluvial aquifers are the most suitable sites given their high
production capacity, high connectivity to surface water sources, and accessibility to
regions of demand (Doussan et al., 1997).

BF can improve water quality effectively by reducing turbidity, microbial contaminants,
microcystins, pathogens, heavy metals (HMs), OM, and inorganic pollutants (Gandy et
al., 2007; Hiscock et al., 2002; Sontheimer, 1980). BF has a high capability to eliminate
such soluble contaminants that are difficult to remove in surface water treatment plants.
For example, BF has been shown to reduce dissolved organic matter (DOM) and
disinfected by-product (DBP) precursors by 50% (Ray et al., 2002). Attenuation of
pollutants relies on mechanisms such as biodegradation, adsorption, precipitation, and
filtration. The effectiveness of this approach depends on a variety of factors, including
aquifer geology, aquifer structure, surface water flow, surface and groundwater OM type,
river bed composition and clogging processes as well as land use in the local catchment
region (Hiscock et al., 2002).

BF has long been used as a multi-objective natural treatment technology that eliminates
much of the surface water contamination. BF also equilibrates temperature and dampens
accidental chemical load peaks. It can be used to replace or support existing water
treatment techniques by providing a robust barrier and reducing the cost of treatment. BF
also helps reduce the use of chemical disinfectants to produce biologically-stable water
(Sharma et al., 2009). Another advantage of BF is that it may be used in regions with
seasonally variable precipitation and run-off regimes (e.g., monsoon-, flood-, and
drought-prone regions) as a means of increasing water-storage capacity (Hulshoff et al.,
2009). Moreover, mixing bank filtrate with local groundwater increases the groundwater
supply and dilutes contaminants (Grischek et al., 2003).

1.3 EXPERIENCE OF BANK FILTRATION

BF has been utilised by several water supply companies in Europe and North America
for the production of drinking water. In Germany, BF is primarily used around the Rhine
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River at the Lower Rhine in the region between the Sieg and Ruhr tributaries, the Elbe
River between Dresden and Torgau, and the Berlin district. Its application also covers the
Rhine and Meuse Rivers in the Netherlands, as well as in many other European countries
including Austria, Switzerland, and France. BF provides 50% of France’s drinking water
supply, 15% in Germany, and 12% in the Netherlands (Deyi, 2012; Hiscock et al., 2002).
On the Rhine River at Dusseldorf, Germany, BF has been used widely since 1870 to
provide high-quality drinking water. In 1960, the quality of the river Rhine started to
deteriorate and anaerobic conditions developed in the infiltration zone. lron and
manganese reduction rates also increased. As a result, there was a need for post-treatment
of river bank-filtrate. In the last few decades, the water quality of the raw water has
improved; however, periodic changes in river water quality and hydraulics due to climatic
conditions are on-going issues (Eckert et al., 2006). Currently, granular activated carbon
is used in conjunction with ozonation and filtration to further treat bank filtrate and
eliminate chemical contaminants.

Horizontal collector wells have been used in the United States for more than 80 years to
pump bank filtrate. Due to the high production capacity, horizontal wells were mainly
used to supply water for industrial uses, although approximately one-third of the
horizontal wells that were initially produced were used for drinking purposes. In recent
years, this technique has been implemented to produce drinking water in vast amounts
and to ensure water quality standards are met (Hunt, 2003). BF has proved effective in
the removal of chemical and biological contaminants including organic micropollutants
(OMPs), Giardia and Cryptosporidium parasites, and microcystins, which are not
adequately removed by conventional treatment techniques (Ray et al., 2002). In North
America, BF is widely used as a pre-treatment system to enhance the quality of raw water
and reduce the cost of treatment (Wang, 2003).

The use of BF has expanded in developing countries in recent years, including Kenya,
Malawi, Bosnia, Russia, Egypt, India, Korea, and China (Bartak et al., 2014; Bosuben,
2007; Chaweza, 2006; Dash et al., 2008; Ray et al., 2011). Most of the BF wells
established in these countries are vertical wells, which are mostly recharged from the local
surface water system and are not designed as BF wells (Shamrukh et al., 2011). Shamrukh
et al. (2008) illustrated that mixing bank filtrate with highly-polluted groundwater, and
the dissolution of iron and manganese along the infiltration path, are the main problems
currently restricting the wider use of this technique in developing countries.

1.4 BANK FILTRATE QUALITY

The effectiveness of BF in the production of high-quality drinking water is dependent on
a multiple of variables, including raw water quality, hydrological characteristics, and
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geological setting. Hydrological characteristics have substantial effects on the travel time
and redox conditions of the infiltration zone, which have direct influences on BF
efficiency and pumped water quality (Ray et al., 2002). This section outlines the main
factors impacting the quality of bank filtrate.

1.4.1 Raw water quality

The concentration of pollutants in the raw water system is one of the main parameters
affecting the performance of BF and the need for post-treatment. Schijven et al. (2003)
reported that if the concentration of Cryptosporidium is greater than 0.075 oocysts/L in
raw water, further treatment would be needed to provide safe drinking water. Kedziorek
et al. (2009) stated that if the electron trapping capacity (ETC) (calculated from the
summation of the dissolved O2 and NOs™ concentrations) of the infiltrate water is greater
than 0.2 mmol/L, the concentration of manganese in the abstracted bank filtrate would be
very low (< 0.1 um) unless the ambient groundwater has a higher concentration of this
contaminant. The quality characteristics of raw water are influenced by hydrological and
climatic conditions. Surface water systems with low flow velocities and high nutrient
concentrations have a higher potential for the formation of algal blooms. In the same
regard, climate has a significant impact on redox processes taking place in surface water
bodies. Furthermore, dissolution of metals from the bank and bottom sediments is high
under arid conditions. For example, Zwolsman et al. (2008) observed that the
concentrations of HMs (cadmium, chromium, mercury, lead, copper, nickel, and zinc) in
the Rhine River were higher during the 2003 drought.

1.4.2 Travel time

Travel time has a significant effect on the efficiency of BF and should, therefore, be taken
into consideration throughout the design phase (Sprenger et al., 2011). Long travel times
provide more opportunity and time for sorption and biodegradation, which are essential
for the elimination of chemical and biological pollutants. However, it may also have an
adverse effect by enabling the development of anaerobic conditions, which can increase
the dissolved metal load in the pumped water. The travel times required in the BF systems
is mainly determined by the persistence of pathogens. It was suggested, for example, that
travel times of 60 days in Germany and 70 days in the Netherlands are adequate to ensure
biologically stable drinking water (Azadpour-Keeley, 2003; Hiscock et al., 2002). The
proposed travel time to remove 90% of OMPs is > 6 months (Drewes et al., 2003). In
North America, BF is often used/considered as a pre-treatment technique for conventional
drinking water treatment plants, for which the travel times range from hours to a few
weeks at most (Grunheid et al., 2005).
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Various methods have been proposed to calculate travel times. Wang et al. (2008) used
bromide and tritium to determine travel times and the influence of soil type and land cover
on recharge rates along Hebei Plain (China). Atrazine has also been used to estimate the
travel time and river discharge at the banks of the Platte River (Nebraska, United States)
(Duncan etal., 1991; Verstraeten et al., 1999). Fluctuations in electrical conductivity were
used to determine the travel time of infiltrated water in aquifer adjacent to the Thur River
in Switzerland (Vogt et al., 2010). Dyes and temperature variations have also used as
tracers to estimate travel times (Anderson, 2005; Hoehn et al., 2006; Verstraeten et al.,
1999). Recently, a wide range of chemical isotopes has been used to assess infiltration
processes and retention times in BF systems (Karman et al., 2013; Vogt et al., 2010).
Modelling is also applied to estimate the travel times and flow path of BF systems. For
example, advection models, such as PMPATH (Bosuben, 2007), can be used to calculate
pore-water velocities for estimating travel times. These studies indicate that travel time is
mainly affected by the distance to the riverbank, pumping rate, drawdown, and well
spacing.

1.4.3 Redox process

The nature of the redox environment is very important in BF processes as this influences
the occurrence of HMs in the bank filtrate such as copper, zinc, lead, iron, and manganese
(Massmann et al., 2008). Furthermore, redox conditions determine the fate of OMPs in
the zone of infiltration (Maeng, 2010) and influence pH of the bank filtrate, and
consequently, affect the overall BF process (Massmann et al., 2008). The biochemical
processes taking place in the infiltration zone, such as the degradation of OM,
denitrification, and dissolution of iron and manganese, are mainly dependent on the redox
environment. Microorganisms degrade OM to produce energy using various acceptor
electron species (i.e.,0,, NO;~, Mn**, Fe*3, and SO, 2). As a consequence, reduced
species are produced (i.e., H,0, N,, Mn*?, Fe*? and HS™) that have adverse effects on
the quality of the bank filtrate (Kedziorek et al., 2009). Toxic contaminants, such as
arsenate ions, can also be introduced into bank filtrate water as a consequence of redox
reactions in the infiltration zone. Arsenate ion concentrations increase in bank filtrate
water through the oxidation of As-bearing sulphide minerals such as arsenopyrite.
Moreover, soluble arsenate complexes adsorbed onto the surfaces of iron and manganese
mineral surfaces in the aquifer can be mobilised under iron- and manganese-reducing
conditions, and introduced into the bank filtrate. Mobilisation of As occurs primarily in
alluvial aquifers mainly composed of sand and gravels (McMahon et al., 2008).

Some redox processes are driven by specific bacterial communities. Dissolved oxygen
supplemented by nitrate is used preferentially by subsurface microorganisms as they
provide the most energy per mole of organic carbon oxidised than any other widely usable
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electron acceptor. Under anaerobic conditions (i.e., in the absence of oxygen and nitrate),
the reduced forms of manganese and iron can be released from the aquifer materials into
the bank filtrate (Table 1.1). Therefore, various redox zones can be discriminated based
on the concentrations of biodegradable OM and electron acceptor species including oxic,
anoxic (nitrate-reducing), and anaerobic (Fe and Mn reducing) zones. Several studies
have distinguished these redox zones in the infiltration zone (Barcelona et al., 1992;
Berner, 1981; Champ et al., 1979; Heron et al., 1993). A framework for distinguishing
the redox zones was proposed by Kedziorek et al. (2009), who stated that the threshold
concentrations indicative of denitrification, manganese, iron, and sulphate reduction are
0.5 mg/L (NO3), 0.05 mg/L (Mn*?), 0.1 mg/L (Fe*?), and 0.5 mg/L (SO472), respectively
(Table 1.1). The denitrification process takes place when the concentration of dissolved
oxygen is less than 0.5 mg/L. In contrast, Seitzinger et al. (2006) stated that the onset of
denitrification requires dissolved oxygen concentrations between 0.2 mg/L and 0.3 mg/L.
McMahon et al. (2008) pointed out that redox reactions are not only associated with the
availability of electron acceptors but are also influenced by the hydrological and climatic
conditions of the aquifer as well as soil grain size, composition, organic content, the
microbial species present, and temperature (Lynch et al., 2014).

The area and activity of each redox zone is primarily affected by climatic conditions.
Gross-Wittke et al. (2010) specified that all redox processes are influenced by air and
water temperatures. Although the prevailing redox state in most BF sites in Switzerland
is oxic, the rise in water temperature in the summer of 2003 (by 3.5 °C above the average
annual temperature) resulted in anaerobic conditions that raised the concentrations of iron
and manganese in the pumped water (Rohr, 2014). Gross-Wittke et al. (2010) studied the
influence of temperature (5-25 °C) on redox processes. They concluded that increased
temperatures reduce oxygen solubility in the raw water and intensify biological activity
in the infiltration zone, leading to increased oxygen consumption and decreased redox
potential in the sediments. Massmann et al. (2008) studied the redox conditions in an
aquifer adjacent to Lake Wannsee in Berlin, Germany. The authors concluded that redox
conditions display a strong seasonality as a result of variations in microbial activity driven
by significant temperature variations in the lake of almost 25 °C. The temperature
projections issued by (Stocker et al., 2013) indicate a rise of 6.5 °C by 2100, which would
have a significant influence on bank filtration across the world.
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Table 1.1. Threshold concentrations for identifying redox processes in the aquifer system
(McMahon et al., 2008)
Redox Process Water Quality Criteria (mg/L)
O2 NOgz Mn*2 Fet*2 S04

Oxic

O3 reduction >0.5 <0.05 <0.1
Anoxic

NOs reduction <0.5 >0.5 <0.05 <0.1
Mn** reduction <0.5 <0.5 >0.05 <0.1
Fe*3/SO47 reduction <0.5 <0.5 >0.1 >0.5
Methanogenesis <0.5 <0.5 >0.1 <0.5

1.5 IMPACTS OF CLIMATE ON BANK FILTRATION

BF processes are particularly sensitive to local and regional climatic conditions, yet the
effects of climate on the quantity and quality of bank filtrate are not fully understood.
Temperature and precipitation are the key climatic variables influencing water
availability and BF performance (Derx et al., 2012). Sprenger et al. (2011) demonstrated
that climate has both direct and indirect effects on BF performance (Figure 1.1); climate
affects raw water quality, river water level, the river discharge and run-off regimes that
determine infiltration rates, travel times, and the aquifer redox environment, all of which

Precipitation Tamperatune

Climate change

_ | Floods, Droughts "
| Source water quantity ‘ Source water quality [
Surface water: Surface water:
— discharge, run-off, —-I Travel times | contaminants —
avaporation l
. -
.Twrf_:ad Riverbed
R Redox conditions | | ogging
Groundwater: Groundwater:
|| recharge contaminants ||
discharge

BF performance |=

Figure 1.1. Effects of climate on BF performance (Sprenger et al., 2011).
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are important variables affecting BF performance and the elimination of potential
contaminants.

1.5.1 Impact of climate on raw water quality

The quality characteristics of surface water sources are substantially altered in reaction to
climatic conditions. Temperature increase affects water quality variables by lowering the
solubility of dissolved oxygen, enhancing the rates of biochemical reactions, modifying
the stratification patterns in the surface water system, and indirectly, by increasing
evaporation rate, decreasing the quantity of surface water and hence, increasing the
concentrations of pollutants (Verweij et al., 2010). In the hot summer of 2003, the level
of the Rhine River fell to 2 m below the average annual level (30 m above sea level
[a.s.l.]), surface water temperatures approached 25 °C, and dissolved oxygen loads fell
from 13 mg/L (supersaturation) to 7 mg/L (Eckert et al., 2008; Hulshoff et al., 2009).
Moreover, increases in water temperatures promote the mineralisation and release of
nutrients (nitrogen, phosphorus, and carbon) from soil OM in the surface water. High
temperatures also facilitate the growth of toxic cyanobacteria such as Microcystis over
diatoms and green algae (Delpla et al., 2009).

Overall, concentrations of pathogens, algal toxins, anions and cations, HMs, OM, and
trace organic compounds are typically enhanced under arid conditions. Van Vliet et al.
(2008) researched the effects of drought on the water quality of the Meuse River in Europe
during the hot summers of 1976 and 2003, concluding that water quality was largely
degraded under drought conditions (maximum temperature = 26.9 °C). Furthermore,
median values of chlorophyll-a were higher in the hot summer of 1976 (25 pg/L) and
2003 (38 pg/L) compared to the reference years of 1978 (18 pg/L) and 2004 (12 pg/L).
The concentrations of ammonia, nitrite, and orthophosphate were also higher in 2003
(0.76 mg/L, 0.20 mg/L, and 0.30 mg/L, respectively) compared to 2004 (0.46 mg/L, 0.13
mg/L, and 0.28 mg/L, respectively). Similarly, the concentrations of halogens (CI-, Br’,
and FY), major cations and anions (SO42 and K*), and trace elements (Pb, Cr, Hg, Cd, Zn,
Cu, As, Ni, Ba, and Se) were higher during the drought years (1976 and 2003) relative to
the reference years (1977 and 2004). These findings suggest that drought followed by low
river discharge rates have adverse effects on water quality, especially in the presence of
pollution sources. On the other hand, suspended solid content has been found to be
marginally lower under arid conditions owing to the lower transport potential of
suspended solids under low-flow circumstances (Van Vliet et al., 2008), which reduces
clogging of the river bed.
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1.5.2 Impact of climate on travel time

The interaction between the surface water and groundwater depends considerably on
seasonal climatic conditions. Higher evaporation rates and lower surface water quantity
during arid conditions prolong travel times and directly impact the quality of bank filtrate.
For example, during the hot summer of 2003, the river level in the BF field of the Rhine
River, Dusseldorf, Germany, decreased to 28 m a.s.l. (2 m below the annual mean level),
which result in a 0.5-m drawdown in the BF wells and an extraction rate of approximately
15 m3/h. When the pumping rate was doubled, the drawdown was increased to 1.5 m
(Eckert et al., 2008). Furthermore, the reduction of surface water availability and the
longer travel time resulted in an increase in the ratio of ambient groundwater in the
pumped water. To address the issue of a lower river level and longer travel time, in Berlin,
a weir system was established to avoid temporary drops in the surface water level during
periods of low flow, thereby maintaining the hydraulic head (Hulshoff et al., 2009).

1.5.3 Impacts of climate on the redox conditions

The redox process decreases significantly as temperature increases. Gross-Wittke et al.
(2010) showed that during field research at BF fields along Lake Tegel (Berlin,
Germany), the redox potential decreased with decreasing temperature. The pore water
redox potential changed from +178 to -14 mV as the temperature increased from 16 and
20 °C. However, the redox range decreased from +17 to -47 mV as the temperature at the
site under investigation rose to 21-25 °C. NOs-concentration declines dramatically in
infiltrated water with higher temperatures (5-25 °C), suggesting that microbial
denitrification and ammonization processes are favourable at higher temperatures,
evidenced by the observed higher ammonia concentration. In that respect, Fe** and Mn**
mobilization rates increased with increasing temperature. The levels of Fe*? and Mn*2
increased in the bank filtrate of the investigated field from > 50 ug/L at 5°C to 100 pg/L
Fe*? and 311 pg/L Mn*2at 25 °C. Extrapolation of the data suggested that the reduction
rate increased at a higher temperature (30 °C) (Gross-Wittke et al., 2010). The increase
in the rate of redox reactions at elevated temperatures is ascribed to the following: i)
Higher water temperatures reduces the solubility of oxygen. Oxygen consumption in the
surface water will enhance anaerobic conditions at the infiltration area, and thus anaerobic
reduction process is expected. ii) Temperature increase stimulates the growth of algae and
microbial activity, contributing to increased oxygen consumption, thus turning the BF
environment from aerobic to anaerobic (Sprenger et al., 2011).
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1.5.4 Impact of climate on BF quality

The quality of bank filtrate is primarily defined by the infiltration process and the quality
of the raw water. For example, climate conditions can strongly influence the
concentrations of pollutants in raw water and the rate of biochemical reactions occurring
in the infiltration zone. BF is used as a method to eliminate OM from water (Maeng et
al., 2010). Nevertheless, temperature rises and droughts could enhance the development
of anaerobic conditions in the infiltration zone, which is not an effective environment for
the removal of organic pollutants. Griinheid et al. (2005) reported a preferential removal
of non-biodegradable OM during winter at a BF field adjacent to Lake Tegel in Germany.
Likewise, Maeng (2010) reported that the removal of OMPs (e.g., phenazone-type OMPs
and pharmaceuticals) is higher in winter than summer, largely due to the development of
oxic conditions in the filtration zone during winter. Another explanation for lower OM
elimination rates in summer is the higher rate of decomposition of soil OM at higher
temperatures. In the case of drought and low soil moisture levels, organic pollutants are
adsorbed onto soil particles and deposited in the soil in the solid form, which may then
be leached during the flow process (Huang et al., 2013). According to Brettar et al. (2002),
a large portion of bank filtrate OM comes from the soil matrices within the infiltration
zone.

The inorganic characteristics of bank filtrate are also influenced by the climate of the BF
region. Warm water contains less dissolved oxygen and a higher concentration of OM
(Sprenger et al., 2011). Hence, denitrification and other redox reactions are elevated in
arid environments and subsequently, bank filtrate could contain higher concentrations of
ammonia, iron, and manganese as well as lower nitrate concentrations. Furthermore, the
dissolution and desorption HMs is higher under anaerobic conditions. In the same regard,
travel time might be prolonged in dry conditions, which has a detrimental effect on bank
filtrate quality by enhancing dissolution (Sprenger et al., 2011).

On the other hand, in arid environments, the removal efficiency of BF may be enhanced.
Arid conditions promote the development of anaerobic conditions in the infiltration
region, which are more favourable for the elimination of aromatic and double bonded
compounds in comparison to aerobic conditions, which are more efficient in removing
aliphatic OM. For example, under aerobic conditions, specific ultraviolet absorbance
(SUVA) was determined to be 2.5 mg/L in BF wells in Lake Tegel, Berlin, Germany,
compared to 2.1 mg/L under anaerobic conditions (Griinheid et al., 2005). Similarly,
longer travel times under anaerobic conditions in temperate climates facilitate the
elimination of several OMPs (e.g., Trihalomethane (THM) disinfection-by-products) and
pharmaceuticals (e.g., sulphamethoxazole and amidotrizoic acid) (Hulshoff et al., 2009).
Sprenger et al. (2011) illustrated that the half-life of dichloroethene (DCE) is 39 days
under aerobic conditions but just 4.06 days under anaerobic conditions. These findings

11
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demonstrate that anaerobic conditions in the infiltration zone can be conducive to the
removal of specific micropollutants.

1.5.5 Impact of climate on bank filtrate yield

It is recognised that temperature influences the viscosity of water and therefore,
determines the rate of infiltration. As a consequence, the level of drawdown needed for a
given flow fluctuates with variations in water temperature (Derx et al., 2012). Therefore,
the impact of seasonal temperature variations on the quality and quantity of bank filtrate
should also be taken into account. Caldwell (2006) used the bulk specific capacity concept
to examine the effectiveness of BF at various temperatures. The bulk specific capacity
can be computed by dividing the total production capacity of the BF field by the average
drawdown in the wells at a given temperature and hence, the maximum capacity of the
BF system can be estimated by multiplying the desired specific capacity at a defined
temperature by the allowable drawdown. Caldwell (2006) used this approach to examine
the influence of water temperature on production capacity at four BF fields on the Ohio,
Raccoon, Platte, and Missouri Rivers in the United States. It was concluded that bulk
specific capacity followed the same pattern as temperature over the year, and that
temperature had a marked effect on BF yields. The Pearson’s r correlation between
temperature and bulk specific capacity in these regions ranged between 0.5 and 0.85.
Furthermore, the specific capacity of the BF field on the Raccoon River more than
doubled as temperature cycled from its minimum to maximum values (2-29 °C).
Therefore, Caldwell (2006) specified that temperature should be taken into account
during the design, operation, and performance evaluation of BF fields.

1.6 RELEVANCE OF THE RESEARCH

BF is widely accepted as a reliable and affordable means of supplying high-quality
drinking water in Europe and North America, where hydrological conditions, raw water
quality, and environmental conditions are favourable (Grischek et al., 2003). Nevertheless,
these countries are vulnerable to the impacts of climate change and therefore, surface and
subsurface systems are particularly prone to change in the near future. Recent climate
models predict a 1.4-5.8 °C increase in average global temperatures by 2099 (Misra,
2014). Such an increase will impact the quality of surface water systems and subsequently,
the treatment mechanisms in the zone of infiltration (Gross-Wittke et al., 2010). Therefore,
there is a need to study the potential impacts of climate change on BF performance and
bank filtrate quality.

12
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More recently, the application of BF has been extended to developing and industrialised
countries (e.g., China, Egypt, and India), which have different climatic and environmental
conditions (Bartak et al., 2015; Ghodeif et al., 2016). Many of these countries are
characterised by arid and semi-arid conditions and highly variable hydrological
conditions. Under drought conditions, surface water flow and infiltration rates to the
adjacent aquifer are reduced, which in turn prolongs the travel time and impacts BF
efficiency. Furthermore, surface water bodies in these regions are typically heavily
contaminated with organic and inorganic pollutants. For example, 1.3 million m?® of
treated wastewater, with a high organic load,is discharged annually through 238 sewage
treatment plants to the Nile River in Egypt (Shamrukh et al., 2011). The level of pollution
in surface water systems might increase the potential for the development of anaerobic
conditions in the infiltration zone and thereby, affect the behaviour and fate of
contaminants.

The lack of experience in managing BF is an additional drawback that limits the wider
application of this sustainable technique in developing countries. BF is recognised as a
site-specific technique and in-depth field investigations are required to determine the
feasibility of implementing BF schemes under local hydrological conditions (Bartak et
al., 2014). To address these knowledge gaps, this study aims to evaluate the efficacy of
BF in providing clean drinking water in arid region with heavily contaminated surface
water.

1.7 RESEARCH OBJECTIVES

The overarching aim of this thesis is to examine the application of BF in developing
nations with hot, arid climates. To achieve this, a better understanding of the behaviour
of contaminants in the infiltration zone and how they are influenced by environmental
factors (e.g., raw water characteristics and temperature) is required. As such, the specific
objectives of this thesis are:

(1) To track changes in organic matter fractions during BF under different
environmental conditions;

(i)  Toanalyse the impact of temperature, organic matter composition, , and redox
conditions on the removal of OMPs;

(i)  To investigate the behaviour of HMs in the infiltration zone under different
environmental conditions;

(iv)  To assess the impact of environmental conditions on the mobilisation of Fe,
Mn, and As during BF;

(v) To analyse the performance of BF in an arid city (Aswan City, Egypt).

13
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1.8 OUTLINE OF THE THESIS

The thesis is structured in seven chapters, as follows:

Background information on the use of the BF in water treatment, knowledge gaps in its
application in arid climate conditions, and the specific research objectives have been
outlined in this chapter (Chapter 1).

Chapter 2 examines the attenuation of organic matter and its constituents during BF
based on laboratory-scale column and batch experiments performed under varying
conditions of temperature, raw water organic composition, and redox conditions.

Chapter 3 discusses the removal efficiencies of various classes of OMPs (polyaromatic
hydrocarbons, insecticides, and pesticides) with varying physical and chemical properties
during BF.

Chapter 4 discusses the removal of selected heavy metals (Cu, Zn, Pb, Se, and Ni) under
different environmental conditions investigated in the laboratory-scale column
experiments.

Chapter 5 summarises findings on the impact of the organic composition of raw water
on the release of (toxic) metal(loids), such as Fe, Mn, and As, from the soil into the
infiltrated water under anaerobic conditions.

In Chapter 6, the effectiveness of BF in providing drinking water of suitable quality in
Aswan City, Egypt, is investigated. For this, a groundwater model is developed and
implemented to assess the impact of hydrological parameters on BF performance. A water
quality study is described that determines the quality of bank filtrate. Finally, a cost-
benefit analysis is conducted to assess the economic viability of BF in Aswan in
comparison to alternative treatment technologies. .

Chapter 7 discusses the main findings of the research and proposes a set of guidelines
for the effective application of BF in arid countries. The need for further research to
promote the use of BF in such countries is also highlighted.
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ABSTRACT

Dissolved organic matter (DOM) in source water highly influences the removal of
different contaminants and dissolution of aquifer materials during bank filtration (BF).
The fate of DOM during BF processes under hot arid climate conditions was analysed by
conducting laboratory—scale batch and column studies under different environmental
conditions with varying temperature (20-30°C), redox, and feed water organic matter
composition. The behaviour of the DOM fractions was monitored using various analytical
techniques: fluorescence excitation-emission matrix spectroscopy coupled with parallel
factor analysis (PARAFAC-EEM), and size exclusion liquid chromatography with
organic carbon detection (LC-OCD/OND). The results revealed that DOM attenuation is
highly dependent (p<0.05) on redox conditions and temperature, with higher removal at
lower temperatures and oxic conditions. Biopolymers were the fraction most amenable to
removal by biodegradation (>80%) in oxic environments irrespective of temperature and
feed water organic composition. The removal was 20-24% lower under sub-oxic
conditions. In contrast, removal of humic compounds exhibited higher dependency on
temperature. PARAFAC-EEM revealed that terrestrial humic components are the most
temperature dependent fractions during the BF processes as their sorption characteristics
are negatively correlated with temperature. In general, it can be concluded that BF is
capable to remove labile compounds under oxic conditions at all water temperatures;
however, its efficiency is lower for humic compounds at higher temperatures.
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2.1 INTRODUCTION

Pollution of surface water sources and the high cost of treatment have obliged water
authorities to extend the use of cost-effective treatment techniques. Therefore, bank
filtration (BF) has gained widespread interest in recent years as an economic surrogate
for traditional drinking water treatment (Stahlschmidt et al., 2015). This technique has
been employed in many European countries as a common method to supply drinking
water. Many cities around the Rhine, Elbe, and Danube Rivers were primarily supplied
with bank filtrate water for hundreds of years (Hiscock et al., 2002; Tufenkji et al., 2002).
In recent years, BF has been utilized to contribute to the overall drinking water production
in many developing countries: e.g., Egypt (Bartak et al., 2014), and India (Boving et al.,
2014) with variable hydrological and environmental conditions. Thus, there is a need to
evaluate the effectiveness of the BF process under these hot arid climates conditions. BF
is a natural water treatment system in which surface water is induced to flow through a
porous media towards a vertical or horizontal pumped well in response to a hydraulic
gradient (Hiscock et al., 2002). The riverbed and the underlying aquifer had been proven
to act as a natural filter to remove chemical and biological pollutants from the surface
water system and thereby improve the pumped water quality. Moreover, the biochemical
and physical processes (i.e., adsorption) that occur during subsurface flow have a
substantial role in pollutant attenuation (Ray et al., 2002). The biochemical process taking
place during infiltration is mainly controlled by the abundance and composition of
dissolved organic matter (DOM) during the filtration process.

Natural water bodies contain a multitude of DOM types which determine the efficacy of
the treatment processes in engineered and natural treatment systems (Baghoth et al., 2011).
The organic matter present in surface water systems can be divided into two main
categories: (i) non-biodegradable matter (e.g., humic substances HS) which is mainly
formed from the decay of animals and plants in the environment, and (ii) biodegradable
matter (e.g., protein-like compounds) which principally discharges into the water system
from wastewater treatment plants (Nam et al., 2008). Although DOM doesn’t have an
adverse effect on human health, it impacts negatively the physical properties of the water
(e.g., odour, taste and colour). In addition, it is considered the precursor for disinfection
by-products (DBPs) carcinogenic compounds formation (Zhang et al., 2016).
Furthermore, DOM components play major roles in the removal of pollutants during the
treatment processes (Baghoth et al., 2011). Ma et al. (2018) reported that HS play
influential role in the biodegradation of organic micropollutants (e.g., estrogen) in the
treatment systems. Due to its high shuttle-electrons capacity, HS might enhance the
bacterial growth and thereby the biotransformation of these micropollutants in treatment
systems. Moreover, it can act as a redox mediator and thereby stimulating the iron and
manganese microbial reduction process and enhancing the release of toxic metals (e.g.,
As and Cd) from sediment into the filtrate water in natural treatment systems (Vegaet al.,
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2017). Recently, Chianese et al. (2017) stated that HS absorbs a wide range of
wavelengths of UV radiation and thus reducing the available energy for photo-
degradation of organic micropollutants. Biodegradable matter, on the other hand, takes
part in the following processes: (i) it enhances biofouling in reverse osmosis,
nanofiltration and ultrafiltration membranes (Shi et al., 2018), (ii) it is used as a substrate
for microorganism regrowth in distribution systems, (iii) it serves as precursor to
nitrogenous DBPs (N-DBPs) formation in conventional treatment plants (Rostad et al.,
2000).

BF was reportedly effective at reducing the labile organic compounds during infiltration
and thus increasing the biological stability of drinking water in distribution systems by
>60% as well as reducing the potential for DBPs formation by 40-80% (Drewes et al.,
2003). The natural attenuation of DOM during BF is primarily due to initial adsorption
followed by biodegradation (Gross-Wittke et al., 2010). These processes are highly
influenced by subsurface flow area environmental conditions (i.e., temperature, redox
conditions, travel time, raw water quality) (Pan et al., 2018). Maeng et al. (2008) found
that more than 50% of the DOM is principally removed during the first 50 cm of
infiltration and thus it is highly controlled by raw water temperature. Temperature may
affect the DOM behaviour directly by altering the associated soil microbial activity and
changing the pollutant adsorption character. Indirectly, DOM may reduce the dissolved
oxygen in the infiltrate water and thus increase the potential for developing anoxic and
even anaerobic environments in the adjacent aquifer. Adversely, redox alteration may
impact the DOM biodegradation rate (Diem et al., 2013). Hoehn et al. (2011) reported the
redox environment turning to Mn(111/1V)- and Fe(l11)-reducing conditions during the hot
summer of 2003 along the Thur River. Derx et al. (2012) observed that rising water
temperature leads to lower water viscosity thereby increasing infiltration capacity and
shortening travel time, which inversely affects the chemical pollutant removal efficiency.
Ray et al. (2002) reported that the impact of temperature on water viscosity doubled the
infiltration capacity during summer along the Ohio and Danube Rivers. However, this
research focussed on the direct influence of temperature and redox conditions on DOM
removal during BF processes.

Several field and lab-scale studies have tracked the behaviour of DOM during BF
processes (Derx et al., 2012; Diem et al., 2013; Maeng et al., 2010). However, most
research was conducted under cold and moderate-temperature (5-25°C) conditions. The
bank filtrate temperature was recently recorded as 26.4°C along the Nile River in Egypt
(Ghodeif et al., 2016) and 30°C along the Yamuna River in India (Sprenger et al., 2012).
Moreover, recent climate models predict an increase in average global temperature by
1.4-5.8 °C by 2099 (Misra, 2014). Therefore, it is important to assess the effectiveness
of BF to remove DOM under these extreme hot climate conditions. The main objectives
of this research were: (1) to study the impact of high temperature (20-30°C) on bulk
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organic matter removal during BF processes; (2) to track the behaviour of the DOM
fractions during BF processes using innovative analytical tools (i.e., fluorescence
spectroscopy coupled with parallel factor analysis (PARAFAC) and liquid
chromatography with an on-line organic carbon detection (LC-OCD/OND); (3) to
determine which DOM fraction is more impacted by the temperature change and redox
conditions; and (4) to quantify the role of biodegradation in DOM removal. To achieve
these objectives, laboratory-scale batch studies were conducted to assess the impact of
temperature (20, 25 and 30°C) on DOM behaviour using different influent water sources.
Additionally, the impact of redox conditions on the reduction of DOM during BF was
tracked in laboratory-scale soil columns at controlled room temperature (30 £2°C).

2.2 MATERIALS AND METHODS

2.2.1 Batch Experiments

Batch experiments were conducted to study the impact of temperature on effluent and
DOM behaviour in a saturated subsurface flow system. The batch reactors were operated
(in duplicate) using 0.5 L glass bottles filled with 100 g of sand (grain size 0.8-1.25 mm)
and fed with 400 mL of Delft canal water. The characteristics of the sand is presented in
Table 2.1. The reactors were placed on a horizontal reciprocal shaker (shaking speed 100
rpm). Three sets of batch reactors were used at three different temperatures (20, 25, and
30) +2°C. Initially, the reactors were acclimated (with respect to DOC removal) at their
respective temperature for 90 days. After the acclimation period, the reactors were fed
with four different types of water having different organic matter composition: (1) Delft
canal water, the Netherlands (DC), (2) Delft canal water spiked with secondary treated
wastewater effluent from Hoek van Holland, The Netherlands (DCWW), (3) secondary
treated wastewater effluent (WW) and (4) water extractable organic matter (WEOM).
WEOM was used to simulate the DOM water with high concentration of humic aromatic
compounds. It was prepared using 100 g of clay (obtained from Delftse Hout, Delft,
Netherlands) in a 0.5 L glass bottle filled with 400 mL of DCW water and placed on a
shaker at 150 rpm for 24 hours. Then, the extracted solution was centrifuged at 4800 rpm
for 30 minutes, and filtered with 0.45-um pore-size cellulose acetate filters (Guigue et al.,
2014). Influent and effluent samples were taken and analysed to determine their chemical
and physical characteristics. Control samples were taken by filling the glass bottles with
the same amount of each influent (without silica sand). Another series of batch reactor
studies were performed to estimate the role of biodegradation in the removal of organic
matter and to what extent it may be affected by temperature. Maeng et al. (2011a)
suggested sodium azide as a biocide to suppress biological activity. However, this
research found that sodium azide enhances fluorescence intensity and UV-absorbance
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measurements thus reducing their reliability, as also reported by Park et al. (2018).
Alternatively, the batch reactors were spiked with mercuric chloride HgCl> (20 mM) to
develop an abiotic environment inside the reactors (Choudhury et al., 2018).

Table 2.1. Characteristics of the silica sand media used in the laboratory experiments

Parameters Values

Bulk density (g/cm?) 1.50+0.12
Particle density (g/cm?) 2.57+0.08
Porosity 0.42+0.06
TOC (ng/g) 12.70£1.10
Zn(I1) (ng/g) 54.00+1.01
Se(IV) (ng/g) 2.30+1.20
cu(ll) (pg/e) 74.000.70
Pb(I1) (ng/g) 5.00+0.50
Ni(Il) (ng/g) 5.00+0.70

2.2.2 Column Experiments

Laboratory-scale column study (Figure 2.1) was conducted to assess the impact of redox
conditions on the removal of DOM at high temperature (30°C) during the BF process. Six
columns were established and run under three different redox conditions (oxic, anoxic,
and anaerobic). Each column was made of PVC pipe with a 0.05 m internal diameter and
0.5 m height. The column bottom was packed with a support layer of graded gravel (7 cm
high), and then with cleaned silica sand (size 0.8-1.25 mm, 40 cm height) allowing the
media to settle in deionized water ensuring packing homogeneity. The columns were
operated in up-flow mode (saturated flow), where a variable speed peristaltic pump was
connected to the bottom of each column to introduce the influent water from the tank into
the column at a constant hydraulic loading rate of 0.5 m/day. Two valves were attached
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Figure 2.1. Schematic diagram of the soil column experimental setup

at the inlet and outlet of each column that allowed the air to dissipate from the system as
well as to collect samples of the influent and effluent water. The oxic environment was
maintained through aeration of the influent tanks continuously to keep the dissolved
oxygen level at 7 mg/L. Anaerobic conditions were developed in the second two columns
by degassing the influent tanks with nitrogen to dissipate the air. Anoxic conditions were
created through the degassing processes followed by spiking 5 mg/L of nitrate into the
influent tank. The columns were acclimated for 70 days until the removal of DOC for
three successive measurements was £1%. Then, three columns were fed with DCW and
run under the identified redox conditions. The other three columns were fed with WEOM
and run under the same redox conditions. All influents were filtered through a microsieve
(38 um) to avoid physically clogging the column inlets. The experiment lasted 30 days,
and influent and effluent samples were taken daily.

21



2. Removal of dissolved organic matter during bank filtration

2.2.3 Analytical methods

The collected samples were filtered using 0.45 um filtration (Whatman, Dassel,
Germany) and analysed within 3 days to avoid organic matter degradation Ammonium,
nitrate and phosphate concentrations (mg/L) of the feed water was determined using ion
chromatography (881 Compact IC pro, Metrohm anions, Swiss). Fe, Mn and Zn
concentrations were measured using Inductively Coupled Plasma, Mass Spectroscopy
(ICP-MS) (Thermo Scientific, XSeries Il, Bermen, Germany).

DOC (in mg C L™!) was measured through the combustion technique using a total organic
carbon analyser (TOC-VCPN (TN), Shimadzu, Japan). UV-Absorbance at 254 nm
UV254 [cm™] was measured using a UV/Vis spectrophotometer (UV-2501PC
Shimadzu). Specific ultraviolet absorbance SUVA2s4 (L/mg-m) was used as an indicator
for the aromaticity degree and unsaturated structures of the bulk organic matter. It was
determined by dividing the UV254 by its corresponding DOC measurement. Adenosine
triphosphate (ATP) was measured as an indicator for microbial activity associated with
the sand. The sampling and preparation protocols of ATP measurements are explained in
Maeng et al. (2008). Details of the ATP extraction procedures and detection method
employed is described in Abushaban et al. (2017).

The constituents of bulk organic matter were elucidated using different analytical
methods including: Liquid chromatography—organic carbon and nitrogen detector (LC-
OCD) (DOC-LABOR Dr. Huber, Karlsruhe, Germany) and fluorescence excitation-
emission spectrophotometer (EEM). LC-OCD is an analytical chromatographic technique
coupling with three types of detectors: organic carbon detector (OCD), ultraviolet
absorbance detector (UVD) and organic nitrogen detector (OND) to separate the pool of
DOC into 5 major fractions: biopolymers BP, humic substances (humic and building
blocks) HS, LMW acids (LMWa), LMW neutrals (LMWn) and hydrophobic organic
carbon (HOC) based on their molecular weight distribution. The measurements
procedures are described in detail by Huber et al. (2011).

The Fluorescence Emission Excitation Matrices (EEM) technique was widely used to
characterize the bulk organic matter into three main components (humic-, fulvic- and
protein-like fractions) (Baghoth et al., 2011). EEM measurements were conducted at
excitation wavelengths from 240 to 452 nm with 4 nm intervals and emission wavelengths
ranging between 290 and 500 nm with 2 nm intervals using a Fluoromax-3
spectrofluorometer (HORIBA Jobin Yvon, Edison, NJ, USA). The EEM spectrums were
corrected as described in Abel et al. (2013). Briefly, Milli-Q water was used as a blank
and subtracted from the EEM spectrums, the inner effect was minimized by dilution and
the data were Raman normalized through dividing by the integrated area under the Raman
scatter peak of Milli-Q water. The EEMs were corrected and recorded in Raman units
(RU) using MATLAB (version 8.3, R2014a).
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2.2.4 PARAFAC modelling

Fluorescence excitation-emission matrix spectroscopy coupled with parallel factor
analysis (PARAFAC-EEMS) is used to decompose the EEMs to independent fluorescent
components representing different NOM compositions. PARAFAC-EEMs have been
extensively developed to characterize DOM behaviour in natural and treatment systems
(Baghoth et al., 2011). PARAFAC is based on decomposing the fluorescence signals into
tri-linear components and a residual array using an alternating least squares algorithm
(Andersen et al., 2003):

Xijk = Z]fc=1 aifbjfckf + gijkv = ],,I,] =1,... ,J, k= 1, .....,k,’f=1,... ,F

Where X; ;. represents the fluorescence intensity of the i" sample at the k™ excitation and
j'" emission wavelength; £ is the number of model components; a;y is the score for the
f™ component and it is proportional to the fluorophore f concentration in sample i; bjs is
the scaled estimates of the emission spectrum for the f™ component; ¢, is linearly
related to the specific absorption coefficient at excitation wavelength k'"; &ji Is the
residual term representing the unaccounted variation of the model (Stedmon et al., 2003).

To further assess the behaviour of different DOM components during the filtration
process, a PARAFAC model was developed and validated using the complete measured
F-EEMs dataset (184 samples) from the influent and effluent water of the batch and
column experiments models following the steps proposed by Murphy et al. (2013).
Briefly, an initial exploratory examination was first implemented to identify the poor
quality measured data (outliers) and removed them from the dataset. The outliers (samples
or variables) are commonly produced due to sampling or measuring errors and are
determined by conducting the leverage analysis. The leverage value ranges between zero
and one and expresses the deviation of measurement from the average data distribution.
Then, models with different components (3-7) proceeded. The right number of
PARAFAC components was selected and validated using diagnostic tools such as split-
half validation (Colin et al., 2008), Tucker's congruence coefficients (Jason et al., 2010),
and the residual error technique (Cuss et al., 2016). Split-half validation technique was
used to validate the fluorescence model. This technique is based on the comparison of
multiple models generated by splitting the dataset. In this research, the dataset was
divided into four groups, and the samples were assigned alternately into the groups. Then,
the groups were assembled into six combined groups; each combined group contains half
of the dataset. After that, the PARAFAC test was applied for each combined group and
the produced models were compared (Harshman et al., 1994). The PARAFAC model was
implemented using the N-Way and drEEM MATLAB toolboxes developed by Murphy
et al. (2013).

2.2.5 Statistical analysis
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2. Removal of dissolved organic matter during bank filtration

A two-way ANOVA test was applied to assess if an environmental parameter’s influence
on the DOM constituent behaviour during the BF process was statistically significant, in
which for a significant difference p<0.05.

2.3 RESULTS

2.3.1 PARAFAC components

PARAFAC analysis successfully decomposed the fluorescence measurements into 5
components. The validated model explained more than 99.6% of the data variance. The
excitation and emission loadings as well as the contours plots of these fluorescent
components in RU are shown in Figure 2.2. The contour plots and corresponding
excitation (solid curves) and emission (dotted curves) loadings of the fluorescent
components C1-C5 identified from the complete F-EEMs dataset for the influent and
effluent water of the batch and column studies.. The spectral slopes of the identified
components were successfully cross-referenced with the OpenFluor database (Murphy et
al., 2014) (Table 2.2).

Four of the PARAFAC components were identified previously as humics: (i) Component
1 (PC1) found at (Aex~240 and 320, Aem~ 410 nm) and Component 2 (PC2) (hex~244 and
376, Aem~ 480 nm) are both associated with humic-like fluorophore substances originating
from terrestrial resources as reported previously in Shutova et al. (2014). It can be seen
that component 2 (PC2) appeared at longer excitation and emission wavelengths
suggesting it possesses a more condensed and conjugated structure. According to Baghoth
et al. (2011), these components are characterized by high molecular weight (>1000 Da).
Moreover, they have low biodegradable matter and thus are principally removed by
adsorption and coagulation in water treatment systems. (ii) Component 3 (PC3) (Aex~300,
Xem~ 400 nm) mimics microbial humic components in surface water systems This
component is highly related to recent biologically produced fluorescent compounds
(Walker et al., 2009). It is characterized by intermediate molecular weight (650<C3<1000
Da). (iii) Component 4 (PC4) (Aex~360, Aem~ 440 nm) is related to a humic-like
component derived from agricultural activity and it is common in freshwater
environments as reported in Osburn et al. (2016b). These compounds mainly contain
carboxylic and phenolic moieties in their structures (Singh et al., 2013). (iv) Component
5 (PC5) (Aex~240 and 270, Aem~ 320 nm) is spectrally similar to a protein-like fluorophore
(tyrosine and tryptophan compounds) identified in Kulkarni et al. (2017). These
components are highly correlated with microbial activity in water systems and principally
their removal in engineered water treatment systems is attributed to biodegradation
(Baghoth et al.,, 2011). Therefore, it can be used as a surrogate for tracking the
bioavailable DOM during filtration.
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To further investigate the behaviour of the DOM fractions during the filtration process,
the maximum fluorescence intensity (Fmax) was used to characterize the influent and
effluent water and to track the behaviour of PARAFAC components under different
environmental conditions. Fmax fluorescence intensities give an estimation of the
proportional contribution of each component to the full fluorescence spectra. This
contribution highly relies on the DOM source and the behaviour of the fluorescent
components during the filtration process (Baghoth et al., 2011).

Table 2.2. The spectral slopes of the identified components and their corresponding
components in previous studies from the OpenFluor database

PC1

PC2

PC3

PC4

PC5

Ex. Em.
wavelength wavelength
(nm) (nm)

248,324 412
244,376 482
300 406
356 436
240,272 322

Similarity
score

0.96

0.99

0.98

0.97

0.99

previous
study

(Graeber et al.,
2012)

(Shutova et al.,
2014)

(Walker et al.,
2009)

(Osburn et al.,
2016b)

(Kothawala et
al., 2014)

Component type

Terrestrial humic

Terrestrial humic,
Higher aromaticity

Microbial humic

Terrestrial humic,
lower aromaticity

Protein-like

2.3.2 Impact of temperature and influent organic composition on DOM

behaviour (Batch experiments)

During this research, laboratory-scale batch studies were employed to assess the impact
of temperature (20, 25, 30£2°C) on the removal of DOM during the filtration process.
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Figure 2.2. The contour plots and corresponding excitation (solid curves) and emission
(dotted curves) loadings of the fluorescent components C1-C5 identified from the

complete F-EEMs dataset for the influent and effluent water of the batch and column
studies.
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Characteristics of influent water DOM

The feed water quality has a clear impact on microbial activity and thus on DOM
behaviour during the filtration process (Maeng et al., 2008). Four different water types
were prepared and applied to the batch reactors. The average values of the chemical and
physical water quality parameters are presented in Table 2.3. The results show that
WEOM influent water had the highest DOC concentration (14.6 £1.6 mg-C/L) followed
by DCW (11.6£0.7 mg/L), DCWW (10.5£0.4 mg/L) and WW (9.7£0.6 mg/L).
Furthermore, the WEOM had a relatively higher SUVA2s4 value (3.56£0.71 L/mg-m)
compared to DCW (2.84 +0.33 L/mg-m). This implies that the WEOM influent was
composed of higher amount of aromatic compounds (i.e., humic substances) than the
DCW influent water. The average SUVA2s4 values of DCWW and WW were 2.37+0.28
and 2.56+0.42 L/mg-m, respectively, implying relatively low aromatic character of their
DOM composition.

Table 2.3. Chemical and physical characteristics of the influent water

unit DCW DCWW  WW WEOM
pH --- 7.87 7.79 7.66 7.65
DOC mg-C/L  11.6+0.7 10.5+04 9.7x0.6 14.6x1.6
SUVA L/mg-m 2.84+0.33 2.37+0.28 2.56+0.42 3.56+0.71
NOs3-N mg-N/L  2.06+0.27 2.10+0.19 1.87+0.15 4.03+0.43

NHs-N  mg-N/L  0.24+0.04 0.21+0.07 0.17+0.03 0.31+0.06

Mn Mo/l 46.8 14 14.03 86.74
Fe Mo/l 175 87.4 37.6 109.6
Zn Mo/l 20.9 30.1 36.6 36.6

LC-OCD/OND results showed that humic substances (HS) are the dominant fraction of
DOC in all influent water. The contributions of HS to total DOC were 74%, 73%, 68%
and 75%, respectively for DC, DCWW, WW and WEOM influent. The hydrophobic
fraction (HOC) was only 5.7% of the DOC in WEOM influent water, a typical value for
surface water systems. However, the HOC of DC, DCWW and WW influent was 10.3,
9.8, and 13.7% of the total DOC, respectively. This indicates the impact of EfOM on their
organic compositions (Huber et al., 2011). Though WEOM had the highest concentration
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of BP, only 42% can be considered protein (assuming the C:N is 3, and all organic
nitrogen in BP originates from protein) (Rehman et al., 2017). However, the protein
represents 51, 65 and 82% of the BP for DC, DCWW and WW influent, respectively,
which also reflects the impact of EfOM.

PARAFAC components (PC1-PC5) were recorded for all the influents. Fmax was lower
for protein component PC5 than the humic/fulvic components (PC1-PC4). The maximum
and minimum Fmax of component PC5 was observed for WEOM (1.09£0.05 RU) and
DCW (0.38+0.03 RU), respectively. A humic-like component (PC4) exhibited a
comparable contribution with a protein-like component to the DOM fluorescence of the
influent. The Fmax of PC4 ranged between 0.33+0.04 and 0.89+0.1 RU. However, the
terrestrial humic-like component (PC1) contributed much higher than other humic/ fulvic
components. An exception was the WEOM influent which possessed the highest
concentration of conjugated humic component (PC2). Microbial humic (PC3) contributed
moderately to the fluorescence spectrums of the feed waters, with higher contribution
(1.39+0.28 RU) observed for WW influent and lower contribution (0.99+0.15 RU) for
WEOM.

Bulk organic matter parameters

The results demonstrated that the DOC removal during the filtration process is highly
dependent (p<0.001) on its concentration in the feed water. Table 2.4 showed that the
DOC removal for DC, DCWW and WW influents were 9.5, 11.4 and 14.7%, respectively
at 30°C. However, WEOM influent water exhibited the highest DOC removal (44%) at
the same temperature and that may be attributed to higher feed water DOC concentration
promoting biomass formation associated with sand. The ATP of reactor media were
measured to be 4.69, 5.21, 5.39, and 7.95 ug/g sand at 30°C for DC, DCWW, WW and
WEOM, respectively. These values increased by 7-9% at 25°C and 8-16% at 20°C
(Figure 2.3). However, the statistical analysis revealed that there is no significant (p>0.05)
effect of temperature on biological activity (ATP concentration) and thereby DOM
biodegradation is not significantly affected by temperature in the range of 20-30°C.
Nevertheless, the results showed higher DOC removal efficiency at lower temperature
(20°C) (p<0.05). For instance, the DOC removal for DCW increased from 9.5+2.3% at
30°C to 20.3+3.7% at 20°C.

On the other hand, the results of abiotic batch reactors revealed that adsorption
mechanisms contributed to the overall removal of DOC for DCW influent by 18+2.1% at
30°C, 38.5+5.4% at 25°C and 51+4.7% at 20°C and for WEOM influent by 27+3.7% at
30°C, 42+5.1% at 25°C and 58+6.8% at 20°C (Table 2.4).

In the same regard, SUVAzs4 values exhibited a positive relationship with temperature,
increasing from 2.84+0.3 L/mg-m for the DCW influent to 3.71+0.3, 3.59+0.5, and
3.57+0.2 L/mg-m for the effluent water at 30, 25, and 20°C, respectively (Table 2.5). This
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implies that aromatic compounds are favourably removed at lower temperatures,
considering that there is no significant change in the removal of aliphatic compounds at

respective temperatures.
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Figure 2.3. Changes of ATP concentrations (ug/g) in a function of temperature and
biotic/abiotic condition during the batch experiment

Table 2.4. DOC (mg/L) values of the batch effluents at different temperatures (20, 25,
30°C) and biotic/abiotic oxic conditions

30°C

25°C 20 °C

Biotic Abiotic Biotic Abiotic Biotic Abiotic

DCW  10.5+0.21 11.4+0.35 9.76+0.0.28 10.89+0.61 9.24+0.32 10.4+0.43

DCWW  9.3+0.18 10.29+0.33 9.24+0.37 10.1+0.23 8.18+0.17 9.4+0.29

wWw 8.27+0.24  9.42+0.51  7.95+0.27 9.37+0.23 7.37+0.19 8.96+0.18

WEOM 8.18+0.26 12.87+0.37 7.74+0.41 11.7#0.53 6.8+0.27 10.1+0.41
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Table 2.5. SUVA (L.mg-1.m-1) values of the batch effluents at different temperatures (20,
25, 30°C) and biotic/abiotic oxic conditions

DCW DCWW WW WEOM

IC 2.84 2.37 2.56 3.56

30°C biotic 3.71 3.44 3.75 4.77

30°C  Abiotic 3.68 3.69 3.72 3.83

25°C biotic 3.59 3.19 3.65 4.39

25°C  Abiotic 341 3.58 3.62 4.23

20 °C biotic 3.57 3.18 3.59 4.26

20°C  Abiotic  3.43 3.71 3.64 4.89

LC-OCD/OND analysis

Total DOC measured by LC-OCD/OND is largely well-matched with the measured
values of a conventional TOC analyser to within £0.5 mg/L. The DOC measured by LC-
OCD/OND could be classified into: 1) chromatographic organic carbon (CDOC) that is
calculated by area integration of the total chromatogram. 2) Hydrophobic organic carbon
(HOC) that represents the difference between DOC and CDOC. It is anticipated that HOC
remains in the columns due to its high hydrophobic interaction with the column media. A
clear increase in HOC concentrations was observed, particularly at higher temperatures;
HOC of influent DCW was increased by 64, 53, 23% at 30, 25, 20°C respectively.
According to Tong et al. (2016), HOC is mainly composed of humins compounds which
represents more than 50% of soil organic matter. Thus, it can be deduce that HOC
increasing during the filtration process is mainly attributed to the leaching of organic
matter from the soil into the effluent water, which is largely increased with temperature.
Such increasing pattern was also observed in soil column experiments simulating BF by
Filter et al. (2017). In contrast, CDOC (which represent the higher portion of influent
DOC) was obviously decreased during the filtration process at all the respective
temperatures. This removal is associated negatively with temperature; higher removals
were obtained at 20 °C (50% for WEOM and 19% for DC) and lower removals were
obtained at 32°C (44% for WEOM and 8% for DC). The removal of CDOC is highly
dependent on the influent organic composition. The changes of CDOC fractions at
different temperatures are presented in Figure 2.4 and Table 2.6. The removal of BP for
DCW influent were (87, 94, 95%), DCWW (96, 91, 88%), WW (94, 86, 83%) and
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WEOM (98, 97, 97%) at 30, 25, 20°C, respectively. However, the statistical analysis
revealed that this process is independent of temperature (p>0.05).

Other biogenic organic matter fractions (LMWn and LMWa) exhibited lower removal for
all the influent water compared to BP. The removal rates of LMWn for DC, DCWW,
WW, and WEOM were 20, 16, 6, and 47% respectively at 30°C. This removal increased
by 5-16% at 20°C. Likewise, the LMWa removal ranged between 10-47% for all the
influents water at 20°C. This removal decreased by (6-25%) when the temperature went
up by 10°C. This indicates that the decomposition of higher molecular weight compounds
(BP and HS) into LMW hydrophilic compounds is lower than the removal of LWM
compounds during filtration. However, this removal is also independent (p>0.05) of
temperature. An exception was the LMW acid of WEOM, which increased by 24% at
30°C.

Humic compound removal exhibited a significant dependency on temperature (p<0.05).
Figure 2.4 displays highly reduced HS concentration at lower temperatures (20, 25°C).
The HS removal varied between 7-44% at 20°C and 4-41% at 25°C for all the influents
water. However, an increase in the HS concentration was observed for DC, DCWW and
WW at 30°C.
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Figure 2.4. Changes in the LC-OCD/OND fractions concentration in batch reactors at
different temperatures under oxic conditions: (a) DCW and (b) WEOM
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Table 2.6. Changes in the LC-OCD fractions concentration in batch reactors at different
temperatures under oxic conditions using different water types (DC, DCWW, WW and
WEOM)

Feed BP HS LMWn LMWa
water
type (gL (uoLh)  (ugL?)  (ugL™)
Influent 562 7860 1350 200
Effluent-30 °C 74.7 8070 1080 172
DCW
Effluent-25 °C 32.2 7520 993 145
Effluent-20 °C 28.8 7310 907 123
Influent 497 7670 1120 194
Effluent-30 °C 20 7780 940 120
DCWW
Effluent-25 °C 45 7120 945 108
Effluent-20 °C 61 5990 890 113
Influent 360 6610 1200 224
Effluent-30 °C 22 6710 1130 160
WW
Effluent-25 °C 51 5890 1060 133
Effluent-20 °C 62 5540 940 118
Influent 1420 10900 1250 118
Effluent-30 °C 24.7 6730 665 146
WEOM
Effluent-25 °C 40.3 6440 614 91.8
Effluent-20 °C 38.6 6160 542 106
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PARAFAC- EEM analysis

The protein-like (PC5) component exhibited the highest reduction rate at all three
temperatures (Figure 2.5). The protein-like component removal increased consistently
with increasing influent concentration (p<0.001). The highest Fmax reduction (93.6+2.6%)
was recorded for WEOM at 20°C, followed by WW (60.2+3.2%), DCWW (43+3.8%)
and DCW (36.1+1.7%), respectively, at the same temperature. Similar to BP removal,
these labile compounds exhibited independent behaviour upon temperature variation
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Figure 2.5. Changes of PARAFAC components (Fmax) in batch reactors at different

temperatures under oxic conditions: (a) DCW, (b) DCWW, (c) WW, (d) WEOM
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(p>0.05). The removal percentage was reduced by 23.9+4.8%, 15.9+1.6%, 15.08+5.3%,
and 4.5+1.87%, respectively, for DC, DCWW, WW, and WEOM at 30°C. On the
contrary, Humic components (PC1-PC4) removals were impacted significantly by
variations in temperature and feed water characteristics (p<0.05). An exception was
microbial humic, which showed independent behaviour with temperature variations
during the filtration process (p=0.09). Figure 2.5 illustrates the attenuation of humic
components decreasing with rising temperature. The average removal of PC1 was
48.6+£12.3, PC2 (47£16%), PC3 (49.8+13.5%) and PC4 (56.2+8.4%) at 20°C. These
removals decreased by 28.4, 26, 19 and 30.4% for (PC1-PC4) respectively at 30°C.

2.3.3 Impact of redox conditions on DOM behaviour (Column
experiments)

Column experiment was conducted to assess the impact of redox conditions (oxic, anoxic
and anaerobic) conditions on the behaviour of DOM constituents during the filtration
process. The experiment was conducted at a controlled temperature room (30+2°C) using
two different feed water types (DCW and WEOM).

Characteristics of influent water DOM

The bulk organic characteristics of the feed water are presented in Table 2.7. It can be
shown that WEOM had higher DOC concentration (14.16+0.73 mg/L) than DCW influent
(10.80+0.51 mg/L). Moreover, WEOM possessed higher aromatic characteristics (SUVA
= 3.67 £0.21 L/mg-m) compared to DCW influent (SUVA = 3.05+0.31 L/mg-m). These
results were confirmed with PARAFAC-EEM results which demonstrated that WEOM
had higher concentration of terrestrial-derived; the average Fmax 0f PC1, PC2 and PC4 for
WEOM were 1.52+0.06, 1.61+0.1 and 0.51+0.03 RU for WEOM, and 1.31+0.04,
0.99+0.07 and 0.41+0.02 for DCW influent, respectively.

Furthermore, LC-OCD/OND results revealed that the humic fraction was the dominant
fraction in the feed water, it represents 72 and 73% of the DOM pool for DCW and
WEOM influents, respectively. However, biogenic fractions (BP, LMWn and LMWa)
represent only 5.9, 11 and 2.3% of DOM for DCW influent and 10.7, 8.7 and 1.1% of
DOM for WEOM influent, respectively. In addition, PARAFAC-EEM results revealed
that DCW influent possessed higher concentration of microbial humic-like component
(PC3) and lower of protein-like component (PC5); the Fmax value of PC3 and PC5 were
0.98+0.07 and 0.58+0.03 RU for DCW and 0.78+0.06 and 0.92+0.04 RU for WEOM
influent, respectively.
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2.3. Results

Table 2.7. Characteristics of the influents and effluents water of the columns under
different redox conditions

DC WEOM

pH DOC SUVA pH DOC SUVA2s4

---- (mg/L) (L/mg-m) ----  (mg/L) (L/mg-m)
Influent 7.82 10.80+0.51 3.05+0.31 7.73 14.16+0.73 3.67+0.21
effluent-oxic 791 9.49+0.36 4.01+0.24 7.88 7.91+0.17 3.92+0.14
effluent-anoxic 8.08 10.12+0.25 3.06+0.19 8.16 9.37+0.28 3.73+0.33
effluent-
anaerobic 8.13 10.26+0.55 3.21+0.27 7.95 10.08+0.39 3.67+0.37

Bulk organic matter parameters

The redox environment significantly (p<0.05) impacts the removal of DOC during
filtration. Table 2.7 showed that the removal of DOC decreased by 5-10% under anoxic,
and 7-15% under anaerobic conditions compared to oxic conditions. This is highly linked
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Figure 2.6. Changes of ATP concentrations (ug/g) in a function of redox conditions
during the column experiment for DCW and WEOM influent

35



2. Removal of dissolved organic matter during bank filtration

to the biological activity associated with the sand. ATP from active microbial biomass
associated with sand was higher for oxic conditions. The average concentrations of ATP
in the oxic, anoxic and anaerobic columns were 5.44+0.64, 3.68+0.37, and 3.21+0.47 for
DCW and 7.32+0.51, 4.1+0.15, and 4.69+0.21 pg/g sand for WEOM, respectively
(Figure 2.6). In the same regard, SUVA increased from 3.05+0.31 to 4.01+0.24,
3.06£0.19 and 3.22+0.27 L/mg-m for DC, and from 3.67£0.21 to 3.92+0.14, 3.73+0.33
and 3.67+£0.37 L/mg-m for WEOM, respectively, under oxic, anoxic and anaerobic
conditions.

LC-OCD/OND analysis

LC-OCD/OND results showed that BP is preferentially removed during soil passage; its
removal under anoxic and anaerobic conditions was less than oxic conditions by 20-24%
(Figure 2.7). Similarly, LMWn compounds exhibited higher removal during oxic
filtration. The removal was decreased under anoxic and anaerobic condition by 21 and
50% for WEOM and by 15 and 17% for DCW, respectively. The same behaviour was
observed for LMWa of DCW influent, where its removal decreased by (25-32%) under
sub-oxic condition. However, LMWa of WEOM influent exhibited inconsistent
behaviour, where its concentration was increased by (15-21%) under sub-oxic conditions
compared to its concentration in the feed water. In the same way, HS demonstrated more
removal efficiency under oxic condition. For WEOM, the average removal of HS under
oxic, anoxic and anaerobic conditions was 36, 29, and 24%, respectively. However, HS
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Figure 2.7. Changes of LC-OCD/OND fractions under different redox conditions: (a)
DCW, (b) WEOM (temperature = 30°C, column study)
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removal for DCW was decreased only by 2-4% when the environment turned into sub-
oxic conditions.

PARAFAC-EEM analysis

The fate of PARAFAC components under different redox conditions was examined using
their maximum fluorescence intensity (Fmax). The results reveal that the redox
environment plays a substantial role in the removal efficiency of fluorescence
components during soil passage (Figure 2.8).

The removal of protein-like component was decreased by 15-22% under sub-oxic
conditions. In the same manner, microbial humic component (PC3) displayed redox-
dependent behaviour, with higher reduction under oxic condition. The removal of
microbial humics were reduced by 20-22% for WEOM and 2-5% for DCW influent under
sub-oxic conditions. Similar to protein-like component, terrestrial-derived humic
components showed higher removal under oxic condition; the removals of PC1, PC2 and
PC4 were reduced by 14-19%, 9-14% and 10-18%, respectively during sub-oxic filtration.
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Figure 2.8. Changes of PARAFAC components (Fmax) under different redox conditions:
(a) DCW, (b) WEOM (temperature = 30°C) (column study)

2.4 DISCUSSION

2.4.1 Impact of temperature and influent organic composition on DOM
behaviour
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2. Removal of dissolved organic matter during bank filtration

DOM removal during BF is principally due to a combination of DOM sorption to the sand
media and biodegradation through bacteria in biofilms associated with the media. In this
study, DOC decreased during the filtration process, showing a high dependence on the
feed water DOC composition, which is highly correlated with the biomass activity
associated with the sand. This is in agreement with Li et al. (2012) which reported a
positive correlation between biofilm density and influent DOC concentration. However,
the results refer that there is no effect of the temperature on the biomass activity associated
with the sand and thus the impact of temperature on DOC biodegradation is low. On the
other hand, the abiotic experimental results in this study indicated preferential DOM
adsorption at lower temperature. Thus, it can be concluded that the relatively higher
removal of DOM at lower temperatures in the range of 20-30°C during the BF process is
mainly ascribed to adsorption. Massmann et al. (2006) reported that DOM attenuation is
independent of temperature between 0-24°C, based on a field study conducted at an
operational artificial recharge site over Tegel Lake in Germany. In contrast, Abel et al.
(2012) found a positive relationship between DOC removal and temperature (5-25°C)
during the filtration process. Alidina et al. (2015), on the other hand, reported a minor
temperature (10-30°C) effect on DOM removal during a column filtration process, with
higher removal at lower temperatures. These contradictions in DOM behaviour during
infiltration at different temperatures could be attributed to different feed water DOM
characteristics. This goes in line with the conclusion of Chen et al. (2016) who reported
that the organic composition of the raw water determines its behaviour during filtration.
Thus, it is important to assess the behaviour of DOM fractions individually during
filtration.

BPs (MW > 20,000 Da) are the most readily biodegradable DOM fraction, thus they are
preferentially removed during the filtration process (Vasyukova et al., 2014). According
to So et al. (2017), the BP was reported to be highly degraded at higher temperatures,
however, in this research, there is no significant effect of temperature (20-30 °C) on BP
removal observed during filtration. The removal of BP reached >80% at all temperatures
during filtration, this is mainly attributed to the prolonged filtration period. Moreover, the
high ratio between organic nitrogen BP and DOC (OND/DOC) in the feed water indicated
that they are principally composed of proteinaceous matter that is highly degraded during
filtration. This in agreement with the PARAFAC-EEM results, where labile compounds
(i.e., protein-like compounds) exhibited independent behaviour upon temperature
variation. However, the results demonstrated that protein-like component removal is more
sensitive to temperature variation when the protein content of the feed water is low. This
specifies the vital role of co-metabolism in the removal of this biodegradable matter.
These results are consistent with Maeng et al. (2010) who reported the total removal of
BP during BF over Tegel Lake (Germany). Likewise, other biogenic organic matter
fractions (LMWn and LMWa) exhibited temperature-independent behaviour during the
filtration process.
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In contrast, the removal of humic compounds was highly dependent on the temperature
of the feed water, with a favourable reduction at lower temperature (20-25°C). This
reduction is mainly ascribed to the high ability of these refractory compounds to adsorb
onto sand grains at lower temperature. On the contrary, an increase in the concentration
of HS was observed at higher temperature (30°C) for DC, DCWW and WW influent. The
HS concentration enrichment may be attributed to microorganisms and enzymes that are
able to: (i) transform microbial matter to more refractory and conjugated matter (i.e.,
microbial humification process), that was reported in several laboratory-scale and field
studies (Jgrgensen et al., 2011; Yang et al., 2013; Yang et al., 2014). (ii) leach soil humic
compounds into filtrate water (Sun et al., 2017). In contrast, the humic of WEOM influent
exhibited a unique behaviour, its concentration decreased at all three temperatures. This
may be due to: (i) the absence of microorganisms to transform labile matter or leach
organics from soil as mentioned above. (ii) The inability of these organic compounds to
bio-transform into refractory compounds, may be attributed to higher aromaticity (SUVA
= 2.9 L/mg-m) compared to other influent. PARAFAC-EEM results revealed that the
condensed structure humic compounds are the most impacted by changing temperature
during filtration process. These results are compatible with those of Abel et al. (2012),
who illustrated that the optimum temperature for removal of these refractory compounds
is 15°C. The ratios between the PARAFAC components were used in many studies
(Baghoth et al., 2011; Kulkarni et al., 2017) to assess treatment efficacy. In this research,
only the ratios between the Fmax Of terrestrial humic components (PC1, PC2, and PC4)
and protein-like component (PC5) exhibited a clear increasing trend with rising
temperature. These results also confirm the preferential removal of terrestrial humic
components at lower temperatures.

2.4.2 Impact of redox conditions on DOM behaviour

This research illustrated the preferential removal of DOM under oxic condition during
the BF process, which is mainly attributed to oxygen as an electron acceptor for
microorganism respiration to degrade the organic matter. Slower biodegradation of DOM
under sub-oxic conditions was also reported in previous studies (Abel et al., 2012; Gimbel
etal., 2006). Moreover, SUVA values exhibited lower increase during sub-oxic condition,
which refers to the preferential removal of aliphatic compounds during oxic filtration.

LC-OCD/OND data revealed that BP is the most impacted DOM fraction by the alteration
in the redox environment, with favourable removal under oxic condition. In the same
regard, the ratio between nitrogen and carbon BP exhibited higher values under oxic
conditions, which infers lower biodegradation of protein compounds under sub-oxic
conditions. This finding was confirmed with PARAFAC-EEM results, where Fmax of the
protein-like component (PC5) exhibited higher reduction (relative to influent Fmax) under
oxic conditions than other redox conditions. This reduction is mainly ascribed to the
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degradation of high molecular weight biodegradable organic matter into non-fluorescing
material. This is in agreement with field data collected at the Tegel Lake (Berlin,
Germany) BF site where partial removal of BP was detected under sub-oxic conditions
(Gimbel et al., 2006). Furthermore, previous studies (Abel et al., 2012; Maeng et al., 2008)
also emphasized the superior removal of protein-like components under oxic
environmental conditions by conducting laboratory-scale experiments. Likewise, LMW
(acids and neutrals) exhibited lower removal efficiency under sub-oxic conditions. An
exception was the LMW acid of WEOM, which increased under sub-oxic conditions
likely due to the breakdown of larger molecular weight humic matter into lower molecular
weight compounds under these conditions (Wang, 2014).

HS removal followed the same trend as BP (with less removal efficiency), in that higher
removal was obtained under oxic than other redox conditions. Nonetheless, HS removal
efficiency is much less for DCW influent than WEOM influent, presumably attributed to
the nature and molecular weight of the humic present. PARAFAC-EEM humic
components (PC1-PC4) exhibited as well higher reduction under oxic conditions.
Terrestrial humic-like components (PC1, PC2) exhibited the highest reduction of Fmax
among other humic components, followed by lower aromatic-humic such as component
(PC4). According to Gerlach et al. (1999), humic compounds with higher molecular
weight are preferentially removed during aerobic soil passage.

2.5 CONCLUSIONS

Based on the results of laboratory-scale batch and column studies, the following
conclusions can be drawn:

e A positive correlation was found between DOM biodegradation and raw water
DOM concentration, which was likely due to higher microbial activity associated
with sand as determined by ATP measurements of the biomass attached to the
sand grains.

e The removal of DOM during (bank) filtration is significantly impacted by
temperature variation, with higher removal at lower temperatures.

e The experimental results revealed that the labile compounds (i.e., biopolymers)
are highly removed (>80%) under oxic filtration regardless of the temperature and
organic matter composition of the feed water.

e Humic substances removal exhibited a significant dependence on temperature,
with higher removal at lower temperature. PARAFAC analysis indicated that
terrestrial humic components are the least persistent humic type adsorbed at lower
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temperature. The contradictory behaviour of protein-like and humic compounds
explains the positive relationship between SUVA and temperature.

e DOM was preferentially removed under oxic conditions; its removal decreased by
5-10% under anoxic, and by 7-15% under anaerobic conditions. LC-OCD/OND
results reveal that biopolymers are the most impacted fraction by altering the
redox conditions. Humic substances as well exhibited lower removal efficiency
(with less extent) under sub-oxic conditions. Therefore, post-treatment steps
should be considered in case of sub-oxic filtration.

e In general, this study revealed that the DOM components removal efficiency
during BF under hot arid conditions (high temperature) is determined by the feed
water DOM composition and redox conditions in the infiltration area.

Finally, this study shows that PARAFAC-EEM and LC-OCD/OND can be promising
tools to provide further insight into BF processes and for determining the treatment
efficiency for DOM components.

41






3

REMOVAL OF ORGANICS MICRO-
POLLUTANTS DURING BANK
FILTRATION



3. Removal of organics micro-pollutants during bank filtration

ABSTRACT

Riverbank filtration (RBF) represents a low-cost and sustainable alternative to advanced
treatment technologies to pre-treat or remove several organic micropollutants (OMPs)
from surface water. The objective of this research was to investigate the efficacy of
biodegradation and adsorption processes in the removal of OMPs at high temperatures
(20-30+2°C) during RBF. Laboratory-scale batch studies were conducted using silica
sand at different temperatures (20, 25 and 30°C) to study the removal of 19 OMPs (6
polyaromatic hydrocarbons (PAHS), 8 herbicides and 5 insecticides) from various water
sources with different organic matter characteristics. Simazine, atrazine, metolachlor, and
isoproturon exhibited partial persistent characters (16% < removal < 59%), which
apparently decreased with increase in temperature. DDT, pyriproxyfen, pendimethalin,
B-BHC, endosulfan sulfate and PAHs with high hydrophobicity (solubility in terms of
logS < -4) tend to be well adsorbed onto sand grains (removal > 80%), regardless of
temperature, redox conditions or type of organic carbon fraction fed to the batch reactors.
These findings indicate that these hydrophobic compounds are effectively removed
during RBF regardless of the environmental conditions. Hydrophilic compounds
(molinate, dimethoate, and propanil) showed temperature-dependent characteristics for
influent water with low organic matter; their attenuation increased at higher temperature
(removal > 95%) due to the high microbial activity. This study revealed that temperature
is an important parameter affecting the removal of OMPs with hydrophilic and low-
hydrophobicity characters. However, temperature has less influence on the removal of
highly hydrophobic OMPs during RBF and thus should be considered during RBF system
design.
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3.1 INTRODUCTION

The need for high-quality drinking water is increasing rapidly worldwide as a result of
increasing urbanization and population growth. However, contamination of surface water
resources by domestic and industrial wastewater increase the costs of treatment. Most
developing countries employ conventional water treatment techniques, including
coagulation, flocculation, clarification, and filtration processes, and these methods are
usually followed by disinfection with chlorine. However, conventional water treatment is
not effective enough in removing persistent compounds, such as organic micro-pollutants
(OMPs) (Maeng et al., 2013). Bank filtration (BF) could be a viable and cost-effective
treatment option schemes to reduce the concentration of these persistent pollutants, as
well as removing pathogens, algal toxins, and organic matter (Hamann et al., 2016;
Hiscock et al., 2002).

OMPs removal during BF is mainly attributed to adsorption and biodegradation, which
are highly influenced by the surrounding environmental conditions including temperature,
redox and organic composition of the source water (Bertelkamp et al., 2014). Various
studies were conducted using laboratory-scale experiments to investigate the effect of
organic matter composition of influent water on the removal of OMPs during BF.
According to Lim et al. (2008) and Maeng (2010), there is a positive relationship between
biodegradable dissolved organic carbon (BDOC) concentration in the feed water and
OMP removal, while other studies expound a negative relationship (Bertelkamp et al.,
2016a; Li et al., 2014). This contradiction can be explained in terms of different OMP
classes and characteristics, influent water characteristics and biological activity that is
largely affected by the surrounding climate and environmental conditions. In the same
regard, temperature may also directly affect the performance of BF by altering the soil
sorption characteristics and exert indirect effects through alternating the redox conditions
in the infiltration area, thereby impacting the removal of OMPs (Rohr, 2014). During BF,
the initial infiltration zone is always characterized by oxic conditions followed by anoxic
(NOs™ as electron acceptor) and anaerobic conditions (Fe**/Mn** as electron acceptor).
The redox zone size is largely based on the aquifer characteristics and the raw water
quality. Few studies have been developed to determine the effect of redox conditions on
OMP removal during BF processes. Maeng (2010) illustrated that 17a-ethinylestradiol
(EE2) and 17p-estradiol removals were not significantly affected by the redox conditions.
Bertelkamp et al. (2016a) reported that some OMPs including dimethoate, diuron, and
metoprolol showed redox-dependent removal behaviour in favour of oxic conditions.
However, these studies were undertaken at room temperature. Thus, it is important to
assess the effect of redox conditions on the removal mechanisms of OMPs at high
temperature.

During this research, laboratory-scale batch studies were conducted to understand the
behaviour of different OMP classes (PAHs and pesticides) during BF and to assess the
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influence of different environmental conditions (temperature, redox, and influent organic
matter composition) on their removals as well as to propose guidelines for OMPs removal
prediction during BF processes at arid climate conditions.

3.2 MATERIALS AND METHODS

3.2.1 Experimental set-up

To assess the effect of temperature, redox conditions and organic matter composition on
the removal of different classes of OMPs, 34 batch reactors were set up. 100 g of silica
sand (grain size, 0.8-1.25 mm) were placed in 0.5-L glass reactors bottles. Initially, sand
in the reactors was bio-acclimated with 400 mL of Nile River water mixed with secondary
treated wastewater (1:1) under their respective environmental conditions of temperature
(20, 25 and 30£2°C) and redox conditions (oxic, anoxic and anaerobic) (Table 3.1).The
temperature levels were set based on field feedback from previous studies (Ghodeif et al.,
2016; Sprenger et al., 2012). The acclimation period lasted for 60 days, the feedwater was
renewed every 5 days until the reactors biologically stabilized (i.e., acclimated) with
respect to dissolved organic carbon (DOC) removal.

3.2.2 Effect of organic composition and temperature on OMPs removal

After the acclimation period, the batch reactors were fed with different types of water of
different organic matter composition (humics “humic and fulvic”, and protein): Water
from the Nile River at Gabal Taqoq region (Aswan, Egypt) (NR) was used to simulate
influent water with low organic content. Other water types were developed by mixing the
Nile River water with: i) secondary treated wastewater from Kima wastewater treatment
plant at Aswan, Egypt (ST), ii) treated wastewater from oxidation ponds plant at Balana,
Egypt (OP), and c) water extractable soil organic matter ( WEOM). WEOM was prepared
following the method of Guigue et al. (2014). The main purpose of using this type of
influent water was to simulate the effect of influent water with a high humic concentration
on OMP removal efficiency. All influents were filtered through a micro-sieve (38 pum)
before application to the batch reactors. Each reactor was injected with the selected OMPs
at a concentration of 5 pg/L each, this concentration is corresponded to the OMPs
concentrations detected in the Egyptian surface water systems (Abdel-Halim et al., 2006;
Dahshan et al., 2016; Mansour et al., 2003; Selim et al., 2009) and other surface water
systems worldwide (Fadaei et al., 2012; Meffe et al., 2014). Then, the batch reactors were
rotated on a shaker at 100 rpm and incubated at the desired temperature for 30 days. A
blank experiment was undertaken by injecting the same concentration of the selected
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OMPs in Milli-Q water, without sand and incubated under similar conditions, to
investigate the loss of OMPs.

Table 3.1. Process conditions of batch experiments

Influents Temperature Redox Biotic/abiotic
Nile River (NR) 20,25,30 °C Oxic biotic
Nile River: Secondary 20,25,30 °C Oxic biotic

treated wastewater (ST)

Nile River: oxidation ponds 20,25,30 °C Oxic biotic

treated wastewater (OP)

Nile River: Water 20,25,30 °C Oxic biotic
extractable organic matter

(WEOM)

Nile River (NR) 20,25,30 °C Oxic abiotic
Nile River (NR) 25°C anoxic/ biotic

anaerobic

3.2.3 Abiotic experiments

To assess the role of adsorption in the OMP removal process, 6 abiotic batch reactors
were employed using NR influent water injected with 20 mM HgCl, to suppress
biological activity (Choudhury et al., 2018). The experiment was conducted at three
different temperatures (20, 25, 30+£2°C).

3.2.4 Redox experiments

To investigate the effect of different redox conditions on the OMPs removal efficiency,
2 reactors were developed under anaerobic condition by degassing with a nitrogen stream
to dissipate dissolved oxygen (DO) from the reactors (i.e., DO < 0.2 mg/L) (Maeng et al.,
2011Db), while another 2 reactors were run under anoxic conditions (nitrate-reducing
environment) by degassing with a nitrogen stream and injecting 10 mg/L NOs".
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3.2.5 Organic micropollutants (OMPs)

The selected OMPs consisted of 6 polyaromatic hydrocarbons, 8 herbicides and 5
insecticides covering a wide range of physico-chemical properties (Table 3.2). All OMPs
used were of analytical grade standard solutions and purchased from Accustandard, USA.
Pesticides were analysed with LC-MS-MS following EPA Method 536. PAHs were
measured using a GC-MS-MS instrument and following the EPA-625 method.

Table 3.2. List of OMPs studied and their properties

Chemical pKa Water LogS LogD Log
structure Charge solubility atpH8 atpH 8 P
atpH8 (mg/mL)

Molinate CoH17NOS n.a 9.70E-01 -2.1 2.34 2.34
Simazine C7H12CINs 3.23 6.40E-03 -3.45 1.78 1.78
Isoproturon C12H1sN20 n.a 7.20E-02 -3.08 2.57 2.57
Atrazine CsH14CINs 3.2 3.47E-02 -3.8 2.2 2.2
Propanil CoHoCNO  1.21 2.25E-01 O 0.56 3.85
Dimethoate CsH12NOsPS, -4.5 2.50E+01 -2 0.34 0.34
Pendimethalin CisH1gN3Os4 -1 3.00E-04 -432 482 4.82
Metolachlor C15sH22CINO2 n.a 5.30E-01 -3.68 3.45 3.45
Pyriproxyfen C20H19NO3 2.86 1.63E-02 -5.11 4.75 4.75
Picloram CeHsCisN202  -0.21 4.30E+02 O -1.43 2
DDT C14HoCls n.a 8.50E-05 -6.55  6.46 6.46
Endosulfan sulfate CoHeCis04S  n.a 4.80E-04 -49 n.a 3.16
p-BHC CsHsCls n.a 2.40E-04 -4.7 4.35 4.35
Naphthalene CioHs n.a 3.10E-02 -3.3 2.96 2.96
Fluorene CasHio n.a 1.69E-03 -4.8 3.74 3.74
Anthracene CiaH1o n.a 4.34E-05 -5.6 3.95 3.95
Pyrene CieH1o n.a 1.35E-04 -6.9 4.28 4.28
Chrysene CigH12 n.a 2.00E-06 -7.7 4.94 4.94
Benzo (b) fluoranthene CaoHi2 n.a 1.50E-06 -7.7 5.27 5.27
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3.2.6 Characterization of influents and effluents

The collected samples were stored at 4°C after 0.45-um filtration (Whatman, Dassel,
Germany) and analysed within 3 days of collection to minimize biodegradation of organic
matter. Dissolved organic matter (DOC in mg C L) was measured using a total organic
carbon analyser (TOC-VCPN (TN), Shimadzu, Japan). UV absorbance [cm™] was
monitored at 254 nm by a UV/Vis spectrophotometer (UV-2501PC Shimadzu). Specific
ultraviolet absorbance (SUVAzs4) [L mg™t m™1]), an indicator for the relative aromaticity
and humic content of the bulk organic matter, was determined after dividing UV2s4
absorbance by DOC concentration. Characterization of organic matter fractions (humic,
fulvic, and protein) was performed using a fluorescence excitation-emission
spectrophotometer (F-EEM) as described in Baker (2001) study.

Peak picking technique was used to characterize the fluorescence excitation and emission
matrices data of the influents and effluents water (Cheng et al., 2018; Coble et al., 2014).
Three regions of peaks were identified at distinct excitation and emission wavelengths:
primary humic-like OM peak (P1) was assigned at excitation=250 nm and emission=440
nm; (2) secondary humic-like OM peak (P2) was measured at excitation=320 nm and
emission=440 nm; (3) protein-like OM peak (P3) was determined at excitation=240 nm
and emission =330 nm. Furthermore, two fluorescence indices were used to characterize
the organic composition of the feed water. (1) Humification index has used an indicator
for the humic content of the feed water, it is calculated by dividing the peak area under
the emission spectra 435-480 nm by the peak area 300—-345 nm 435480 nm, at excitation
254 nm (Coble et al., 2014; Ohno, 2002). (2) Fluorescence index (FIX) has used to
identify the relative contribution of terrestrial (low values) and microbial (high values)
dissolved organic matter to the full fluorescence spectrum. It is estimated as a ratio of the
fluorescence intensity at emission wavelength 450 nm to that at 500 nm for a definite
excitation wavelength (370 nm) (Coble et al., 2014; McKnight et al., 2001). FIX typically
ranges between 1.2-1.7 for surface water systems, where high value is indicative for
higher biodegradable content (Hansen et al., 2016). Nitrate and phosphate concentrations
(mg/L) of the influent and effluent samples were quantified using ion chromatography
(881 Compact IC pro, Metrohm anions, Swiss), whereas ammonium (mg/L) was
determined using an ion chromatograph (881 Compact IC pro, Metrohm cations, Swiss).
Heterotrophic plate counts (HPC) were used as an indicator of sand biomass activity
following the method described in (Maeng et al., 2008). At the end of the experiment,
duplicate wet sand samples (2-2.5 g) were suspended in 50 mL of autoclaved tap water
and sonicated at a power of 40 W for 2 minutes to suspend the biomass into the solution.
0.1 mL of microbial suspensions were spread in triplicate over a surface of R2A agar
plates and incubated for 48 hours at 35 °C.
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3.2.7 Data analysis

Two-way ANOVA was used to determine the significance of the impact of temperature,
influent organic matter and redox conditions on the removal of OMPs in batch reactors.
The criterion level of significance (p) was 0.05.

3.3 RESULTS AND DISCUSSION

3.3.1 Characterization of influents and effluents water

Relevant water quality parameters of the feed water added to batch reactors and the
average changes in their quality characteristics during the incubation period at different
temperatures are summarized in Table 3.3. At all temperature set-points, OP water
exhibited the highest DOC removal (51-54%) followed by ST water (46-48%), WEOM
water (28-33%), and NR water (9-18%). The higher DOC reduction for OP and ST waters
are mainly attributed to their high biodegradable organic matter concentrations, which
support the biological activity associated with the sand.

The average concentrations of HPC originating from the biomass associated with the OP,
ST and WEOM sand reactors at 25°C were 1411+33, 134396 and 1153+81 CFU/mL,
respectively. However, the average HPC for NR water bio-acclimated sand was 86662
CFU/mL at the same temperature, which suggests that the contribution of biodegradation
to the overall DOC removal is reduced at low DOC concentration. Furthermore, ANOVA
test results revealed that temperature has a significant effect on the biological activity of
the sand (p = 0.02). It was found that the biological activity apparently increased with
temperature (Table 3.4). The results indicated that the HPC values associated with the
bio-acclimated sand of NR batch reactors increased by 16 and 17% at 25 and 30°C
compared to the value at 20°C (723+98 CFU/mL); this illustrates that the role of
biodegradation in DOC removal is increased with rising temperature. This was also
confirmed with SUVA results, the SUVA values were obviously increased with
temperature rise, indicating that there is preferred degradation of non-aromatic
compounds. SUVA increased by 14, 16 and 21% for effluent NR waters at 20, 25 and
30°C, respectively, compared to the influent value. The same trend was observed for ST
and OP waters, where SUVA increased by (34, 42 and 47%) and (12, 29 and 33%),
respectively, at the same temperatures. However, WEOM water did not exhibit the same
trend, its highest increase (11%) of SUVA was recorded at 20°C, and was attributed to
its high humic content which is preferentially removed by adsorption (Maeng et al., 2008).
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Table 3.3. Characteristics of the influent and effluent water

Influent DOC SUVA NOs! NHs*' POs® pH
mg L* Lmg'm mgL! mgL! mglL?

NR Influent 4.05+0.69 1.82 N.D. N.D. N.D. 7.42
20°C Effluent 3.31+0.39 2.11 0.09 N.D. N.D. 7.53
25°C Effluent 3.35£0.69 2.16 0.17 N.D. N.D. 7.78
30°C Effluent 3.68+0.47 2.3 0.14 N.D. N.D. 7.85

ST Influent 10.62+0.59 1.49 0.15 2.34 1.64 7.96
20°C Effluent 5.72+0.34 2.27 0.64 0.25 0.71 8.11
25°C Effluent 5.51+0.59 258 0.89 N.D. 0.69 8.18
30°C Effluent 5.63+0.41 2.79 0.59 N.D. 0.68 8.17

OP Influent 10.31+0.68 1.56 0.14 2.61 1.84 8.08
20°C Effluent 5.05£0.47 1.78 0.19 0.17 1.09 8.13
25°C Effluent 4.83+0.68 2.19 0.56 N.D. 1.09 8.16
30°C Effluent 4.65+0.39 2.34 0.56 N.D. 1.02 8.28

WEOM Influent 9.41+0.79 2.44 N.D. 1.04 0.24 8.11
20°C Effluent 6.34+0.71 2.73 0.12 N.D. 0.08 8.17
25°C Effluent 6.75£0.21 2.29 0.36 N.D. 0.08 8.29
30°C Effluent 6.78+0.54 251 0.36 N.D. 0.07 8.24

N.D.: not detected.

Limit of quantitation (LOQ) for NOs™ (0.05mg/L), NH4* (0.2mg/L) and PO43(0.05mg/L)
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Table 3.4. HPC of batch reactors sand at different temperatures

HPC (CFU/mL)
Influent  20°C 25°C 30°C

NR 7235498 866162 872+63
ST 1279+45  1343+96 1417+86
OP 1335418 1411+33 141559

WEOM 1092+240 1153+81 1118+173

NR+HgCl, 108+108 158+31 97+21

To analyze the organic matter characteristics of influents and effluents, samples were
taken at the beginning and end of the batch experiments to measure fluorescence intensity.
Three dominant peaks at definite wavelengths representing the bulk organic matter
fractions (humic, fulvic and protein) were discriminated (Maeng, 2010). Apparently,
fluorescence intensity of protein-like components (peak 3) decreased with increasing
temperature for all organic water matrices. An exception was observed for WEOM water,
which exhibited higher protein compound removal at low temperature that may be
attributed to adsorption. Additionally, the results of abiotic conditions verified that the
adsorption process is more influential at low temperature, even for biodegradable
materials.

Table 3.5 shows that change in fluorescence intensity for each of the identified peaks is
highly dependent on the organic matter composition and temperature. Humics
compounds (humic and fulvic) bear a negative charge and thus tend to be removed by
adsorption during the infiltration process (Abdelrady et al., 2018; Maeng, 2010). In this
research, abiotic batch reactors exhibited a relatively larger decrease of humics compound
fluorescence intensity at lower temperatures. Therefore, it can be concluded that humics
reduction (by adsorption) exhibits an inverse relationship with temperature rise, this was
also reported by Abdelrady et al. (2018). A similar trend of better attenuation at lower
temperatures (20 °C) was observed for NR effluent water in which the biodegradable
matter was limited. However, OP, WEOM and ST effluents showed an increase of humics
fluorescence intensity. This increase displays a positive relationship with temperature rise
for ST effluent and a negative relationship for OP effluents (Figure 3.1). Previous studies
(Abdelrady et al., 2018; Maeng et al., 2008) suggested that bacteria present in the soil are
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3.3. Results and Discussion

able to form new fluorescent organic compounds associated with existing DOM during
the long-term infiltration process.

Apparently, fluorescence intensity of protein-like components (peak 3) decreased with
increasing temperature for all organic water matrices. An exception was observed for
WEOM water, which exhibited higher protein compound removal at low temperature that
may be attributed to adsorption. Additionally, the results of abiotic conditions verified
that the adsorption process is more influential at low temperature, even for biodegradable
materials.

The fluorescence indices were used to get insight information about the organic
composition of the feed water. The results refer that ST and OP have the highest
concentration of biodegradable organic matter. The fluorescence index (FI) were 1.67,
1.5, 1.36 and 1.25 for ST, OP, NR and WEOM feed waters, respectively. By contrast,
WEOM feed water possessed the highest humic content, its humification index (HIX)
was 0.75, while it was 0.56, 0.55 and 0.5 for ST, OP and NR, respectively.

Em (nm) Em (nm)

(a) (b)

300 350 400 450 500 300 350 400 450 500
Em (nm) Em (nm)

(c) (d)

Figure 3.1. F-EEM spectra of OP water: (a) influent, (b) effluent at 20°C, (c) effluent at
25°C, (d) effluent at 30°C
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3. Removal of organics micro-pollutants during bank filtration

Table 3.5. Fluorescence peaks intensities (RU) in oxic batch reactors operated at
different temperatures using different feed water types

Feed Fluorescence peaks (RU)
water
type P1 (Aex/Aem = P2 (Aex/Aem = P3 (Aex/Aem =
245/440 nm) 345-/440 nm) 240/340 nm)
NR ST OP | WE | NR ST OP | WE | NR ST OP | WE
oM oM oM
Inf 0.32 {032 | 0.30 | 1.18 | 0.20 [ 0.12 | 0.25 |0.45 | 0.34 |0.45 | 0.44 |0.43
Eff- 0.28 | 0.35 | 0.63 | 162 | 0.13 |0.18 |0.33 |0.68 | 0.19 |0.25 |0.18 |0.28
20 °C
Eff- 0.34 |055 [ 048 | 183 [0.24 [ 0.28 |0.26 |0.58 | 0.16 |0.20 | 0.16 |0.31
25°C
Eff- 0.37 |0.61 | 035 | 218 |0.24 |0.34 |0.2 |054 |0.12 |0.18 |0.16 |0.34
30°C

3.3.2 Effect of feed water organic matter composition on OMPs
removal

Laboratory-scale batch reactors were conducted at high temperatures (20-30°C) to assess
the impact of feed water organic composition on the removal of selected OMPs. Four
different water types (NR, ST, OP, and WEOM) were introduced into the batch.
Biodegradation and adsorption are the main mechanisms for removal OMPs during the
bank filtration processes, and they are considerably impacted by the raw water
characteristics (Bertelkamp et al., 2014). In this research, a statistically significant effect
of the influent organic matter composition on OMPs removal was observed at 20°C (p =
0.02). However, no statistically significant effect was observed at higher temperatures of
25°C (p = 0.06) and 30°C (p = 0.09), indicating that the influence of feed water organic
matrix on OMP removal is lower at higher temperatures. Among the OMPs studied,
removal of DDT, pyriproxyfen, pendimethalin, and picloram in NR blank reactors was
78.3+7.3%, 69.7+4.5%, 90.4+3.6%, 90.1+5.6%, and 94%, respectively. These removal
efficiencies were 5 to 7% higher for the other water types tested. This implies that abiotic
removal mechanisms such as volatilization and hydrolysis may play a major role in
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reducing the concentration of these OMPs during the batch study. Furthermore, the
removal efficiency of these OMPs was higher than 99% in the batch reactors regardless
of the water organic matrix, a result mainly attributed to adsorption (Figure 3.2). Similarly,
B-BHC and endosulfan sulfate exhibited removal between 80 to 94% which was mainly
attributed to adsorption (Figure 3.2). Thus, it can be concluded that highly hydrophobic
compounds (logS >4) tend to be highly removed by (>80%) when the residence time is
(>30 days). These results are in agreement with Rodriguez-Liébana et al. (2017), who
asserted that neutral hydrophobic pesticides, such as pendimethalin, are mainly removed
by abiotic processes in soil irrigated with treated wastewater.

Simazine, atrazine, metolachlor and isoproturon (-2.5> logS >-4) demonstrated more
persistence during the batch study (removal efficiencies varying between 16-59%)
(Figure 3.2). They exhibited a relatively higher removal efficiency from ST and OP
influent waters containing higher concentrations of biodegradable organic compounds.
This finding implies that co-metabolism may play a role in the removal of these
compounds. This is consistent with the findings of Bertelkamp et al. (2016a), who studied
the effect of three feed waters with different organic fractions (hydrophilic, hydrophobic,
transphilic) on the removal of OMPs (include atrazine and simazine) in three similar sand
columns, and found that the biodegradability of the feed water significantly affects the
removal efficiency of OMPs during the filtration process. Orlandini (1999) reported that

Log $>-2.5 -2.5>Log S>-4 Log S<-4
100 7 = - — .
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Figure 3.2. Impact of influent organic matter type on the removal of OMPs in batch
reactors (20°C, oxic)
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3. Removal of organics micro-pollutants during bank filtration

atrazine removal is increased in the presence of high concentrations of biodegradable
materials which enhance the biological activity associated to the sand and enables the
existing bacteria to use atrazine as a source of carbon or nitrogen. On the other hand, these
moderate hydrophobic OMPs exhibited lower removal efficiencies for NR feed water that
mainly ascribed to its low organic content and thereby low diversity of microorganisms in
the sand. Likewise, lower removal efficiencies were observed for WEOM feed water that
might attribute to its high humic content and the competition between OMPs and humic
compounds for adsorption sites that should be considered during the bank filtration
installing processes.

Molinate, dimethoate and propanil compounds with relatively high solubility (logS >-2.5)
exhibited more biodegradable character during the batch study (Figure 3.2). According to
Singh et al. (2006), highly soluble pesticides are more subject to degradation. The high
biodegradability characteristics of these compounds are mainly ascribed to the presence
of electron donating functional groups (amine groups) in their structures (Tran et al.,
2013). Therefore, the removal efficiencies of these OMPs decreased significantly under
abiotic conditions (Figure 3.3, Figure S3.1, and Figure S3.2). These results emphasize the
importance of the biodegradation process in the removal of these hydrophilic compounds
during the BF process. This is in agreement with other researchers (Bertelkamp et al.,
2016a; Lopes et al., 2013) who discovered that adsorption of these compounds to the soil
Is very weak. With respect to the effect of influent organic matter, the removal efficiencies
of these compounds decreased slightly under conditions of limited organic content at a
temperature of 20°C (Figure 3.2). The removal of molinate, propanil and dimethoate were
decreased by 12+0.65%, 9+0.52% and 13-18%, respectively, for NR during a residence
time of 30 days in the batch reactors compared to their removal in water of higher influent
biodegradable matter (OP, ST). Nunes et al. (2013) illustrated that co-metabolic processes
mainly dominated their degradation; thus, the presence of an additional carbon source
could enhance degradation.

PAH compounds are highly toxic and classified as probable human carcinogens. Blank
batch reactors exhibited limited removal of these hydrophobic compounds (less than 5%)
at all tested temperatures. Furthermore, no significant effect of influent organic matrix
was observed on the removal of these compounds. In this research, the removal of these
compounds exceeded 80% under different influent organic conditions. Lamichhane et al.
(2016) demonstrated that biodegradation and hydrolysis of PAH compounds are very
limited. Accordingly, it can be concluded that the high removal observed in this study is
mainly attributed to sorption and prolonged residence time (30 days). It was observed that
PAH compounds with more than three aromatic rings were thoroughly removed (> 99%)
(Figure 3.4).
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3.3.3 Effect of temperature on OMPs removal

To assess the effect of temperature on the removal of OMPs during the BF process, batch
experiments were conducted at three different temperatures, 20, 25, and 30+2°C, using
different water types in oxic conditions. Attenuation of 5 of the 13 selected pesticides
investigated in this study showed temperature dependency (Figure 3.5 and Figure S3.3).
The removals of pendimethalin, pyriproxyfen and DDT exceeded 95% at all three
temperatures tested, although previous studies (Cheng et al., 2014; Kpagh et al., 2016;
Sullivan et al., 2008) illustrated the temperature-dependent attenuation behaviour of these
OMPs during the infiltration process. The high attenuation of these compounds is mainly
attributed to their high adsorption efficiencies and prolonged residence times, as
previously described. In the same regard, Maeng (2010) conducted laboratory-scale batch
studies at 16-17°C to assess the removal of selected OMPs (e.g., pharmaceuticals) and
reported as well the high removal (>80%) of the hydrophobic compounds (e.g.,
bezafibratem ibuprofen, naproxen, logS<-4). The same trend was observed for PAH
compounds. However, naphthalene, fluorene, and anthracene exhibited lower removal
values at higher temperatures (30°C), likely due to their lower adsorption efficiency at
higher temperature or the desorption process which may take place during the prolonged
residence time. Hiller et al. (2008) illustrated that less hydrophobic PAHs (e.g.,
naphthalene) demonstrate lower adsorption efficiency and higher desorption
characteristics at high temperatures. Thus, post-treatment of bank filtrate may be required
to remove these compounds at high temperature. Likewise, picloram exhibited a high
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Figure 3.5. Removal of OMPs at different temperatures (20, 25, 30°C) under oxic
condition for NR water
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removal efficiency (> 90%) at all processed temperature, an effect that may be ascribed
to abiotic process (e.g., hydrolysis and volatilization).

The temperature-dependent removal of molinate, dimethoate, and propanil was observed
when the influent organic content was limited (NR), as their removal efficiencies were
increased considerably at high temperature. Removal of molinate and dimethoate in
abiotic batch reactors significantly increased with increase in temperature, indicating that
the hydrophobicity of these compounds increased at high temperature; this was also
previously reported by Rani et al. (2014). However, propanil exhibited temperature-
independent removal under abiotic conditions. This implies that the biotic process plays
a positive role in its removal at higher temperature.

Attenuation of atrazine, simazine, metolachlor, isoproturon, endosulfan sulfate and -
BHC were markedly increased at high temperatures for all influent waters under both
biotic and abiotic conditions. The high attenuation of these hydrophobic compounds with
increasing temperature is mainly attributed to their increasing adsorption capacity at
higher temperature.

3.3.4 Effect of redox on removal of OMPs

The effect of three redox conditions including oxic, anoxic (NO3" as electron acceptor)
and anaerobic (Fe*?, Mn*? as electron acceptors) on the removal of 19 OMPs was
examined for different water characteristics at high temperature (25°C.). Effluent
dissolved oxygen in the suboxic batch reactors was less than 0.2 mg/L, and the average
removal of nitrate in anoxic reactors was 92+5.8%. Figure 3.6 shows the average removal
of the selected pesticides at 25°C under different redox conditions.

Various studies (Bertelkamp et al., 2016b; Sullivan et al., 2008) asserted that the removal
efficiencies of DDT, pyriproxyfen and, pendimethalin decreased under sub-oxic
conditions. However, it was obvious in this research that the removals of these OMPs are
redox-independent and exceed 99% in all batch reactors operating at 25°C. This is mainly
attributed to their high adsorption efficiency at higher temperature as well as the
prolonged residence time in the soil. In the same manner, PAHs also exhibited high
removal efficiencies (> 99%) at the same temperature regardless of the redox conditions,
as adsorption was the dominant mechanism. Apparently, if the hydrophobic compound
exhibits logP > 4, it tends to be highly removed (>80%) during the filtration process
(residence time: 30 days) regardless of the redox, organic composition, and temperature
environment, at least for the OMPs tested during this research. Likewise, dimethoate
displayed high removal efficiency (> 90%) independent of the redox condition. Inversely,
Bertelkamp et al. (2016b) reported that dimethoate removal is highly reduced under sub-
oxic conditions: its biodegradation rate is 72% lower under anaerobic conditions and
reduced by 85% under anoxic conditions when compared to oxic conditions. This is
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probably because the experiments were conducted at low temperature (12°C). This
implies that dimethoate is preferentially removed due to an increase in microbial activity
with increasing temperature regardless of the environment of redox conditions. Similarly,
abiotic removal mechanisms (i.e., hydrolysis) may also have played a role in the removal
efficiency at high temperature (Van Scoy et al., 2016). On the other hand, triazines
(atrazine and simazine) demonstrated the same persistence under the redox conditions
tested. In contrast, Gimbel et al. (2006) and Shahgholi et al. (2014) revealed that the
suboxic condition resulted in higher biodegradation removal of triazines than did the oxic
condition during the BF process. This contradiction can be explained in terms of the
absence of organisms that are able to consume triazine compounds in the batch reactors
(Bertelkamp et al., 2016b). This trend was also observed for metolachlor, which showed
high persistence independent of the redox conditions. Low biodegradation of metolachlor
under different redox conditions was reported in other studies (Sanyal et al., 2000).
Seybold et al. (2001) studied metolachlor degradation in wetland soil and water
microcosms and stated that metolachlor is degraded under anaerobic condition with a
half-life of 67 days. Therefore, it can be concluded that BF does not effectively remove
all of OMPs in an acceptable manner in temperate regions and that post-treatment may
be required for drinking water purposes.

Molinate and propanil exhibited a high dependency on the redox conditions, since their
biodegradation was highly increased under oxic conditions compared to anoxic and
anaerobic conditions. The removal of these pesticides under different redox conditions
during BF has not yet been studied. However, these results are consistent with Lopes et
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Figure 3.6. Removal of OMPs under different redox conditions at 25°C for NR influent
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al. (2013) and Nunes et al. (2013) who tracked the environmental fate of these hydrophilic
compounds in wet soils. Therefore, it can be concluded that the compounds require longer
residence time to be removed during the suboxic infiltration process. However, some
molinate transformation products such as molinate sulfoxide are also potential toxicants
and have higher solubility compared to the original compound,; therefore, they have high
potential to be leached during bank filtration, which requires further investigation.

Endosulfan sulfate and B-BHC exhibited relatively higher removal under sub-oxic
conditions. The removal efficiencies for endosulfan sulfate and B-BHC were increased
by 8.7 and 11.8% for the anoxic condition and 6.7 and 13% under anaerobic conditions,
respectively. Baczynski et al. (2010) illustrated that organochlorine pesticides are
degraded effectively under anaerobic conditions and that this process is temperature-
dependent, increasing slightly at higher temperature.

3.4 CONCLUSIONS

Batch studies were conducted to assess the removal efficiency of some micro-organics
pollutants during the BF process (travel time =30 days) under different environmental
conditions. Based on the results of this research, the following conclusions can be
drawn:

e Labile compounds (i.e., protein-like) are the most amenable DOM fraction to be
removed during BF at all the tested temperatures.

e Atrazine, simazine, isoproturon, and metolachlor (-2.5> logS >-4) were the most
persistent compounds and were mainly removed by adsorption process (<45%,
residence time =30 days). The removal of these compounds was enhanced at
higher temperatures and in the presence of organic matter. This finding indicates
that co-adsorption, as well as co-metabolism, may play significant roles in the
removal of these compounds.

e Poorly soluble OMPs with logs<-4 (i.e., DDT, pyriproxyfen, pendimethalin, -
BHC, and endosulfan sulfate) were highly removed (>80%) by adsorption
(residence time =30 days) regardless of the environmental conditions (i.e.,
temperature, redox and influent organic characteristics). However, these
compounds may degrade in the soil and produce more toxic and more soluble
compounds which may leach into the bank filtrate. Further investigation is
required in this phenomenon.

e The removal efficiencies of soluble OMPs with logS>-2.5 (molinate, propanil,
and dimethoate) were below 40% under abiotic conditions. Removal efficiencies
of these hydrophilic compounds increased to >70% under biotic conditions. This
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implies that biodegradation has a key role in the attenuation of these compounds
during BF. Thus, influent temperature and biodegradable organic matter
concentration may affect the removal of these OMPs due to their influence on
microbial activity and the co-metabolism processes taking place in the filtration
area. The removal of these compounds was found to be higher than 95% at 25°C.

DDT, pyriproxyfen, and pendimethalin exhibited redox-independent behaviour at
high temperatures (25°C), as their removal efficiencies exceeded 95%.

Molinate and propanil showed redox-dependent removal behaviour with high
attenuation under oxic conditions (>87%). In contrast, f-BHC, and endosulfan
sulfate showed slightly higher biodegradation under sub-oxic conditions (>94%).

Atrazine, simazine, isoproturon, and metolachlor, characterized by persistence
properties under oxic conditions, were also not removed under sub-oxic
conditions. Thus, post-treatment may be required to remove these OMPs from
bank filtrate.

Polyaromatic hydrocarbons (PAHS) compounds exhibited high removal (>80%)
regardless of the organic composition of the feed water and the redox environment.
However, a significant effect of temperature was observed for lower hydrophobic
PAHSs (e.g., naphthalene, fluorene, and anthracene) at high temperature that may
attribute to lower adsorption efficiency or desorption process, which needs to be
investigated

In summary, the results indicated that higher temperature enhanced the removal of OMPs
during the BF, although it decreased the attenuation of bulk organic matter.
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Figure. S3.1 Effect of biotic/abiotic conditions on the removal of OMPs at 30 °C
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REMOVAL OF METALS DURING
BANK FILTRATION



4. Removal of metals during bank filtration

ABSTRACT

The effectiveness of bank filtration (BF) is highly dependent on the source water quality
(e.g., the organic matter composition, pH, temperature, and concentration of heavy metals
(HMs)) and hydrogeological conditions at the subsurface. In this study, the impact of
dissolved organic matter (DOM) on the removal of selected metals (Cu, Zn, Pb, Se, and
Ni) during BF was investigated. Laboratory-scale column studies were conducted at 30
°C with feed water sources of different organic matter composition. The selected HMs
were spiked at concentrations similar to their levels in surface waters. Fluorescence
excitation—emission matrix coupled with parallel factor analysis (PARAFAC-EEM) was
used to characterise the organic composition of the different feed waters. Moreover,
another series of column studies was conducted to assess the impact of DOM type (humic,
protein) and concentration on the removal of HMs. The experimental results revealed a
high Pb(I1) removal efficiency (> 90%) during filtration, which depends only slightly on
the organic matter content of the feed water. In contrast, Cu(ll), Zn(lIl), and Ni(ll)
exhibited relatively lower removal efficiencies (65%-95%) for the columns fed with
different water sources. These removal efficiencies decreased considerably in the
presence of humic compounds, regardless of their origin (terrestrial or microbial). On the
other hand, the removal efficiency of Se(lV) increased as the concentration of
biodegradable organic matter in the feed water increased, and a positive correlation was
found between the Se(IV) removal efficiency and the protein-like fluorescence intensity
(p=0.72, p <0.01). In general, it can be concluded that the organic composition of the
source water affects profoundly the removal and sorption of HMs during the BF, and
should be considered in the design of bank filtration systems.
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4.1 INTRODUCTION

Heavy metals (HMs) are widely distributed in the earth’s crust and are naturally non-
biodegradable. A small number of HMs (in trace amounts) have an essential role in the
metabolism of humans and animals. However, higher concentrations may be toxic. Metals
such as mercury (Hg), cadmium (Cd), arsenic (As), chromium (Cr), thallium (TI), zinc
(Zn), nickel (Ni), copper (Cu), selenium (Se), and lead (Pb) are commonly found in
surface waters. These metals constitute a significant public health concern because of
their bio-accumulative nature and must therefore be removed from drinking water (Martin
et al., 2009). Excess exposure to Pb causes irreversible brain damage and encephalopathy
symptoms. Drinking water with high levels of Cu may cause nausea, vomiting, stomach
cramps, and sometimes diarrhoea (Duruibe et al., 2007). In addition, high Se
concentration can cause numbness in the extremities, circulation problems, neurological
impairment, and fingernail or hair loss. High levels of Zn in drinking water may cause
stomach cramps, vomiting, and sometimes nausea (Martin et al., 2009). Moreover, a high
concentration of Ni can damage the DNA of the hands (Sharma, 2014).

Removal of HMs during BF is highly dependent on the site conditions, source water
quality matrix, and the type of the HM e. Various studies have been conducted to
investigate the biogeochemical processes taking place during the infiltration of river
water into alluvial aquifers and its impacts on the removal of HMs (Bourg et al., 1993).
These studies highlighted that the adsorption of HMs during the filtration process is
considerably impacted by the water quality matrix of the raw water, more specifically,
the pH, dissolved oxygen, and dissolved organic matter (DOM). DOM contains multiple
functional groups that have an affinity for HMs and hence may affect the mobility of HMs
in aquatic and soil systems during the BF process (Weng et al., 2002).

The interaction of DOM and HMs in surface water occurs in different ways (Weng et al.,
2002). This affects the chemical state and availability of HMs in natural water systems.
DOM in surface water forms complexes with HMs, which reduces bioavailability and
toxicity to aquatic organisms (Sharma, 2014). The type of DOM such as humic substances
(fulvic acid and humic acid) influences the geochemical mobility of metal ions during the
infiltration (Weng et al., 2002). According to Reuter et al. (1977), metal-humic
complexes in natural water systems have a higher stability than inorganic—metal
compounds. Hence, the presence of DOM affects the variation in the behaviour of metal
pollutants in natural water systems.

The risk of HM contamination of drinking water is increasing, in particular in developing
countries where industrial and human activities result in the discharge of waste into water
bodies (Sharma, 2014). Consequently, this study focuses on the influence of DOM
composition of the feed water on the removal of HMs during the BF process, particularly
in regions with hot climates. Therefore, laboratory-scale column studies were conducted
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at a controlled room temperature (30 °C) to investigate the effect of the feed water source
and natural organic matter (NOM) type (humic-like, protein-like tyrosine, the
combination of protein-like and humic acid) on the removal of HMs (Cu, Zn, Ni, Pb, and
Se) during the infiltration process.

4.2 MATERIALS AND METHODS

4.2.1 Filter media characteristics

The silica sand (grain size 0.8-1.25 mm) used in this study was bought from Wildkamp
company (Netherlands). The characteristics of the sand is presented in Table 2.1. The
media was washed with non-chlorinated tap water to discard the debris before introducing
into the columns. The average bulk density and porosity of sand were 1500 kg/m? and
0.42, respectively. The organic content and the HMs concentrations of the sand were
determined using the acid-extraction method described in (Sastre et al., 2002). The
biological activity associated with the sand was estimated in terms of Adenosine
triphosphate (ATP) following the technique described in previous studies (Abdelrady et
al., 2018; Abushaban et al., 2017).

4.2.2 Column experiment

Laboratory-scale soil column setup was used to assess the impact of organic matter on
the removal of HMs during the filtration process. The PVC pipe columns with an internal
diameter of 4.2 cm and a total height of 50 cm were used for all experiments. Silica sand
was filled up on top of the gravel for about 40 cm in all columns. Then the columns were
fitted with connectors from both ends to fix the influent and effluent tubes. The influent
tube was connected to the influent tank (10 litres) by using a polyethylene tube.

The influents and effluents tubes were replaced after every five days and also covered
with black materials and foils to reduce biofilm formation during the experimental
process. The influent tank was cleaned with distilled water and if necessary with HCI
before introducing the feedwater into it. Aeration procedure in the feed water tank was
implemented to ensure the experiment was performed under aerobic conditions. The
dissolved oxygen (DO) was monitored continuously to ensure the oxygen supplied is
enough to support the experimental condition (DO>7 mg/L). The experiments were
conducted at a temperature-controlled room (30 °C) to analyse the possibility of removing
HMs during BF in hot climate areas. Different parameters were monitored periodically to
ensure that the experiments were conducted under the desired conditions. Such
parameters included the dissolved oxygen, pH of the influent, infiltration rate and the
concentration of HMs in the feed water.
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Effect of DOM composition of raw-water on HM removal during BF

Four columns were fed with different types of source waters to investigate the effect of
the feed-water organic matter composition on the removal of HMs. Therefore, four types
of feed water were prepared from different sources including (i) non-chlorinated tap water
(NCTW) with a low organic content, (ii) Delft canal (DC) water collected from a canal,
(iii) secondary treated wastewater obtained from the Harnaschpolder WWTP and mixed
with Delft canal water to simulate contaminated surface water systems (DCWW), and (iv)
water containing extractable organic matter (WEOM) which contains higher
concentrations of humic compounds, which was prepared following the method proposed
by Guigue et al. (2014). The physical-chemical water quality parameters of all feed
waters were analysed before the start of the experiment (Table 4.1). The pH of the feed
waters was adjusted to 7.8+1. The experiment was conducted at different hydraulic rates
(0.3, 0.6 and 1.0 m/day).

Table 4.1. Characteristics of the feed waters used for the laboratory- columns experiment

Parameters DC DCWW WEOM  NCTW
pH 83+0.20 8.0+0.10 8.5£0.10 7.8+ 0.20
DO (mg/L) 84+020 7.9+0.20 7.9+0.10 85+ 0.30
EC (uS/cm) 881+0.58 838 +0.80 700+£0.50 551+ 0.58
Total Nitrogen (mg/L) 1.1+006 6.7+0.14 1.8+0.01 1.1 £ 0.06
NH4 -N (mg/L) 0.03+0.00 1.2 £0.03 0.7£0.02 0.03
POs-P <03 1.6 £ 0.00 <03 <03
Se(IV) (ng/L) <2 <2 <2 <2

Cu(ID) (ng/L) 16.7+0.28 8.2+2.30 138.5+2 5.2+2.30
Pb(II) (ug/L) <5 <5 <5 <5

Ni(II) (ng/L) <5 <5 <5 <5

Zn(II) (ug/L) 295+210 275+0.71 47505 7.1+1.30

All values were presented as Mean value + standard deviation, n=7
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Effect of NOM type on HM removal during BF

This experiment was conducted to investigate the impact of the NOM type and
concentration on the HM removal efficiency during a BF. Therefore, four columns were
developed and ripened at 30 °C, and hydraulic rate of 0.3 m/day. The first column was
fed with NCTW and used as a control sample. The other columns were fed with mixtures
of NCTW and different NOM types: (i) humic (HA), (ii) TY, and (iii) a mixture of 50%
HA and 50% TY (HA:TY). Each type of NOM was injected at four different
concentrations (5, 10, 15, and 20 mg-C/L). The experiments were conducted for each
concentration and for the residence time of seven days, during which influent and effluent
samples were taken daily.

Effect of NOM type on specific HM removal efficiency

The main target of this experiment was to analyse the impact of NOM type on the removal
efficiency of specific HM’s during infiltration and to assess whether the presence of
multiple metals in the feed water can affect the adsorption characteristics of other HM’s.
Therefore, eight columns were prepared and ripened for two months. Subsequently, the
columns were fed with NCTW containing different NOM types. Cu(ll) and Se(IV) were
spiked individually into the feed water of the four columns, and the experiment took seven
days.

The Thomas model was used to estimate the breakthrough of the metals and impact of
the NOM type on the adsorption parameters (adsorption capacity and rate) of the tested
metals during the filtration process. This kinetic model assumes that adsorption is
governed by the mass transfer and chemical reaction processes, and this reaction is a
reversible second-order reaction, which obeys the Langmuir adsorption Kinetics. Thomas
model in the linear form is described as follows (equation 1) (Chu, 2010):

In (%2 -1)= % — KpuCo't (1)
K7y is Thomas adsorption rate constant (L/hr.ug), g, is the adsorption capacity (ug/g),
X is the mass of adsorbent (g), Q is the flow rate of the feed water (L/hr), Co and C; are
the initial and breakthrough concentrations (pg/L).

4.2.3 Analytical methods

Both influent and effluent samples were collected from the columns and filtered using
0.45 um filtration (Whatman, Dassel, Germany). The samples were acidified with 0.5 ml
of concentrated HCI and stored at a controlled temperature room (4 °C). The metal (Cu,
Zn, Ni, and Pb) concentrations were determined by inductively coupled plasma—mass
spectrometry (Xseries Il Thermo Scientific). The limit of detection (LOD) of metals was
10 pg/L. The Se concentration was quantified with a graphite furnace atomic absorption
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spectrophotometer (Solaar MQZe GF95, Thermo Electron Co.), where the LOD was 5
Mg/L.

The combustion technique was employed to determine the organic content (DOC in mg-
C/L) of the influent and effluent samples using a total organic carbon analyser (TOC-
VCPN (TN), Shimadzu, Japan) (LOD = 20 mg/L). Specific ultraviolet absorbance
(SUVAzs4) [L mg™? m™] was estimated to define the aromaticity of the influent and
effluent. SUVA2s4 was calculated as a ratio between the DOC of the water sample and
its ultraviolet absorbance (UV) at 254 nm [m™]. The UV absorbance was determined
using a UV/Vis spectrophotometer (UV-2501PC Shimadzu).

The organic constituents of the samples were determined with the fluorescence
excitation—emission matrix (EEM) technique (Fluoromax-3 spectrofluorometer,
HORIBA Jobin Yvon, Edison). The fluorescence intensity of the samples was determined
at the excitation wavelengths (Aex) 240-452 nm with 4 nm intervals and at the emission
wavelengths (Aem) 290-500 nm with 2 nm intervals.

The fluorescence indices, including the humification index (HIX), fluorescence index
(FIX), and biological index (BIX), were used to characterise the organic fluorescence
characteristics of the feed water. These indices were described in details by Gabor et al.
(2014). HIX is an indicator of the humification degree of the feed water, and estimated as
follows (Ohno, 2002):

HIX = 2 Fljem (434-480 nm) at dex (254 nm) (2)

X Flem (434-2480 nm) T2 Fljem (300-344 nm)

FIX is used to detect the source of DOM in water (terrestrial or microbial). The value of
FIX for each sample was estimated following Equation 3 (Gabor et al., 2014), and it varies
between 1.2-1.8 with lower values refer to DOM of microbial origin.

FIX = “2em@s0) g4 3oy (370 nm) (3)
Flyem (500)

B1X was used to estimate the contribution of microbial DOM to the total organic content
of the feed water. This parameter was determined using Equation 4 (Huguet et al., 2009).
BIX = T2emG80) 4 2oy (310 nm) (4)

Fl)em (430)

4.2.4 Fluorescence modelling

The fluorescence EEM spectroscopy was combined with the parallel factor analysis
(PARAFAC) algorithm to discretise the fluorescence dataset into independent
fluorescence components. This technique has been widely used to identify organic matter
characteristics of surface and subsurface water systems (Abdelrady et al., 2018; Osburn
etal., 2016a).
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A fluorescence dataset of 80 samples collected from the feed water was used to develop
and validate the PARAFAC models following the steps proposed by Murphy et al. (2013).

4.2.5 Data analysis

The two-way analysis of variance (ANOVA) and post-hoc Tukey test were used to assess
the significance of the impact of organic composition of the feed water and NOM type on
the removal of HMs during the column filtration process; the impact was considered
significant if the level of significance (p) was below or equal to 0.05.

In addition, a Spearman rank correlation (p) analysis was conducted to determine the
relationship between the fluorescence characteristics of the feed water and the HM
removal during the filtration process. The strength of the relationship was considered high
if the correlation value p > 0.7, moderate if 0.4 < p > 0.7, and low if p < 0.4 (Hinkle et al.,
1988).

4.3 RESULTS

4.3.1 Impact of feed water source on HMs removal

The effect of the organic composition of the feed water on the removal of heavy was
studied in laboratory-scale columns using different water sources spiked with varying
concentrations of HMs. The experiment was conducted at different hydraulic rates (0.3,
0.6 and 1.0 m/day).

Organic characteristics of the feed water

Four different feed water with different organic composition was applied to the
laboratory-scale columns. The organic characteristics of the feed water were determined
and summarized in Table 4.2. NCTW had the lowest concentration of organic matter; its
value ranged between 3.47 and 3.67 mg-C/L. This feed water has low SUVA (1.76+0.14
L/ mg-g) and HIX (0.49) values, which infers to its aliphatic organic composition. The
DOC of DC water (11.25+0.81 mg/l) and DCWW (11.41+0.59 mg/l) were significantly
higher than that of WEOM feed water (9.7+0.24 mg/l). However, the WEOM contained
a higher concentration of aromatic compounds than DC and DCWW; the average SUVA
values for DC, DCWW and WEOM were 2.99+0.11, 3.72 + 0.39 and 3.82 = 0.27 L/mg-
g, respectively.

These results were confirmed with the fluorescence indices results which revealed that
WEOM had a higher humic concentration (HIX=0.84) and lower microbial-derived
compounds (BIX=0.54) than DC (HIX=0.8, BIX=0.72) and DCWW (HIX=0.74,
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B1X=0.79). Moreover, the FIX of WEOM was obviously more moderate than that of
other feedwaters, which implies that its humic content is mainly originated from terrestrial
sources. The PARAFAC model illustrated that the terrestrial humic compounds are the
main contributors to the organic fluorescence spectrum of WEOM feed water. Whereas,
DC and DCWW feedwaters contain a higher content of microbial humic and protein-like
than WEOM. In contrast, NCTW retained with low content of the three PARAFAC
components.

Table 4.2. Organic characteristics of the feed waters used for the laboratory- columns
experiments

Parameters Units DC DCWW WEOM NCTW
UVA254 (cm™) 0.34+0.04 0.45+0.04 0.37+0.02 0.06+0.01
SUVA (Umg-g)  2.99+0.11  3.7240.39  3.82+0.27  1.760.14
HIX -—-- 0.8+0.08 0.74+0.05 0.84+0.07 0.49+0.03
FIX -—-- 1.23+0.27 1.37+0.19 1.06%0.23 1.04+0.33
BIX -—-- 0.72+0.11 0.79+0.21 0.54+0.06 0.39+0.05
PC1 RU 0.91+0.15 1.02+0.28 1.6+0.21 0.09+0.02
PC2 RU 1.06+0.33 1.2+0.25 1.05+0.28 0.14+0.08
PC3 RU 0.76+0.12 0.85+0.19 0.54+0.3 0.15+0.05

Effect of the organic composition of the feed water on HMs removal

The results showed that Pb(11) had the highest removal during the filtration process; the
effluent concentration of Pb(ll) for all the columns was less than the limit of detection (5
pg/L) of the instrument under all the experimental conditions. However, Cu(ll), Zn(Il)
and Ni(ll) exhibited relatively lower removals ranging between 65 to 95%. These
removals were significantly dependent (p < 0.05) on the organic concentration and
composition of the feed water, with a preferential removal at a low organic concentration
(Figure 4.1, S4.1 and S4.2). The removals of Cu(ll), Ni(ll) and Zn(1l) for DC feed water
were 87+1, 9044, 91+1%, for DCWW 61+4, 7746, 71+2 %, for WEOM 76+2, 8543,
87+3% and for NCTW 99+0.2, 93+2, 97+0.3% respectively at hydraulic loading rate of
0.3 m/day. These removals decreased by 1-2% at higher hydraulic rates (0.6, 1.0 m/day).
Statistical analysis revealed that there is no significant (p = 0.2-0.47) effect of hydraulic
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Figure 4.1. Removal of Cu, Zn, Ni, Pb (initial concentration =150 xg/L) and Se (10 ug/L)
during aerobic column infiltration at HLR = 1.0 m/day (temperature=30 °C).

loading rate on the removals of these metals (Cu(ll), Zn(1l), Ni(Il)) during the filtration
process. Nevertheless, Se(IV) was the most persistence metal to be removed during the
filtration process. The removal of Se(1V) was highly dependent on the feed water organic
composition (p<0.001). The average removals of Se(1V) for the columns fed with DC,
DCWW, WEOM and NCTW were 28+9, 34+8, 7+£3 and 4+1% respectively at hydraulic
loading rate of 0.3 m/day. This removal decreased by 2-8% when the hydraulic rate
increased to 1 m/day. However, there was no significant effect (p =0.2) of infiltration rate
on the removal of Se(IV). The removal of Se(1V) was found to be in a positive relationship
with the biological activity (ATP concentration) associated to the sand. The ATP
concentrations of media for the column fed with DCWW, DC, WEOM, and NCTW were
9.3+£1.28, 9.2+1.04, 5.1+0.33, 3.3+0.47 ng/g, respectively.

4.3.2 Impact of fluorescence organic compounds on HMs removal

Fluorescence modelling

The PARAFAC-EEM model technique successfully decomposed the fluorescence data
collected from the influents of the columns into three main components representing
different organic composition groups. The model was split-half validated and explained
99.7% of the dataset variability. The contour plots and loadings of the identified
fluorescence components are presented in Figure 4.2. Openfluor database, which uses
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Figure 4.2. Contour plots of the three PARAFAC components separated from
the complete measured F-EEMs dataset for the influent and effluent of the
columns experiment

tucker's congruence coefficient (TCC) to determine the similarity degree between the
components, was used to identify the PARFAC components separated and matched them
to those recognised at the same excitation and emission wavelengths in previous studies
(Table S4.1). The three PARAFAC components showed multiple excitations. According
to Lu et al. (2009), the fluorescence component, which contains several maximum
excitation wavelengths and has the same emission characteristics, are derived from the
same organic fluorophores group. In this research, the first component (PC1) showed
maximum excitation wavelengths (Aex) at 240 and 344 nm and maximum emission (Aem)
at 474 nm. This component is best corresponding with humic compounds derived from
terrestrial sources (Kulkarni et al., 2018; Shutova et al., 2014). These compounds are
prevalent in surface water systems and characterized by condensed structure (Abdelrady
et al., 2018). Component 2 (PC2) exhibited two maximum Aex at 240 and 300 nm, and a
single maximum Aem peak at 396 nm. This component is well-matched with humic
compounds originated from microbial sources and characterizes with moderate molecular
weight (ranges between 650 and 1000 Da) (Kothawala et al., 2014; Osburn et al., 2016a).
Component 3 (PC3) displayed two maximum Aex peaks at <240 and 272 nm and
maximum Aem peak at 316 nm. This component closely resembles protein-like
fluorophore, which mainly encompasses tyrosine and tryptophan compounds originated
from microbial sources (Gongalves-Araujo et al., 2016; Yang et al., 2019). These
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compounds have high biodegradability characters, and therefore, they are highly removed
during BF process (Abdelrady et al., 2019).

Relationship between DOM fluorescence composition and HMs removal

The correlations between HMs removals and organic fluorescence characteristics of the
feed water are presented in Figure 4.3. The results demonstrated that the organic matter
concentration and fluorescence composition of the feed water have a significant impact
on HMs behaviour during the filtration process. Pb(ll) was the least impacted metal by
the variations of the organic concentration of the feed water; the correlation between Pb(11)
removal and organic matter concentration was (p =-0.21). Conversely, DOM was found
to suppress the adsorption efficiency of Cu(ll), Ni(ll) and Zn(ll) into the sand surface,
negative relationships were observed between the removals of these metals and organic
concentration of the feed water. The fluorescence indices results revealed that the humic
content of the feed water affects the adsorption of Cu(ll), Zn(ll) and Ni(Il) negatively,
negative correlations were found between the removal of the mentioned metals and the
fluorescence characteristics (HIX, BIX and FIX) of the feed water. Cu(ll) exhibited
relatively higher adsorption potential which was affected by the change in the humic
content of the feed water than Ni(ll) and Zn(ll), the correlations between Cu(Il), Ni(ll)
and Zn(I1) removals with HIX of the feed water were -0.63, -0.53 and -0.36, respectively.
The PARAFAC data revealed that terrestrial humic and microbial humic both are highly
correlated with the removal of Cu(ll), Ni(ll) and Zn(ll), which implies that humic

Cu removal (%) 0.72 0.63 -0.38 0.73 0.69 0.68 -0.55

Zn removal (%) -0.51 -0.36 -0.56 -0.58 0.58 0.41 -0.33

Pb removal (%)

- 025

Se removal (%)

- -050
Ni removal (%) 0.71 -0.53 -0.58 0.78 0.56 0.57 0.57

--075
DOC HIX FIX BIX PC1 PC2 PC3

Figure 4.3. Correlations between the metals removals (%) and the fluorescence
characteristics of the feed water
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compounds, regardless of their structures, can react with the three metals and reduce their
adsorption efficiency.

The organic matter, in contrast, was observed to enhance the removal of Se(IV) during
filtration, a strong positive correlation was detected between Se(IV) removal and organic
concentration of the feed water. The fluorescence data revealed that Se(IV) removal
weakly relies on the level of humic compounds in the feed water, a weak correlation (p
=0.33) was detected between Se(IV) removal and HIX index of the feed water. However,
a high positive relationship was detected with BIX (p» =0.69) and FIX (p =0.57) indices.
Furthermore, it was noted that Se(IV) removal is highly correlated with the fluorescence
intensity of the protein-like (p =0.72) and microbial humic compounds (p =0.58).
Therefore, it can be concluded that Se(1V) removal during the filtration process is more
linked to biodegradable matter concentration of the feed water.

4.3.3 Impact of NOM on HMs removal

Laboratory-scale column experiments were conducted to have a better understanding of
the effect of organic matter on the removal of HMs during filtration using different NOM
(HA, TY and a mixture of HA: TY) at different concentrations (5, 10, 15, 20 mg/L) in
feed water.

Effect of NOM type and concentration on HMs removal

Three peaks were identified in the influents and effluents of the column based on their
maximum fluorescence intensity at discrete excitation and emission wavelengths
(Baghoth etal., 2011; Coble et al., 2014). The spectrum fluorescence matrix of the NCTW
spiked with humic displayed two peaks; the first peak (P1, primary humic) was identified
at maximum excitation wavelengths between 240-250 nm and maximum emission
wavelengths between 380-460 nm. The second humic peak (P2, secondary humic)
exhibited maximum fluorescence intensity at excitation and emission wavelengths
between 280-320 nm and 400-450 nm, respectively (Coble, 1996; Leenheer et al., 2003),
which implies that the spiked humic material was composed of two fluorescent humic
compounds. In case of NCTW spiked with tyrosine solution, the fluorescence matrix
showed one peak (P3) at excitation wavelengths of 250-280 nm and emission
wavelengths of 280-350 nm. The NCTW spiked with the mixture (humic and tyrosine)
showed three peaks (P1, P2, and P3) at the same wavelengths mentioned above (Figure
S4.1). The organic fluorescence characteristics of each sample is presented in Table 4.3.
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Table 4.3. Peaks intensity of the representative influent samples of NOM types from F-
EEM contour maps

Maximum peak intensity (RU)

Primary humic Secondary Protein- like (P3)
(P1) humic (P2)
NCTW + HA 1.07 1.2 0.19
NCTW + TY 0.08 0.05 1.07
NCTW + (HA: TY) 1.13 0.6 0.75

The type and concentration of NOM have a significant influence on the removal of metals
during the filtration process (Figure 4.4). The removal of Pb(ll) exceeded 90% in the
presence of tyrosine. The Post Hoc Tests (Turkey method) showed that there are no
statistically significant differences in the removal of Pb(Il) from feed water containing
different concentrations of TY or a mixture of HA and TY. This points to the remarkable
role of labile organic compounds (TY) in enhancing the removal of Pb(ll) during the
filtration process. However, for the column fed with HA, the Pb(Il) removal exhibited a
gradually decreasing trend with increasing HA concentration in the feed water. Pb(ll)
removal was 97+0.12, 93+1.5, 86+2.5 and 73+3% when the feed water humic
concentration was 5, 10, 15, and 20 mg-C/L, respectively. This implies that HA
compounds at high concentration (> 5 mg-C/L) have enough capacity to suppress the
adsorption of Pb(ll) onto the sand surface.

The type of NOM significantly affects the removal of Cu(ll), Ni(ll) and Zn(ll) during the
filtration process, with a preferential removal in the presence of TY. However, no
significant difference in the removal of these metals was observed for the column fed
with different concentrations of TY as their removal efficiencies exceeding 90%. HA
compounds, in contrast, were found to decrease the adsorption efficiencies of these metals
during the filtration process. The removal efficiencies of Cu(ll), Zn(I1) and Ni(Il) were
855, 91+2 and 96+0.6% for the column fed with a 5 mg-C/L of HA, respectively. These
removals reduced to 1948, 66+5 and 685 when the concentration of HA of the feed
water was 20 mg-C/L, respectively. This indicates that Cu(ll) is the most influenced by
the increasing of HA concentration in the feed water. The same trend was noted for the
column fed with NCTW spiked with HA and TY mixture, where the removal of Cu(ll),
Ni(ll) and Zn(I1) were reduced by 45, 18 and 12% when the feed (HA:TY) mixture
concentration increased by 15 mg/L. Thus, it can be concluded that humic compounds
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Figure 4.4. Removal of (a) Copper, (b) Zinc, (c) Lead, (d) Nickel and (e) Selenium
during the column infiltration using NCTW spiked with different NOM concentrations
(5, 10, 15, 20 mg-C/L) at HLR = 0.3 m/day

have a higher capacity to suppress the adsorption efficiencies of Cu(ll), Ni(ll) and Zn(Il)
onto the sand surface than TY compounds.

The removal of Se(IV) during filtration was highly dependent on the type and
concentration of NOM in the feed water. The column fed with a mixture of HA and TY
exhibited the highest capacity to remove Se(IV) during filtration. The removal of Se(1V)
was ranged between 27-33% for the column fed with NCTW spiked with 10 mg-C/L of
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4. Removal of metals during bank filtration

HA:TY mixture. These removals decreased by 7-10% for the column fed with 20 mg-C/I
of the mixture. Columns fed with TY exhibited a relatively lower capacity to remove
Se(lV). Se (IV) removals were 14+2, 25+0.8, 22+2 and 18+2% for the columns fed with
5, 10, 15 and 20 mg-C/L of TY respectively. The results of the post hoc Tukey’s test
revealed that there no significant difference in the removal of Se(IV) between the columns
fed with TY and HA:TY mixture. However, Se(IV) exhibited higher persistence to be
removed in the absence of TY, the removal of Se(IV) was 16+£3% for the column fed with
10 mg-C/L of HA. This removal was reduced to 13+2 and 12+1% when the feed water
contains 15 and 20 mg-C/L of HA, respectively. Therefore, it can be concluded that the
biodegradable and low molecular weight compounds are the motivated organic
compounds to remove Se(IV) during the filtration process.

Kinetic study of Cu(ll) and Se(1V) during the infiltration process

Among the tested metals, Cu(ll) and Se(IV) were the most impacted ones by the
variations of NOM type and concentration during the filtration process (as observed in
the previous section). Therefore, laboratory-scale column studies were conducted to gain
insight into the kinetics of adsorption of these two metals under different experimental
conditions and to determine the impact of the presence of other metals. This set of
experiments were conducted under the same experimental condition as earlier; however,
a fixed concentration of each metal was injected individually into the NCTW feed water
spiked with different NOM types (HA, TY, HA:TY).

Thomas model was used to describe the breakthrough curves and estimate the adsorption
parameters (adsorption capacity and adsorption rate) of Cu(ll) and Se(IV) during the
filtration process (However, this effect was negligible for the columns fed with NCTW
and TY.

The results showed that the experimental data fit the model very well (high R? and low
X?) (Figure S4.2). A significant difference in the adsorption behaviour of Cu(ll) for the
column fed with different NOM composition was observed (However, this effect was
negligible for the columns fed with NCTW and TY.

Tyrosine was found to have a positive effect on the adsorption characteristics of Cu(ll)
during the filtration process. The breakthrough time of Cu(ll) was longer for the column
fed with NCTW and TY than the control column fed with only NCTW. Based on the
Thomas model, the adsorption capacity of Cu(ll) increased from 2.01 to 2.89 ug/g when
10 mg-C/L of TY was added to the feed water (Table 4.4). In contrast, HA compounds
exhibited a negative effect on the adsorption capacity of Cu(ll). Its value decreased to
0.53 and 1.01 pg/g when HA and HS:TY mixture were added to the NCTW feed water,
respectively. Furthermore, the kinetic results revealed that the presence of other metals in
the raw water reduces the effect of humic on Cu adsorption and increase the adsorption
capacity of sand, the adsorption capacity were 2.83 and 1.9 pg/g for the columns fed with

82



4.4. Discussion

HA and HA:TY mixture, respectively, in the presence of the other metals. However, this
effect was negligible for the columns fed with NCTW and TY.

For Se(1V) (Table 4.5), the adsorption capacity of sand was lower for the column fed with
HA (0.003 pg/g), and higher for the column fed with HA:TY mixture (0.016 ug/g) and
TY (0.024 pg/g), which indicates that labile compounds (tyrosine) highly promotes the
removal of Se(IV) during filtration. However, the results revealed that the presence of
other metals in the raw water has a negative effect on the adsorption characteristics of
Se(1V) during filtration. The adsorption capacity of sand decreased to 0.002, 0.019, and
0.012 pg/g for the columns fed with HA, TY and HA:TY solution, respectively.

Table 4.4. Thomas adsorption parameters of Cu(ll) for the columns fed with different
NOM types in the presence/absence of metals

Cu(Il) [individual] Cu(ll) [mixed]
KTH qo R?  X? KTH qo Rz X?
(L/hr.ug) (Hg/9) (L/hr.ug) (Hg/9)

HS 5.00E-05 0.53 0.96 0.80 1.33E-05 1.63 0.95 0.36

TY 2.20E-05 2.89 0.94 0.02 2.53E-05 2.83 087 0.14

HS:TY 4.80E-05 1.01 096 0.31 2.27E-05 1.90 098 0.12

NCTW 3.15E-05 2.01 094 0.10 3.87E-05 2.40 091 0.22

4.4 DISCUSSION

4.4.1 Removal of HMs during bank filtration

The Pb(Il) removal efficiency was higher than that of other metals during filtration,
regardless of the prevailing environmental conditions. More specifically, Pb removal
efficiency was above 90% under all experimental conditions (different hydraulic rates
and feed-water organic compositions). According to Kalakodio et al. (2017), precipitation
and adsorption are the main mechanisms which remove Pb(Il) during the sand filtration
process. Furthermore, a PHREEQC analysis was conducted in this study to determine the
precipitation characteristics of the added Pb(l1). It was found that its concentration in the
feed water was insufficient for precipitation (saturation index Sl < 1), which implies that
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the removal of Pb(Il) during the column experiment was mainly caused by adsorption.
Sontheimer (1980) reported an average Pb(11) removal efficiency of 75% at BF sites along
the Rhine River (Germany). The higher removal efficiency of Pb(ll) in this research was
mainly attributed to the high temperature of the feed water (30£2 °C), which considerably
enhanced the adsorption characteristics of the metal during filtration. Awan et al. (2003)
reported that Pb(11) has a high probability to become hydrolysed in water. Thus, it can be
readily chemisorbed on the sand. The hydrolysis and adsorption processes were strongly
enhanced by the increased temperature. Furthermore, Guanxing et al. (2011) highlighted
that the adsorption of Pb(I1) onto the soil is an endothermic reaction, and its efficiency is
positively related to temperature. The high Pb(11) removal during sand filtration was also
observed in a column experiment conducted at 25 °C (Jumean et al., 2010). Thus, it can
be concluded that the BF technique is capable of removing Pb(ll) from raw water, in
particular under hot-climate conditions.

Table 4.5. Thomas adsorption parameters of Se(IV) for the columns fed with different
NOM types in the presence/absence of metals

Se(1V) [individual] Se(1V) [mixed]
KrH do R? X2 KTH go R X
(L/hrug)  (ng/g) (L/hrug)  (ng/g)
HS 1.41E-03 0.003 091 0.07 2.14E-03 0.002 089 0.34
TY 4.64E-04 0.024 091 0.03 4.64E-04 0.019 087 21

HS:TY  5.93E-04 0.016 095 0.03 5.29E-04 0012 094 22

NCTW  2.14E-03 0.004 096 1.99 1.47E-03 0.0017 092 0.12

The removal efficiencies of Cu(ll), Zn(ll), and Ni(ll) were lower (65%-95%) than that
of Pb(Il) during filtration and statistically independent of the flow rate of the feed water.
Consequently, the retention time did not play a significant role in the removal of these
metals during the filtration process. The efficiency of the BF technique in the removal of
these metals under different hydrological and climate conditions has been investigated.
Nagy-Kovacs et al. (2019) reported removal efficiencies of 59%—-99% of these metals at
BF sites along the Danube River (Hungary). Awan et al. (2003) highlighted that the
removal efficiencies of these metals are highly dependent on their affinity to negatively
charge groups (e.g., OH") at the soil surface, which depends strongly on the environmental
conditions (e.g. temperature, pH, and organic content of the raw water).
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A high persistence of Se(IV) was observed during the column filtration process; the
removal efficiency of Se(IV) did not exceed 40% under all experimental conditions. This
removal efficiency was statistically independent of the infiltration rate of the feed water.
Schmidt et al. (2003) reported a low Se(IV) removal efficiency (15%) at a BF site along
the Rhine River (Germany). The lower Se(IV) removal efficiency during the filtration
process was mainly ascribed to its natural characteristics. Moreover, Li et al. (2017)
reported that Se(IV), which is the predominant species in surface water systems, exhibits
a high solubility and low adsorption characteristics. Therefore, its removal efficiency was
poor during the filtration process.

4.4.2 Impact of organic matter on HM removal efficiency

The organic composition of the feed water had a minor effect on the Pb(11) removal during
filtration. According to Ahmed et al. (2015), organic compounds augment the Pb(Il)
removal efficiency by forming adsorbable complexes. However, this study revealed that
feed water with a higher HA concentration (>15 mg-C/L) might suppress the removal
efficiency of Pb(Il) by 20%. Likewise, HA had a negative impact on the removal
efficiencies of Cu(ll), Zn(Il), and Ni(ll) during filtration. The highest reduction in
removal efficiency was observed when the WEOM (higher terrestrial humic content) and
DCWW (higher microbial humic content) feed waters were used. It was observed that
addition of 20 mg-C/L HA compounds to the feed water reduced the removal efficiencies
of Cu(ll), Zn(I1), and Ni(ll) by 40%-75%. Similarly, the Se(IV) removal efficiency
decreased with increasing HA concentration in the feed water. The lower removal
efficiency of the former metals in the presence of a higher HA concentration was mainly
caused by:

(1) the ability of organic matter to react with metals and to form aqueous complex
compounds, which increases the mobility of the metals and reduces their
adsorption efficiencies in the sand surface (Zhao et al., 2019);

(i) high potential of HA compounds to accumulate on the sand surface, which
reduces its adsorption capacity (Refaey et al., 2017b);

(iii)  active functional groups in HA compounds (e.g. carboxylic, phenol, and
catechol OH) may associate to the minerals on the sand surface and compete
with metal for the adsorption sites (Mal’tseva et al., 2014);

(iv)  the soil structure could be changed by HA compounds by improving its
aggregation and thereby reducing the number of adsorption sites (Calace et al.,
2009).

Interestingly, the fluorescence data demonstrated that the HA compounds, regardless of
their source (microbial or terrestrial), reacted with these HMs and reduced their
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adsorption efficiency. Moreover, HA compounds enhanced the desorption rates of the
HMs via chelating and exchange reaction processes. Tian et al. (2011) illustrated that the
desorption rate of Se(IV) increases by approximately 50% in the presence of hydrophobic
HA compounds; the hydrophilic compounds could release a low amount (below 3.5%) of
the adsorbed Se (El-Said et al., 2011).

The impact of HA compounds on the HMs removal depends strongly on the properties of
the metal and its adsorption mechanisms on the sand surface. In this research, Cu(ll) was

most impacted by the variation in the HA concentration in the feed water. However, Cu(ll)
exhibited a higher removal efficiency than Zn(I1) and Ni(ll) in the column fed with low-

organic content feed water (NCTW). The sorption of Cu(ll) is predominately based on

the formation of strong electrostatic and covalent bonds with negative functional groups

(e.g. organic matter) on sand surface grains (Refaey et al., 2017a). By contrast, Zn(Il) and

Ni(Il) tend to remain on the surface through an electrostatic attraction process (Refaey et
al., 2017b). Therefore, Cu(ll) is expected to have a higher affinity than Zn(11) and Ni(ll)

for the functional groups on the sand grains during the filtration process. However, this

affinity decreases with increasing humic concentration in the feed water. Hence, Cu(ll)

prefers to react with soluble HA substances and to form aqueous complexes than to be

adsorbed onto active organic sorption sites of the soil. The Zn(I1) and Ni(ll) adsorption

rates were also affected (to a lower extent) by the humic content of the feed water. Zhao

et al. (2019) pointed out that Cu(ll) binds stronger to the active groups (e.g. phenols [—
OH], amines [-NH], and carboxyl [-COOH]) of microbial and terrestrial humic

compounds than Zn(Il) and Ni(ll).

By contrast, the biodegradable (protein-like) compounds enhanced the HM removal
efficiency during filtration. According to Abdelrady et al. (2018), LMW organic
compounds tend to adsorb faster onto the sand surface than high-molecular weight (HMW)
compounds during filtration. Therefore, a metal with a higher affinity towards LMW
compounds is more likely to be removed during filtration. Moreover, biodegradable
matter promotes biological activity associated with the sand and thus enhances the
biosorption and accumulation of metal on its surface (Stefaniak et al., 2018). In this study,
the sand column with a higher microbial activity (higher ATP concentration) had a higher
HM removal efficiency. Moreover, 5 mg-C/L TY was effective enough to eliminate HMs
(Cu, Zn, Ni, and Pb) during the filtration. However, it might enhance the development of
an anaerobic environment within the infiltration zone, and consequently, promote the
reduction and releasing of HMs into the bank filtrate.

4.4.3 Impact of metals on sorption of Cu and Se during bank filtration

The conducted kinetic experiments revealed that the adsorption rate of Cu(ll) increased
significantly when the feed water contained a mixture of metals. Hence, the existence of
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other metals in the feed water retarded presumably the formation rate of the aqueous
Cu(I-HA complex. By contrast, the presence of other metals in the raw water had an
adverse effect on the adsorption capacity of the sand for Se(1V) during filtration; a lower
Se(1V) removal efficiency was observed, even when the raw water contained LMW (TY)
or HMW (humic) organic compounds. Dinh et al. (2017) pointed out that LMW organic
compounds tend to react with metals and form stable ring-complexes that compete with
Se(lV) for adsorption sites. However, HMW compounds can reduce the adsorption
capacity of sand by accumulating and blocking adsorption sites. Therefore, it can be
concluded that a better removal of Se(lV) takes place in the infiltration zone when the
raw water has lower concentration of metals and higher content of biodegradable organic
matter.

4.5 CONCLUSIONS

Laboratory-scale column experiments were conducted to assess the impact of the feed
water and organic composition on the removal of HMs (Cu, Zn, Ni, Pb, and Se) during
the BF process, and the following conclusions are drawn:

e Pb is the most probable metal to be adsorbed into the sand surface during the
filtration process. However, humic compounds at concentrations above 15 mg-
C/L reduced the adsorption efficiency by approximately 20% in pure water.

e Cu, Zn, and Ni exhibited lower removal efficiency during the filtration process
(70%—-95%) for the column fed with different water sources. Furthermore, the
experimental results showed that 10 mg-C/L humic compounds could reduce the
adsorption efficiencies of these metals by 40%-75%.

e Se was the most persistent metal during the column filtration process among the
tested metals; its removal was less than 40% under all the experimental conditions.

e Biodegradable matter enhanced the adsorption rates of the aforementioned metals,
whereas humic compounds negatively affected their removal efficiencies.

e PARAFAC fluorescence data revealed that presence of both terrestrial and/or
microbial humic compounds reduced the adsorption efficiency of the metals.

e The kinetic study revealed that the presence of other metals in the raw water
reduced the influence of the humic compounds on the adsorption of Cu and thus
enhanced its removal efficiency. Conversely, The presence of HMs exhibited a
negative effect on the removal of Se during the filtration process.
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In conclusion, this study highlighted the impact of dissolved organic matter composition
on the removal efficiencies of HMs, which should be considered in the design and
installation of bank filtration wells.
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Figure S4.1 .Removal of Cu, Zn, Ni, Pb (initial concentration =150 xg/L) and Se (10

ug/L) during aerobic column infiltration at HLR = 0.6 m/day (temperature=30 °C).
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Figure S4.2. Removal of Cu, Zn, Ni, Pb (initial concentration =150 ug/L) and Se (10

ug/L) during aerobic column infiltration at HLR = 0.3 m/day (temperature=30 °C).
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4. Removal of metals during bank filtration

Table S4.1. The spectral slopes of the identified PARAFAC fluorescence components and
their corresponded components in previous studies from the OpenFluor database
(Murphy et al., 2014)

Ex. Em. Tucker Previous study Description
Wave. Wave congruence
(nm) .(nm)  coefficient
(TCC)
PCl 240,344 474 0.99 (Shutova et al., Terrestrial
2014) humic (higher
0.99 (Kulkarni et al., molecular
2018) weight)
0.99 (Gongalves-Araujo
et al., 2016)
0.99 (Murphy et al.,
2011)
PC2 240,303 396 0.99 (Gongalves-Araujo  Terrestrial fulvic
etal., 2016) /Microbial
0.99 (Kothawala et al., humic (lower
2014) molecular
0.99 (Murphy et al., weight )
2011)
0.98 (Stedmon et al.,
2007)
PC3 240,272 316 0.98 (Gongalves-Araujo protein-like
etal., 2016) (tyrosine and
(Yangetal., 2019)  tryptophan -like
0.98 (Stedmon et al., fluorophores)
2007)
0.98 (Wunsch et al.,
2018)
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Figure S4.1: Organic fluorescence characteristics of the feed water

Three peaks were identified based on their maximum fluorescence intensity at discrete
excitation and emission wavelengths (Baghoth et al., 2011). The spectrum fluorescence
matrix of the NCTW spiked with humic displayed two peaks; the first peak (P1, primary
humic) was identified at maximum excitation wavelengths between 240-250 nm and
maximum emission wavelengths between 380-460 nm. The second humic peak (P2,
secondary humic) exhibited maximum fluorescence intensity at excitation and emission
wavelengths between 280-320 nm and 400-450 nm, respectively, which implies that the
spiked humic material was composed of two fluorescent humic compounds. In the NCTW
spiked with tyrosine solution fluorescence matrix one peak (P3) appeared at excitation
wavelengths of 250-280 nm and emission wavelengths of 280-350 nm. The NCTW
spiked with the mixture (humic and tyrosine) showed three peaks (P1, P2, and P3) at the
same wavelengths mentioned above.

INFLUENT -INCTW +Tyrosine INFLUENT -NCTW + Humic acid
15

Em (hm)

1.5

Figure S4.1. F-EEM of: (A) Influent NCTW + TY, (B) Influent NCTW + HA, (C)
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Figure S4.2. Thomas adsorption breakthrough of (a) Cu(ll) and (b) Se(IV) for the
columns fed with different NOM types
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5. Reduction of iron, manganese and arsenic during bank filtration

ABSTRACT

Bank filtration (BF) has been used for many years as an economical technique for
providing high-quality drinking water. However, under anaerobic conditions, the r release
of undesirable metal(loid)s such as iron, manganese and arsenic from the aquifer, reduces
the bank filtrate quality requiring post-treatment before supply and thus restricts the
application of BF. This study investigated the impact of the organic-matter composition
of source water on the mobilisation of Fe, Mn, and As during the anaerobic BF process.
A laboratory-scale column study was conducted at a controlled-temperature (30£2°C)
using different feed water sourcesat redox conditions between 66 mv and -185 mv.
Moreover, batch studies were implemented to study the effect of natural organic matter
type (humic, fulvic and tyrosine) and concentration on the mobilisation of the selected
metal(loids). The organic matter characteristics of the feed water were elucidated using
excitation-emission spectroscopy techniques integrated with parallel factor framework
clustering analysis (PFFCA) model.The laboratory experiments demonstrated that the
mobilisation of Fe, Mn and As during the BF varied with the organic water concentration
and composition of the source water. The fluorescence results revealed that terrestrial and
condensed structure humic compounds are more capable to release Fe into the filtrate
water. In contrast, Mn exhibited an equal tendency of mobilisation in presence of all the
humic compounds regardless of their origin and structure. However, at a humic
concentration higher than 5 mg-C/L, Mn showed more affinity towards lower molecular
weight humic compounds. Arsenic was found to be the least impacted by the alteration in
the source water organic matter composition; its mobilisation was highly correlated with
Fe release process. On the other hand, the biodegradable organic matter at high
concentration (>10 mg-C/L) was found to be highly effective to turn the infiltration area
into Fe-reducing environment and thereby elevating Fe and As concentrations in the
pumped water. In conclusion, this study revealed that the DOM composition and
concentration of the raw water could play an important role in the mobilisation of
metal(loids) during the BF processes.
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5.1 INTRODUCTION

Dissolution of the aquifer material and increase in concentration of Fe, Mn, As or F in
bank filtrate is well known (Grischek et al., 2017; Poggenburg et al., 2018). Consequently,
bank filtrate often need some post-treatment to reduce the concentration of these
contaminant below the acceptable value. Redox reactions take place in the infiltration
zone is highly determined the quality of bank filtrate. Sequential redox processes occur
during infiltration, oxygen is used by microorganisms as the primary electron acceptor
for the biodegradation process of organic matter. When the concentration of dissolved
oxygen is less than 0.2 mg/L, the microorganisms utilize nitrate as a source of energy
followed by manganese, iron, and suplate (Massmann et al., 2008). The reduction and
mobilisation of Fe and Mn is considered as major sources of elevated toxic substances
(e.g., arsenic (As)) in pumped water, which adversely affects human health and degrades
bank filtrate quality (Wang et al., 2012; Yang et al., 2015). The mobilisation processes
are mainly controlled by environmental conditions along the subsurface flow path, such
as the temperature, hydraulic conductivity of the soil, redox potential, metal speciation in
the ores, and the organic and inorganic compositions of source water (Anawar et al., 2003;
Kulkarni et al., 2017; Macquarrie et al., 2008; Vega et al., 2017).

DOM is considered as the major energy source for the metal(loid) mobilisation taking
place during the subsurface water flow process (Vega et al., 2017). DOM can be
subdivided into two major categories namely, biodegradable and non-biodegradable.
Biodegradable compounds enrich the biological activity along the flow path and
subsequently accelerate the microbial reduction of metal(loid)s into the filtrate water
(Schittich et al., 2018). Non-biodegradable compounds (i.e., humics) have high electron
shuttle capacities and thus could play a dual role in these mobilisation processes. First,
they could enhance the mobilisation of metal(loid)s biotically by mediating the microbial
reduction processes (Brune et al., 2004). Second, they might chemically form aqueous
complexes with metal(loid)s and thereby increase their concentrations in filtrate water
(Liu et al., 2011). On the other hand, the microbial reduction of Fe and Mn might also
affect the dynamics and alter the chemical structures of DOM during infiltration. Vega et
al. (2017) highlighted that the microbial reduction process is concurrent with the
oxidation of labile compounds (e.g., phenol) into refractory humic compounds, as well as
the destruction of high-molecular-weight organic compounds into smaller compounds
that can serve as electron donors for microorganisms during the microbial reduction
processes. The dynamics of DOM and its impact on the mobilisation of metal(loid)s
during the subsurface flow of water is highly dependent on the chemical structure of
DOM and environmental conditions such as the redox potential and the temperature.

The depletion of oxygen in surface water systems is more likely in arid environments.
Hence, there is a higher potential of developing an anaerobic environment during the BF
processes, which subsequently leads to the enrichment of pumped water in metal(loid)s
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and degrades the bank filtrate quality. This is one of the major drawbacks that restrict the
widespread application of the BF technique in hot-climate regions (Bartak et al., 2014;
Hulshoff et al., 2009; Sprenger et al., 2011). Therefore, this research investigated the role
of DOM composition in the mobilisation of Fe, Mn, and As during the BF processes under
hot-climate conditions. This is an important step to predict and control their
concentrations in pumped bank filtrate water.

5.2 RESEARCH METHODOLOGY

5.2.1 Soil characteristics

Iron coated sand (ICS) used in this research was obtained from the groundwater water
treatment plant Brucht (Netherlands). The media was sieved through a 3 mm mesh screen,
washed gently with water to discard the deposits, and then dried at 70 °C. The physical
and chemical properties of the media were determined and presented in Table 5.1.

Table 5.1. Characteristics of the used media in the column and batch experiments

Bulk . Organic
density Porosity matter Mn As
Unit g/lcm® - mg-C/lg  mglg mg/g mg/g

ICS 1.2+0.1 0.42 10.8+54 32.8+1.2 12.1+0.8 0.3+0.1

5.2.2 Column experiment

A laboratory-scale column study was performed to evaluate the role of the organic
composition of water in the release of Mn, Fe and As from the soil into the bank filtrate
at a high temperature. Four PVVC columns with 2.1 cm internal diameter and 50 cm height
were developed. The columns were packed at the bottom with a support layer of graded
gravel with a diameter 3-5 mm to a height of 5 cm and then filled with ICS (1-3 mm) in
deionised water to ensure the homogeneous packing. The feed water was introduced to
the columns in an up-flow mode (saturated flow) at a constant hydraulic rate (0.5 m/d)
using a variable-speed peristaltic pump. Sub-oxic conditions were maintained in all
columns by degassing the feed water tank with a nitrogen stream to dissipate the air until
the dissolved oxygen concentration was lower than 0.2 mg/L. Then, the columns were
acclimated using Delf canal water (DCW) for more than 70 days. After that, the columns
were fed with waters of different organic composition. The first column continued to be
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fed with DCW. The second column was fed with DCW mixed with secondary treated
wastewater effluent from Hoek van Holland, the Netherlands (DCWW). The third column
was fed with DCW mixed with water-extractable organic matter (WEOM) that had high
humic content. The procedures used for WEOM preparation are described in detail in
(Abdelrady et al., 2018). The last column was fed with non-chlorinated tap water
(NCTW), representing low-organic-matter-content water.

The experiment was conducted in a controlled-temperature room (at 30 °C). Influent and
effluent samples were taken regularly to characterise their quality parameters. Physical
and chemical parameters (i.e., pH, redox potential, temperature, and dissolved oxygen
concentration) were measured continuously to ensure that the experiment was conducted
under the desired environmental conditions.

During this study, four different types of waters were fed to the columns to assess the
impact of organic matter composition on the mobilization of Fe, Mn and As during soil
passage. The quality parameters of the feed water are summarized in Table 5.2. The redox
potential of the influent and effluent water was below zero (ranged between -66 mv and
-185 mv) and pH varied between 7.56 and 8.14 during the experimental period.

Table 5.2. Water quality parameters of the influent water

unit DC NCTW DCWW WEOM
pH --- 7.73+0.61 7.92+0.54 7.67+0.84 8.1+0.58
DOC mg-C/L 11.64+3.51 3.98+0.73 11.73+1.06 18.23+1.6
SUVA L/mg-m 3.52+0.34 1.51+0.18 3.29+0.28 4.85+0.51
NOs-N mg-N/L 1.7+0.3 0.2+0.02 1.9+0.2 1.4+0.3
NHas-N mg-N/L 0.19+0.04 nd 0.28+0.05 0.86+0.1
PO4-P mg-P/L 0.21+0.1 nd 0.25+0.06  0.41+0.12
SO4* mg/L 86+39 42422 103+29 5.5+0.5
CI mg/L 74+24 48+18 87+26 12+3

nd: not detected

97



5. Reduction of iron, manganese and arsenic during bank filtration

5.2.3 Batch experiment

Laboratory-scale batch reactors were employed to determine the impact of the type and
concentration of natural organic matter (NOM) on the mobilisation of Fe, Mn, and As
from the soil into the filtrate water. Each reactor (0.5 L brown glass bottle containing 100
g ICS) was ripened with 400 mL of DCW and the ripening process was continued for 70
days. The feed water was degassed with a nitrogen stream to dissipate the air. Then, the
reactors were sealed tightly and placed on a reciprocal shaker at 100 rpm in a controlled-
temperature room (30 °C). The feedwater renewal process was conducted inside an
anaerobic chamber to ensure that the experiment was conducted under anaerobic
conditions. After ripening, three NOM types (humic, fulvic, and tyrosine) were spiked at
four different concentrations (5, 10, 15, and 20 mg-C/L) in the reactors (one type and one
concentration in each). The humic acid and tyrosine were purchased as powders from
Sigma-Aldrich (Netherlands) and the powdered fulvic acid was bought from the
International Humic Substances Society. Control (DCW without sand) reactors were
operated under the same environmental conditions.

5.2.4 Analytical methods

Influent and effluent samples were collected and analysed directly to avoid the
degradation of the organic matter. The samples were first filtered using 0.45 pum filtration
(Whatman, Dassel, Germany). The Fe and Mn concentrations were determined using
inductively coupled plasma—mass spectrometry instrument (ICP-MS) (Xseries Il Thermo
Scientific, Bermen, Germany). The arsenic concentration was analysed using a graphite
furnace atomic absorption spectrophotometer (Solaar MQZe, Thermo Electron Co). The
limit of quantitation (LOQ) of Fe, Mn and As was 10, 10 and 2 pg/L, respectively.

The organic matter content of the feed waters was measured as DOC (in mg-C/L) using
the combustion technique with a total organic carbon analyser (TOC-VCPN (TN),
Shimadzu, Japan). The organic composition of the influent and effluent water was
determined using the fluorescence excitation—emission technique (EEM). A Fluoromax-
3 spectrofluorometer (HORIBA Jobin Yvon, Edison, NJ, USA) was used to determine
the fluorescence intensity (FI) of the water samples at excitation wavelengths (Aex) of
240-452 nm (interval = 4 nm) and emission wavelengths (Aem) of 290-500 nm (interval
=2 nm). Fluorescence indices, including the humification index (HIX), the fluorescence
index (FIX), and the biological index (BIX), were estimated based on the EEM
measurements and used to have insight information about the organic characteristics of
the feedwaters.
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5.2.5 Fluorescence modelling

Although fluorescence-EEM is a qualitative technique, it is still effective in quantifying
the characteristics of DOM. A parallel factor framework-clustering analysis (PFFCA)
model was recently stipulated by Qian et al. (2017) for decomposing the EEM dataset
into major fluorescence components representing different NOM compounds. Briefly,
PFFCA decomposes the EEM datasets into several factors (7—13). Afterwards, the highly
correlated factors are clustered into one component representing organic matter with the
same fluorescence characteristics.

To ensure the quality of the data and the robustness of the fluorescence dataset
interpretation, parallel factor (PARAFAC) analysis was used as well to decompose the
fluorescence dataset into major components and to assess the contribution of each
component to the full fluorescence spectrum. The development and validation of the
model developing were described in details in Murphy et al. (2013).

The redox index (RI) is used as an indicator of the reducibility of quinone-like moieties
in the DOM of raw water. This parameter was calculated following the definition of
Miller et al. (2006), by dividing the sum of the FI of the reduced quinone-like moieties to
the total of the (reduced and oxidised) quinone-like moieties of the fluorescence
components, with values close to 1 indicating a higher reducing capacity of the feed water
(Gabor et al., 2014).

5.2.6 Statistical analysis

The relationship between Fe, Mn, and As concentrations in the effluent waters and the
fluorescence organic characteristics of the feed water were explored using nonparametric
Spearman rank correlation (p) analysis. The strength of the correlation was
considered high when the correlation value (p) was higher than 0.7 and moderate when it
ranged between 0.7 and 0.5 (Hinkle et al., 1988). The relationship was considered
significant if the criterion level of significance (p) was lower than 0.05.

5.3 RESULTS

5.3.1 Impact of DOM composition on metal(loids) mobilization (column
experiment)
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Fluorescence components

A fluorescence EEM dataset of 80 water samples collected from the influents and
effluents of the columns was used to develop and validate a PFFCA-EEM model. The
dataset was decomposed into 11 factors and afterwards clustered into four main
components (FC1-FC4). To ensure the reliability and interpretability of the fluorescence
EEM dataset, it was also analysed using the PARAFAC technique. A model with four
fluorescence components (PC1-PC4) was successfully split-half-validated and explained
99.7% of the data variability. The footprints of the PFFCA components and their
corresponding PARAFAC components is presented in Figure 5.1 and Figure S5.1. A
comparison between the spectral characteristics of the recognised components and those
reported in earlier studies was conducted using OpenFluor online database (Table S5.1).
Component FC1 exhibited maximum wavelengths of Aex = 332 nm and Aem = 460 nm
and therefore it could be allocated to a terrestrial humic component (Coble, 1996). Singh
et al. (2013) reported that this component is ubiquitous in a reduced environment and
holds reduced quinone-like moieties in its structure. Component FC2 showed a maximum
peak at Aex = 310 nm and Aem = 410 nm, and therefore it was as attributed to a
combination of terrestrial fulvic acid and microbial humic compounds (Gongalves-Araujo
et al., 2016; Li et al., 2016). Component FC4 displayed a maximum peak at Aex = 300
nm and Aem = 410 nm. This component is frequently associated with marine and/or
microbial humic fluorophores and was recently connected to humic/fulvic compounds of
agricultural origin (Baghoth et al., 2011). According to Singh et al. (2013), component
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Figure 5.1. Contour plots of the four PFFCA components (PF1-PF4) identified from the
complete measured F-EEMs dataset for the influents and effluents of column experiment.
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FC2 and component FC4 contain oxidised moieties in their structures. Based on these
definitions, the Rl was calculated as the ratio of the first component (FC1) to the sum of
the three humic components (FC1, FC2, and FC4). Component FC3 exhibited maximum
fluorescence at the shortest wavelengths (Aex = 240 nm, 268 nm) and (Aem = 308 nm),
which corresponds to a protein-like fluorophore (tyrosine and tryptophan-like
fluorophores) (Winsch et al., 2017).

Feed water DOM characteristics

Four feed waters (DCW, DCWW, WEOM, and NCTW) with different organic
compositions were used in the experiments. Table 5.3 shows that WEOM had the highest
concentration of organic matter (DOC ranged between 15.8 and 19.3 mg-C/L) and the
NCTW influent had the lowest one (DOC varied from 1.98 to 4.1 mg/L). However, the
DOC levels of DCW and DCWW were 10.8-13.6 mg-C/L and 10.2-13.7 mg/L,
respectively.

The fluorescence indices were used to elucidate the DOM characteristics of the feed
waters (Table 5.3). The results showed that DCW and DCWW had relatively similar
fluorescence DOM characteristics. The HIX, FIX, and BIX of the DCW feed water were
0.85, 1.24, and 0.54, respectively, whereas they were 0.83, 1.26, and 0.61 for DCWW.
WEOM had the highest humic content (HIX = 0.9) and the lowest microbial-derived
(autochthonous) DOM content (BIX = 0.47), and its ratio of terrestrial humic DOM to
microbial DOM (FIX) was 1.08. By contrast, NCTW retained a lower humic content
(HIX = 0.62) and higher fresh DOM (BIX = 0.73). There were no notable changes in the
fluorescence indexes values for DCW, DCWW, and WEOM feed water during the
filtration process. However, an increase in the terrestrial humic content (HIX = 0.79, FIX
=1.2) for the NCTW effluent was recorded.

The PFFCA-EEM technique was used to gain insight into the DOM characteristics of the
influent waters. Table 5.3 shows the average FI of PFFCA-EEM components for all of
the feed-water types. The results demonstrated that the WEOM influent had a
significantly higher concentration of humic compounds than the other influents.
Terrestrial humic (FC1) was present in a proportion (45-49%) of the fluorescence
spectrum of WEOM feed water; however, it only represents 43-46%, 41-42%, and 33—
34% of the DCW, DCWW, and NCTW fluorescence spectrum, respectively. The average
Fls of microbial humic FC2 and humic-like from agricultural sources, FC4, were
2.36£0.42 and 0.24+0.04 RU, while their values for NCTW were 0.2+0.09 and 0.1+0.03
RU, respectively. The humic-like components (FC1, FC2, and FC4) exhibited a
decreasing behaviour during the filtration; the FI of the humic components decreased by
8-26% for DCW, 11-24% for DCWW, and 20-32% for WEOM influent water. An
exception was the terrestrial and processed humic compounds of the NCTW influent,
which followed an increasing behaviour during the filtration process. On average, the Fl
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of FC1 and FC2 increased by a factor of two and three, respectively, during the filtration

process.

Table 5.3. The organic matter characteristics of the feed waters

Parameter Units DCW NCTW DCWW WEOM

DOC mg-C/L  11.64+3.51 3.98+0.73 11.73+1.06 18.23%1.6
HIX 0.85+0.02 0.64+0.04 0.83+0.06 0.9+0.02

FIX -—-- 1.25+0.07 1.35+0.02 1.26+0.14 1.08+0.13
BIX -—- 0.57+0.11 0.73+0.04 0.61+0.17 0.47+0.11
FC1 RU 1.48+0.22 1.44+0.24 0.23+0.09 2.63%0.64
FC2 RU 1.10+0.19 1.53+0.21 0.20+0.09 2.36+0.42
FC3 RU 0.47+0.19 0.52+0.14 0.15+0.08 0.65+0.23
FC4 RU 0.20+0.03  0.15+0.06 0.10+0.03 0.24+0.04

DCWW and WEOM had the highest concentration of protein-like fluorescent compounds.
The average FI of FC3 was 0.47+0.19, 0.52+0.14, 0.15+0.08, and 0.65+0.23 RU for DCW,
DCWW, NCTW, and WEOM influents, respectively. For all feed-water types, the
protein-like component FC3 exhibited a decreasing trend during the filtration process; its
removal ranged between 67% and 80%, which is in agreement with Abdelrady et al.
(2019), who observed an average removal of 80% of labile organic compounds during
the filtration process.

Iron, manganese and arsenic mobilisation

Figure 5.2 shows the concentrations of Fe, Mn, and As in the effluents of the columns fed
with different water sources. It shows that the mobilisation of Mn was much higher than
that of Fe and As. The concentration of Fe, Mn, and As in the effluent for the four different
water types were 10-20 pg/L, 1500-3900 pg/L, and >2—7.1 ug/L, respectively. The
concentrations of the tested metal(loid)s in the effluents were found to be dependent on
the feed-water source. The WEOM feed water exhibited the highest capacity to release
Fe, Mn, and As from The ICS into the filtrate water. The mean concentration of Fe, Mn,
and As in the WEOM effluent were 18.28+1.5 pg/L, 3590+185.3 pg/L, and 5.48+1.2
Mg/L, respectively. The DCW and DCWW effluents showed a lower capacity of releasing
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these metal(loid)s during the filtration process. The Fe, Mn, and As concentrations of the
DCW effluent were 11.9-15.1 pg/L, 3100-3600 pg/L, and 3.7-5.1 pg/L, respectively,
and those of the DCWW effluent were 12.1-13.9 pg/L, 3000-3600 ug/L, and 2.9-4.7
Mg/L, correspondingly. By contrast, NCTW exhibited the lowest capability of releasing
the assessed metal(loid)s, with Fe and Mn concentrations of 10.98+0.9 pg/L and
1990+384.3 pg/L, respectively. Moreover, the As concentration was always below the
detection limit (<2 pg/L). A strong correlation (p = 0.77) was observed between Fe and
As concentrations in the effluent waters. By contrast, a weak correlation (p = 0.35) was
detected between the As and Mn concentrations.
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Figure 5.2. Mn, Fe and As concentrations in the effluents of columns operated using
different water sources (DCW, DCWW, WEOM, NCTW) (anaerobic, 30°C, HLR=0.5 m/d)
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5.3.2 Relationship between DOM composition and metal(loid)
mobilisation

Figure 5.3 illustrates that the release of Fe, Mn, and As during the filtration is highly
dependent on the DOM concentration of the feed water. The feed DOM concentration
was highly correlated with Fe (p=0.89) and Mn (p=0.78) concentrations in the effluent
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Figure 5.3. Impact of DOC concentration (mg-C/L) of different water sources
(DCW, DCWW, WEOM, NCTW) on Fe, Mn and As mobilization during column

waters, whereas a moderate positive relationship was observed between DOM
concentration and effluent As concentrations (p = 0.63).

The fluorescence indexes results illustrate that Fe, Mn, and As release during the
anaerobic filtration is much more dependent on the humic content of the feed water than
its autochthonous microbial DOM concentration (Figure 5.4). The correlation between
HIX and the effluent Fe concentration was observed to be p = 0.87, whereas it was
recorded as p = 0.75 for the Mn concentration. However, a moderate correlation was
observed between HIX and the effluent As concentration (p = 0.51). On the other hand,
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the mobilisation of Fe, Mn, and As was observed to be in a negative relationship with the
microbial and terrestrial DOM ratio, and the correlation between the FIX of the feed

waters and the released metal(loid)s was p = —0.71 for Fe, p = —0.64 for Mn, and p =
—0.39 for As.

The correlation between the released metal(loid) concentrations and the FI of the
fluorescence components of the feed waters was estimated and is presented in Figure 5.4
and figures S5.2-S5.4. A strong positive correlation was observed between the Fe
concentration and the FI of the humic components (FC1, FC2, and FC4) in the feed waters.
The Mn mobilisation, as well, exhibited a strong correlation with the FI of humic
components from different sources; the correlations between the Mn concentration and
the FI of the PFFCA humic components (FC1, FC2, and FC4) were 0.78, 0.77, and 0.76,
respectively. Conversely, the As concentration in the column effluent water was found to
be in a moderate correlation with terrestrial humic components and in weak correlations
with the other humic components (FC2 and FC4). Furthermore, the Rl demonstrated a
moderate correlation with Fe mobilisation and a weak correlation with Mn and As
mobilisation. This infers a role for condensed-structure humic compounds in the
mobilisation of Fe into filtrate water. On the other hand, labile fluorescence compounds
(FC3) were found to have a greater influence on the mobilisation of Mn than on those of
Fe and As.
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Figure 5.4. Correlations between the tested metal(loid)s and the fluorescence
characteristics of the feed waters
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5.3.3 Impact of NOM concentrations on metal(loid) mobilisation (batch
study)

The effect of NOM (humic, fulvic, and tyrosine) concentrations on the release of Fe, Mn,
and As from the soil into the filtrate water under anaerobic conditions was studied in
established batch reactors. The experimental results illustrated that the Fe mobilisation
increased steadily with humic and fulvic concentrations (Figure 5.5a). Fe exhibited
relatively higher affinity with humic (high molecular weight) compounds compared to
that with fulvic (low molecular weight) compounds. The concentration of soluble Fe
reached 162+19 pg/L when the humic concentration was 20 mg-C/L, whereas it was
114+28 pg/L at the same concentration of fulvic acid. On the other hand, labile
compounds (i.e., tyrosine) exhibited lower ability to release Fe at low concentrations; the
concentrations of Fe in the effluent water in the batch reactors injected with 5 and 10 mg-
C/L of tyrosine were 30+17 and 32+11 pg/L, respectively. However, an immense increase
in Fe concentration was observed for the batch reactors injected with 15 mg-C/L and 20
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Figure 5.5. Effect of NOM type (humic, fulvic, and tyrosine) and concentration
(5, 10, 15, 20 mg-C/L) on (a) Fe, (b) Mn, and (c) As mobilisation during the batch
experiment (anaerobic, 30 °C)
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mg-C/L of tyrosine, where the soluble Fe concentrations were 290+47 pg/L and 340+£24
Ma/L, respectively.

Figure 5.5 b illustrates the impact of NOM type and concentration on the mobilisation of
Mn during the filtration process. It can be observed that fulvic compounds have the
highest capacity of releasing Mn into the filtrate water. The concentration of Mn increased
from 250 pg/L to 1041 pg/L as the concentration of fulvic acid increased from 5 mg-C/L
to 20 mg-C/L. The same trend was noted for humic compounds, where a humic acid
concentration of 20 mg-C/L resulted in increasing the released Mn concentration five
times compared with its effluent concentration in the reactors injected with 5 mg-C/L
humic acid. Likewise, a positive relationship was observed between Mn concentration in
the batch reactor effluents and tyrosine concentration. The concentration of Mn was
increased by 35%, 65%, and 77% in the batch reactors injected with 10, 15, and 20 mg-
CI/L, respectively, compared with its concentration in the batch reactors injected with 5
mg-C/L.

The batch study results showed that the mobilisation of As is obviously affected by the
type and concentration of NOM (Figure 5.5¢c). NOM at low concentration exhibited a
poor capacity of releasing As from its precipitated form into the filtrate water. No As
concentration was quantitatively (LOQ = 2 ug/L) detected in any of the batch reactor
effluents at DOC =5 mg-C/L for the three NOM types. At higher concentrations (20 mg-
C/L), tyrosine exhibited the highest capacity of releasing As into the filtrate water; the As
concentrations in the batch reactors injected with humic, fulvic, and tyrosine were 3.6+0.4,
4.1+0.3, and 5.4+0.6 pg/L, respectively after the residence time of 30 days.

5.4 DISCUSSION

5.4.1 Mobilisation of Fe, Mn and As during BF

The mobilisation of Mn was two orders of magnitude higher than that of Fe during the
infiltration process under the experimental conditions. From stoichiometry, 1 mole of
simple organic matter (e.g., acetate) could act as an electron donor to mobilise 4 moles of
Mn and 8 moles of Fe from the soil into the filtrate water (Lovley et al., 1988). However,
the higher mobilisation of Mn compared with those of Fe and As observed during this
study was probably due the combination of three factors:

(i) The reducing environment was still not high enough to be dominated by the Fe
microbial reduction process.
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(i) Mn oxide was used as an agent for the Fe oxidation process and thereby could be
precipitated as Fe oxides. This process would increase the re-adsorption of As on the
surface of iron oxides and thus reduce the concentrations of Fe and As in the filtrate water
(Vega et al., 2017). Neidhardt et al. (2014) illustrated that Fe (oxyhydr)oxide redox
processes control the concentration of As in filtrate water.

(iii) The column experiment was conducted at a high temperature (30 °C) and a relativley
low infiltration rate (0.5 m/d), which greatly enhanced the microbial reduction of
manganese.

Low infiltration rate increases the contact time and interaction between the metals of the
soil and the DOM of the raw water. Moreover, it promotes the reducing conditions along
the flow path, which leads to increase the mobilisation of metals into the infiltrating water.
Paufler et al. (2018) conducted column studies to assess the impact of the temperature
(15-35 °C) and flow rate on the Mn mobilisation during the BF process. It was found that
raising the temperature from 20 to 30 °C at a low hydraulic rate (1 ml/min) resulted in
increasing the Mn release rate (Kwmn) 10-15 times, whereas Kmn was negligible when the
feed-water temperature was below 10 °C. Bourg et al. (1994) reported that increasing the
temperature (>10 °C) triggers the microbial reduction of manganese in an alluvial aquifer.
Based on these findings, it is presumed that the higher Mn mobilisation rate in the column
experiment relative to Fe and As mobilisation is primarily ascribable to the microbial
reduction of Mn at high temperature (30 °C) that stimulates simultaneously the associated
Fe (I1) and As (111) oxidation and precipitation processes. This plausible mechanism was
observed and reported in many BF and alluvial aquifer fields (Bourg et al., 1993; Bourg
etal., 1994; Eckert et al., 2006; Kedziorek et al., 2008; Vega et al., 2017) . However, it is
worth noting that other mechanisms (e.g., the simultaneous mobilisation of Fe and Mn)
have also been observed in many BF fields (Grischek et al., 2017; Hamdan et al., 2013;
Matsunaga et al., 1993) . It should also be recognized that altering the surrounding
environmental conditions (e.g., pH, alkalinity, infiltration water redox, raw water
chemistry and soil minerals types) can change the mobilization behaviours of the metals
being studied.

5.4.2 Influence of composition and concentration of DOM on metal(loid)
mobilisation

The strong correlation between DOC and metal(loid) (Fe, Mn, and As) concentrations in
the effluent water of the column indicates that DOM plays a key role in the mobilisation
of these metal(loid)s during infiltration. In this research, NCTW with low organic content
demonstrated lower efficiency in releasing Fe, Mn, and As into the filtrate water
compared with those of other source-water types. This is consistent with the findings of
recent studies (Hossain Md Anawar et al., 2013; Vega et al., 2017), which reported an
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increase in the mobilisation rate of Fe and As associated with higher DOM in Daudkandi
(Meghna delta) and Marua of the Ganges delta plain aquifer in Bangladesh (Hossain M.
Anawar et al., 2003; Hossain Md Anawar et al., 2013). Wang et al. (2012) illustrated that
DOM influences the mobilisation and release of metal(loid)s during the passage of the
soil through a redox process, complexation, and competitive adsorption. Therefore, it can
be concluded that the organic composition of feed water controls the concentration of Fe,
Mn, and As in bank filtrate water.

Refractory compounds (i.e., humic) play a vital role in the mobilisation of Fe, Mn, and
As during the subsurface flow of water. The experimental results revealed that the
mobilisation of Fe and Mn has a strong positive relationship with the humic content of
the feed water (HIX), whereas As mobilisation was the least affected by changes in the
humic content of the feed water. Several previous studies highlighted the multiple roles
of humic compounds in the mobilisation of metal(loid)s during the filtration process
(Brune et al., 2004; Liu et al., 2011; Yuan et al., 2018). Owing to their high electron
shuttle capacities, humic compounds might act as catalysts for the iron microbial
reduction process by transferring electrons between the insoluble metal(loid)s and the
reducing microorganisms; this was investigated in many field studies (Mladenov et al.,
2010; Mladenov et al., 2015; Poggenburg et al., 2018). In addition, these electron-rich
compounds have high capabilities of binding to the soil metal(loid)s and increasing their
solubility (Sharma et al., 2010). Chen et al. (2003) pointed out that humic compounds are
more soluble at higher pH (>4); thus, they are subjected to more trapping of metal(loid)s
from the soil and are maintained in their soluble forms by forming soluble complex
compounds.

The effect of humic compounds on the metal(loid) mobilisation is relatively dependent
on the origin and characteristics of the organic compounds and type of metal(loid). In
this research, a moderate correlation was detected between RI and Fe concentration in the
filtrate water, indicating that terrestrial humic compounds (with condensed structures)
have relatively higher capability to trap Fe into filtrate water than lower molecular weight
humic compounds. According to Yuan et al. (2018), high-molecular-weight humic
compounds have more binding sites, and therefore higher capability of forming
chemically stable compounds with Fe, than less-condensed-structure and labile
compounds. Therefore, it can be deduced that humic compounds of terrestrial origin are
more triggered to release iron from its solid forms into filtrate water. This was confirmed
by the batch experiment results, which showed a relatively higher increase in Fe
mobilisation with humic than with fulvic acid (lower-molecular-weight humic
compounds). By contrast, a weak correlation was observed between RI and Mn
mobilisation, demonstrating comparable abilities of humic compounds with low and high
condensation (i.e., terrestrial and microbial humic) to mobilise Mn; this indicates that Mn
metal has a high affinity to both low- and high-molecular-weight humic compounds. This
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Is in agreement with Vega et al. (2017), who observed higher concentrations of Mn to be
associated with higher humic content in shallow aquifers at West Bengal (India).
Nevertheless, the batch experiment showed that fulvic compounds at higher
concentrations (>5 mg-C/L) have a higher capability of mobilising Mn than higher-
molecular-weight humic compounds; this could be due to their high capacity to form
soluble and stable Mn complexes at high pH (>6) compared with humic compounds, as
proven previously by Du Laing (2010).

The mobilisation of Mn during the filtration process was observed to be highly influenced
by the biodegradable organic matter content of the source water. The high correlation
between Mn concentration in the filtrate water and protein-like fluorescent components
indicates that the microbial reduction of Mn is the primary mechanism of Mn release.
However, a moderate correlation was observed between Fe concentration and protein-
like components. The batch experiment showed that a protein-like compound (i.e.,
tyrosine) is the most effective NOM for releasing Fe and As at high concentrations (>10
mg-C/L). This is probably due to the increased concentration of biodegradable
compounds, which increases the biological activity associated to sand, increases the
mobilisation of Mn and decreases the redox potential to a level that permits bacteria to
use Fe from the soil as a source of energy, thus increasing the Fe concentration in the
effluent water. This process is concurrent with the release of As adsorbed on Fe
(oxyhydr)oxides into the filtrate water.

5.5 CONCLUSIONS

The mobilisation of geogenic metal(loid)s, such as Fe, Mn, and As, during the BF process
restricts their application, particularly in arid-climate countries. Based on the results of
laboratory-scale column and batch studies conducted to assess the impact of the organic
composition of raw water on the mobilisation of these metal(loids) during anaerobic BF,
the following conclusions are drawn:

e The DOM concentration and composition of the raw water could change the
capacity of mobilisation of metal(loids) during the filtration process

e The mobilisation of Mn under the applied experimental conditions was two and
three orders of magnitude higher than those of Fe and As, respectively.

e The humic content of the source water was found to significantly affect the release
of Fe and Mn during filtration; a positive relationship was found between the
mobilisation of the metal(loids) and the HIX of the source water.

e Terrestrial humic compounds with complex structures showed a higher capability
of releasing Fe from the soil into the filtrate water. On the other hand, source water
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with lower-molecular-weight humic compounds at a concentration of >5 mg-C/L
was able to mobilise Mn at a higher rate than higher-molecular-weight humic
compounds. However, the metal(loid) species in the soil may alter the behaviours
of NOM compounds, which should be investigated.

Arsenic mobilisation was observed to have a high (positive) correlation with Fe
mobilisation and a weak correlation with the variations in the organic matter
composition of source water.

Biodegradable organic matter was found to be effective in mobilising Mn into the
filtrate water; a strong correlation was observed between the FI of protein-like
components in the source water and Mn mobilisation. However, a moderate
correlation was found between Fe mobilisation and the FI of protein-like
components. Nevertheless, the experimental results showed that a high
concentration (>10 mg-C/L) of a protein-like compound is sufficient to produce a
Fe-reducing environment in the infiltration area and thereby increase the Fe
concentration in the filtrate water.

In summary, this study revealed that the DOM composition of source water
determines the redox environment during the BF process and affects the
mobilisation process of the metal(loid)s that should be considered during the BF
design process. Moreover, this research highlights the efficiency of the
fluorescence spectroscopy technique as a monitoring tool for characterisation the
DOM of the raw water as well as for prediction and control the redox process and
the mobilisation of metal(loid)s during BF.
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5.6 SUPPLEMENTARY DOCUMENTS

Annex A: Comparsion between PARAFAC and PFFCA models

PARAFAC is a multi-way statistical technique that uses an alternating least squares
algorithm to decompose the fluorescence dataset into trilinear terms and a residual array
as described by Andersen et al. (2003). Each term represents a group of fluorescent
organic compounds. Models with (3-7) fluorescence components were tested and
different validation tools (i.e., split-half validation and residual error) were used to define
the right number of components. PFFCA-EEM and PARAFAC-EEM models were
developed and validated using the N-Way and drEEM MATLAB toolboxes in MATLAB
(version 8.3, R2014a).

It can be observed (Figure S5.1) that there is no remarkable dissimilarity between the two
protein-like components (FC3 & PC3). Likewise, microbial humic components (FC4 &
PC4) showed similar spectral characteristics. By contrast, PFFCA terrestrial humic
component FC1 peak exhibited a blue-shifted emission spectrum compared to the spectral
characteristics of the corresponded PARAFAC component PC1, implying that FC1
encompass organic compounds with less condensed structure than PC1. The maxima
Aex/Aem wavelengths for PC1 component was 332/480 nm. On the other hand, the other
PFFCA humic component FC2 covered a wider range of excitation and emission
wavelengths than its corresponded PARAFAC component PC2, referring that it is a
mixture of two or more humic fluorophores. PC2 maxima Aex and Aem were taken place
at 308 and 420 nm, respectively.
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Figure 5.1. Contour plots of the four components identified from the complete measured F-EEMs
dataset for the influents and effluents water of column experiment.
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Table S5.1. The spectral slopes of the identified PARAFAC fluorescence components
and their corresponded components in previous studies from the OpenFluor database
(Tucker congruence coefficient (TCC=0.99) (Murphy et al., 2014)

Ex Em ' Traditional
' ' Previous classification .
Wave. Wave. Description
(hm) (hm) studies (CObIe’
1996)
Terrestrial humic
(Shutova et al., 2014), (higher
o1 240, g0 (Osbumetal., 2016a) Deak A molecular
340 (Yamashita et al., 2010), weight)
(Murphy et al., 2011),
(Gongalves-Araujo et al., Terrestrial fulvic
240, 2016), (Shutova et al., Peak M+ /Microbial humic
PC2 402
308 2014), (Murphy et al., Peak A (lower molecular
2011), (Lietal., 2016) weight )
(Osburn et al., protein-like
240, 2016a),(Wunsch et al., Peak T+ (tyrosine and
PC3 308 .
268 2017), (Gongalves- Peak B tryptophan -like
Araujo et al., 2016) fluorophores)
240, (Walker et al., 2009), (Li . . .
PC4 408  etal, 2016), (Kowalczuk  Peak M Ma””ﬁlﬁ E'iimb'a'
296 etal., 2013)

114



5.6. Supplementary documents

Fe[pgilL]

FelpgiL]
FelpgiL]

02 04 08 oe 1

Figure S5.2. Correlation between the FI of the PFFCA components and the Fe concentration
of the effluent water (column study, 30 °C, anaerobic, HRL = 0.5 m/d)
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Figure S5.3. Correlation between the FI of the PFFCA components and the Mn concentration
of the effluent water (column study, 30 °C, anaerobic, HRL = 0.5 m/d)
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Figure S5.5. F-EEM spectra analysed for humic acid (a), fulvic acid
(b) and tyrosine, initial concentration (5 mg-C/L)

117



5. Reduction of iron, manganese and arsenic during bank filtration

118



0

ANALYSIS OF THE PERFORMANCE
OF BANK FILTRATION FOR
WATER SUPPLY IN ARID
CLIMATES: CASE STUDY IN EGYPT



6. Analysis of the performance of Bank Filtration for Water Supply in Arid Climates: case study
in Egypt

ABSTRACT

Bank filtration (BF) is acknowledged as a sustainable and effective technique to provide
drinking water of adequate quality; it has been known for a long time in Europe. However,
this technique is site-specific and therefore its application in developing countries with
different hydrologic and environment conditions remains limited. In this research, a 3-
discipline study was performed to evaluate the feasibility of the application of this
technique in Aswan City (Egypt). Firstly, a hydrological model was developed to identify
key environmental factors that influence the effectiveness of BF, and to formulate plans
for the design and management of the BF system. Secondly, water samples were collected
for one year (January 2017 to December 2017) from the water sources and monitoring
wells to characterize the bank-filtrate quality. Lastly, an economic study was conducted
to compare the capital and operating costs of BF and the existing treatment techniques.
The results demonstrated that there is high potential for application of BF under such
hydrological and environmental conditions. However, there are some aspects that could
restrict the BF efficacy and must therefore be considered during the design process. These
include the following: (i) Over-pumping practices can reduce travel time, and thus
decrease the efficiency of treatment; (ii) Locating the wells near the surface water systems
(<50 m) decreases the travel time to the limit (<10 days), and thus could restrict the
treatment capacity. In such case, a low pumping rate must be applied; (iii) the
consequences of lowering the surface water level can be regulated through the continuous
operation of the wells. Furthermore, laboratory analysis indicated that BF is capable of
producing high quality drinking water. However, an increase in organic matter (i.e.,
humics) concentration was observed in the pumped water, which increases the risk of
trihalomethanes being produced if post-chlorination is implemented. The economic study
ultimately demonstrated that BF is an economic and sustainable technique for
implementation in Aswan City to address the demand for potable water.
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6.1 INTRODUCTION

Access to potable drinking water is a major challenge confronting water service providers
in arid and semi-arid countries owing to dwindling water quantity and quality. This issue
is more pressing in Egypt, where the annual growth rate of the population is high (1.9%)
and the surface water systems are extremely polluted (Aboulroos et al., 2017). 128
agricultural and industrial drains discharge water with a high load of chemical pollutants
to the Nile River (NR) (Wahaab et al., 2019). The concentration of organic matter ranges
between 2.3 and 11.3 mg/L in the Nile Delta (Badr, 2016). Hence, there is a high potential
for the formation of carcinogenic trihnalomethane compounds during the treatment process.
Therefore, the Egyptian government has recently relied on bank filtration (BF) as a robust
and economical technique to replace or integrate with existing waterworks to provide
drinking water of adequate quality (Wahaab et al., 2019).

BF is an affordable natural treatment technique, where river water naturally flows through
the riverbanks to an aquifer. A sequence of chemical, physical, and biological processes
occurs during the sub-surface flow and reduces pollutant concentrations. It is a water
treatment process that is environmentally sound and attenuates contaminant
concentrations without chemicals addition (Ray et al., 2002). This simple technique has
proven its effectiveness to improve water quality and increase its biological stability.
Sandhu et al. (2019) reported a 50% removal of dissolved organic matter (DOM) and 13—
99% of the micropollutants at BF fields along the Yamuna River (India). The BF principle
has evolved in Europe and has been extensively used over hundred years along the Elbe
and Rhine rivers for domestic water production. Recently, the application of this
technique has been extended for countries such as India (Boving et al., 2018), China (Pan
et al., 2018), Brazil (Romero-Esquivel et al., 2017) and Egypt (Wahaab et al., 2019) with
different hydrological and environmental conditions. However, bank filtrates contribute
less than 0.1% to Egypt’s national water supply network (Ghodeif et al., 2016). Thus,
there is a requirement to assess the performance of this technique under these local
hydrological conditions to propose guidelines to promote the application of this
sustainable technique.

The effectiveness of BF is highly influenced by the hydrological and hydrogeological
conditions of the surface water system and aquifer. Different studies (Bartak et al., 2014;
Ghodeif et al., 2016; Hamdan et al., 2013; Shamrukh et al., 2011) demonstrated the
hydrological conditions at NR are favourable for the application of the BF technique.
Such conditions were defined by Wahaab et al. (2019) as follows: (i) The aquifer has high
hydraulic conductivity (K > 1x10~% m/s) and appropriate thickness (>10 m), reflecting a
high water transmission capacity. (ii) The flow of the NR is erosive, which reduces the
riverbed's clogging development, and thus, (iii) the NR is well connected with the
adjacent aquifer. However, the interaction between the NR and the aquifer is projected to
change shortly due to the anthropogenic activities (e.g. construction of the Renaissance
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dam in Grand Ethiopia (GRED) and the impacts of climate change which could reduce
the availability of surface water and consequently impact the performance of BF. Recent
studies (Abdelhalim et al., 2020; El-Nashar et al., 2018) have demonstrated that the
construction of GRED will reduce the storage capacity of the Aswan High Dam (AHD)
by 14.8-60.7%. In comparison, as a consequence of the decrease in the discharge of the
AHD by 10%, the NR water level is estimated to decline by 0.45-0.75 m. Regarding
climate change, Beyene et al. (2010) reported that precipitation in the Nile Basin is
projected a decrease up to 40% by the end of the 21% century. Hence, the annual inflow
to the AHD Lake is expected to decrease by 16%. The decline in the availability of surface
water could influence the BF performance parameters, such as travel time and drawdown,
and reduce the effectiveness of treatment process.

The quality of the bank filtrates is highly dependent on the quality characteristics of the
source waters, environmental conditions of the infiltration zone, and the design
parameters of the BF system (i.e., the distance between the wells and river, number of
wells, and production capacity). Wahaab et al. (2019) illustrated that the identification
of the correct position to install the BF wells is a critical factor for the successful
application of the BF technique. However, the major drawback of BF is that it is a site-
specific technique, and therefore an extensive investigation must be conducted to
determine the site’s viability for BF application. Sandhu (2015) proposed a four-stage
investigation plan for site selection; this plan can be described as follows: (i) a preliminary
evaluation of the potential sites by conducting field studies to collect information on the
hydrogeological and hydrological properties of the water systems and collecting samples
from groundwater and surface systems: (ii) an in-depth assessment of the potential sites
to identify the appropriate locations for installing the BF wells, to determine the
groundwater elevations at the investigated areas and to construct monitoring wells; (iii)
determination of the hydrological parameters of the aquifer and monitoring of the surface
water levels and quality; and (iv) development of an analytical or numerical model to
estimate travel time and determine the bank-filtrate proportion in the total water pumped.

The objective of this study was to analyse the performance of BF in Aswan City (Egypt)
as an example of an arid climate region. The study was conducted in three phases
including (i) the development of a hydrological model for the study area to assess the
appropriate locations for BF-well installation and propose different scenarios to manage
the BF fields under different environmental conditions; (ii) a water quality assessment -
the quality characteristics of the surface water resources and observation wells were
monitored for an extended period to predict the bank-filtrate quality; and (iii) an economic
analysis conducted to compare the BF costs systems with existing conventional surface
water treatment systems. Ultimately, guidelines to facilitate the application of BF in
Egypt and countries with a similar hydrological regime were proposed.
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6.2 STUDY AREA

Aswan City is located in the south of Egypt on the eastern bank of the NR between 32°
53" and 32° 56’ E longitudes and 24° 01’ 30” and 24° 04’ 30”N latitudes (Figure 6.1). The
area under investigation was bounded from the east and west by the basement rocks and
the NR, respectively. It covered approximately 19.43 km?, with a maximum width of
approximately 4.5 km. The area has a dry climate, without rain, except for one event every
10 to 15 years (Selim et al., 2014). The maximum and minimum air temperatures are
49.5 °C and 27.3 °C in summer, and 30 °C and 15 °C in winter, respectively, and the
average annual temperature is 26 °C. The relative humidity in May is the lowest (18%);
the maximum occurs in December (40.3%). The ground elevation of the study area ranged
from 88-211 m above sea level with an average of 112 m. The study area included three
geological units (basement rocks, Nubian Sandstone, and Quaternary sediments). The
Quaternary sediments consist of sands, gravels, and clays of the Pleistocene age (Hamdan
et al., 2011). In the southern region of the study area, the aquifer is composed mainly of
fine to medium sand intersected by thin intercalations of clay; the thickness of these
intercalations typically increases from the south to the north. The study area was bounded
from the west and east boundaries by complex Precambrian igneous and metamorphic
rocks, mainly of granites and schists. Nubian Sandstone strata overlaid the basement
rocks with a thickness ranging between 20 and 85 m (Misahah al-Jiyulujiyah et al., 1954;
Selim et al., 2014). This study area included 76 pumping wells; however, the majority of
these were not in operational mode. Currently, 11 wells pump approximately 23700
m3/day for irrigation, industrial, and drinking purposes.

6.3 RESEARCH METHODS

6.3.1 Hydrological model

A hydrological model was developed to simulate the current situation of the Aswan’s
aquifer and propose different scenarios to manage the BF technique.
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Figure 6.1. Study area location in Egypt (right) and detailed features (left)

Data preparation

This study focused on the development of a 3-dimensional groundwater flow model to
characterise the groundwater flow system and levels in the area adjacent to the NR at
Aswan City, Egypt, using the coupling of MODFLOW (finite difference code)
(McDonald et al., 1988) and Geographic Information System (ArcGIS) (ESRI, 2011).
The developed model was used to identify the current hydrological situation of the aquifer,
define the proper positions to install BF wells, and assess the effects of design and
operation conditions on the efficiency of BF systems. A geodatabase for the Nubian
Sandstone Aquifer Aswan was developed from different data sources using ArcGIS. The
model data included model geometry, river stage levels, cross sections, pumping test,
observation heads (42 observation wells), and borehole data. A digital elevation model
(DEM) was derived from the SRTM-3 (Shuttle Radar Topography Mission) (Farr et al.,
2000). The geometric surfaces, initials, and the hydraulic parameters were developed
using ArcGIS as point data features with their spatial references and appropriate attributes.
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6.3. Research Methods

This dataset was interpolated using Surfer software and a kriging technique with a proper
variogram model, and prepared as input for the model development (Cressie, 1990).

Model development

In MODFLOW, the aquifer was discretised using an array of finite different cells and
nodes. The study area was simulated horizontally with a grid mosaic of 71 rows and 90
columns with a cell dimension of 100 x 100 m resulting in 3,014 active cells. The model
boundaries were identified as follows (Figure 6.2). i) The river boundary: the study area
was bounded from the west and south by the NR and Aswan Dam Lake (ADL). These
natural boundaries were simulated in MODFLOW using the River package. (ii) The
aquifer was bounded from the north and east with basement rocks where the lateral
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Figure 6.2. . Geology units and model boundary conditions
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groundwater flow was negligible or non-existent, and thus these outer features were
considered as no-flow boundaries. The aquifer base was assigned as a no-flow boundary
(basement rocks).

The aquifer was mainly recharged from ADL (the lake confined between the AHD and
Aswan dam). Areal recharge from the surface was considered negligible as no or minimal
rain occurs yearly in the study area. Based on the available hydraulic heads, the general
groundwater flow direction in this area is from south to north corresponding to the NR
flow (Selim et al., 2014). The outflow of the aquifer occurs at the northwest of the model
area where the water flows from the aquifer into the NR. The NR conductance was
estimated for a bed thickness of 1.6 m and hydraulic conductivity of 0.0004 m/s (Ray et
al., 2002).

The pumping rates from the production wells were simulated as constant values. Public
drinking water network leakage was represented with injection wells with positive charge
and capacities based on the data provided by the Aswan Water and Wastewater Company,
then validated during the calibration process. The unconfined aquifer was simulated with
one layer with variable thickness starting from 130 m in the south and decreasing
gradually in a northerly direction. This permeable layer was composed mainly of sand
and gravel and demonstrated insignificant horizontal variations in its hydraulic
parameters along the scale of the modelled area. Moreover, it was assumed to be
internally homogenous anisotropic with equal hydraulic conductivity (K) in the X and Y
directions (Kx = Ky), and one order less in the Z direction (K; = Ky/10), this is in
agreement with other modelling studies that have been conducted in upper Egypt (Bartak
et al., 2014; Shamrukh et al., 2005). The Kyy values were assigned as 0.001 m/sec based
on the aquifer test and laboratory analysis estimations. The hydraulic parameters,
including transmissivity, storage coefficient, and leakage rate of the porous layer were
estimated from the pumping tests conducted during this research and were consistent with
the values determined by different authors such as Hamdan et al. (2011). These
hydrological parameters were calibrated during the simulation period.

Model Calibration

The model was primarily developed and executed under steady-state conditions using the
initial estimates of the hydraulic parameters (e.g., hydraulic conductivity). To reproduce
the preliminary configuration of the aquifer water table prior to pumping, the hydraulic
parameters and stresses were adjusted by a trial and error technique. A calibrated output
hydrological map (2008) was used as an initial head map to execute and calibrate the
model in the transient condition. Although the steady-state results were reasonable, the
steady-state condition was not proven completely. Therefore, a “warming-up period”
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technique was used in this research to avoid the accumulative error that could appear
during the calculation process due to inaccurate initial conditions imposed on the model
software (El-Zehairy, 2014). The transient model was initiated with a warming period
(365 days). Then, for another five years (from January 1%, 2009 to December 31%, 2013),
the model was executed and calibrated under the stress of eight pumping wells and 33
observation wells with variable hydraulic heads, distributed in the study area. The
simulation time was discretised into daily stress periods; each had two-time steps. The
model was executed repetitively and recalibrated until field-observed values were
matched with the modelled values within an acceptable level of accuracy. Then, the model
was subsequently executed and validated for a further five years (2014-2017) as a
validation period.

The calibrated results demonstrated an acceptable agreement between the modelled and
observed groundwater heads with R? = 0.90. The mean absolute error (MAE) was 0.37
m, and the root mean square error (RMSE) was 0.47 m (Figure 6.3a), which indicates
reasonable model performance. The validated results also indicated that the modelled and
observed heads were well aligned (R?= 0.90, MAE = 1.02 m, and RMSE = 1.31 m)
(Figure 6.3b). Moreover, observed and simulated heads in both cases were virtually
aligned around the mean of the observed heads.
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Figure 6.3. Model simulated vs field observed water level: (a) calibration period
and; (b) validation period

6.3.2 Development of BF management scenarios

A calibrated hydraulic simulation was used to optimise the hydraulic capacity of the BF
system and assess the influence of the design conditions including well spacing, distance
from the well to the river, and pumping capacity, and to determine the effect of surface
water level on the efficiency of the BF technique. In this research, two proposed BF sites
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(Site 1 and 2, Figure 6.2) were examined. Site 1 was located at the recharge region of the
aquifer (specifically at longitude 24° 01’ 56” N and latitude 32° 53' 48" E); this site was
100 m farther from the lake reservoir confined between the Aswan Dam and AHD. Site
2 was located at 24° 06’ 05”N, 32° 54’ 01"E. This site was characterised by its proximity
to an urban area.

The best options were determined based on three criteria: (i) appropriate travel time, (ii)
greater bank-filtrate share, and (iii) less drawdown. The MODPATH particle-tracking
code (McDonald et al., 1988; Pollock, 1989) was used to estimate the travel time of water
particles to the BF pumping wells. MODPATH is a 3-dimensional tool designed for
collaborating with MODFLOW to determine the advective transport of particles that
mimic pollutants (or tracers). During this research, a set of particles weres identified at
the interface between the surface water system and adjacent aquifer. Then, the
MODPATH code was applied in the forward function to simulate the migration of the
water particles toward the wells. Abdel-Fattah et al. (2008) illustrated that river water
particles that flow into the pumping wells following straight trajectories (meridian
pathlines) require less time to reach the wells than particles on angled paths (angled
pathlines). In this research, the travel time along the meridian and angled lines were
estimated and used as an approximation for the minimum and maximum travel times.
Grutzmacher et al. (2010) stated that the elimination of cyanobacteria toxins during the
BF process requires at least ten days of residence. Wintgens et al. (2016) demonstrated
that a subsurface travelling time of 50 days is adequate to remove pathogens and provide
high-quality drinking water. Maeng et al. (2010), conversely, found a negative
relationship between the travel time and redox potential of the bank filtrate. This suggests
that longer travel increases the potential for environmental anaerobic conditions. This
enhances the reduction of undesirable and toxic elements (e.g., Fe, Mn, and As), and
consequently has an adverse effect on the bank-filtrate quality. Based on these
assumptions, a travel time of 10 to 50 days was regarded as acceptable.

The ZoneBudget (ZONBUD) code (Harbaugh, 1990) was applied to estimate the bank-
filtrate share for each hydraulic simulation. ZONBUD is post-processing code that
facilitates the determination of a sub-region water budget based on the MODFLOW flow
model results. First, a set of fictitious particles were placed at the locations of the
extraction wells. Then, the MODPATH code was execute in the backward mode to
delineate the pathlines of these particles from the aquifer and surface water system toward
the abstraction wells and determine the size of each zone. Then, the ZONBUD code was
applied to estimate the contribution of the ambient groundwater and infiltrated water to
the total pumped water.
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6.3.3 Water quality characterisation

To predict the quality characteristics of the bank filtrate, water samples were collected
from a pumping well (BF1) placed at 24 02’ 28”N and 32° 54’ 35”E near the first potential
BF site and 1.2 Km from the surface water system. A further set of samples were collected
from an observation well (BF2) situated at 24° 06’ 03" N and 32° 54’ 08"E near the second
potential BF field (Site 2) and 600 m from the Nile. Moreover, samples were collected
from the surface water systems (NR and ADL) and a groundwater well (GW) (located at
24° 03" 26" N and 32° 54’ 33"E) to assess the efficiency of the BF process. The samples
were collected regularly for one year (from January 2017 to December 2017), filtered
using a 0.45-um membrane filter (Whatman, Dassel, Germany) and analysed. The
physical parameters (temperature, electric conductivity, pH, and turbidity) were
determined at the field using portable (HACH, USA) instruments. The main inorganic
parameters were quantified using an ion chromatograph (881 Compact IC pro, Metrohm,
Swiss); the metals were analysed by ICP-OES (Optima 8300 from Perkin Elmer
Company, USA).

The bulk organic concentration of the raw and infiltrated water was determined using a
total organic carbon (TOC) analyser (TOC-VCPN (TN), Shimadzu, Japan). The water
absorbance in the ultraviolet range at the 254 nm wavelength (UV2s4) was used as a
predictor for the aromaticity and potential formation of trihalomethane during the
treatment process (Maeng et al., 2019). The UV2ss [cm™] absorbance was monitored
using a UV/Vis spectrophotometer (UV-2501PC Shimadzu). Then, the specific
ultraviolet absorbance (SUVAzs4) [L mg™! m™] was calculated by dividing the UV254
absorbance [m™] by the dissolved organic carbon (DOC) concentration [mg/L]. The
measurements were conducted at the laboratories of the Egyptian Holding Company for
water and wastewater.

Fluorescence excitation-emission measurements (F-EEM) were conducted following the
procedures described in (Abdelrady et al., 2019) to classify the bulk organic matter into
different constituents. The fluorescence measurements were performed once at the IHE-
(Delft, Netherlands) using a Fluoromax-3 spectrofluorometer (HORIBA Jobin Yvon,
Edison, NJ, USA). The fluorescence characteristics were determined at an excitation
wavelength (Aex) between 240-452 nm (interval = 4 nm); the emission wavelengths (Aem)
were from 290-500 nm with an interval of 2 nm. In this study, three fluorescent peaks
were identified at definite excitation and emission wavelengths representing three
different organic substances. These peaks included primary humic-like P1 (Aex= 250-260
nm and Aem = 380—-480 nm), secondary humic-like (Aex= 300—370 nm and Aem = 400-500
nm), and protein-like (Aex= 270-280 nm and Aem = 320-350 nm) (Coble, 1996; Leenheer
et al., 2003). To gain insight into the organic characteristics of the bank filtrate and raw
water, the fluorescence indices (Humification index (HIX), fluorescence index (FIX), and
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biological index (B1X)) were estimated following the equations presented in (Gabor et al.,
2014).

The percentage of the infiltrated water from the surface water systems captured by the
two BF wells was determined using conservative chemical parameters (e.g. electrical
conductivity and chloride) based on the following equation (Lamontagne et al., 2015; Zhu
et al., 2020):

BF% = 220" % 100 1)

sw— Cew

where Cgr, Csy, and Cgy, are the concentrations of the conservative parameter in the BF
well, surface water, and native groundwater, respectively.

6.3.4 Cost analysis

The extended application of BF in developing countries is highly dependent on its
capacity to provide a sufficient quantity and quality of drinking water. Nonetheless, the
economic cost is also a decisive factor that must be considered. Two methods (Net Present
Value (NPV) and Payback Period (PBP)) were used in this research to evaluate the
economic feasibility of using the BF technique in Aswan City compared to other existing
treatment techniques. PBP calculates the minimum time (in years) required to recover the
total investment cost. This can be calculated as follows:

PBP — Total capital cost (2)

annual income—annual outcome

The NPV is used to assess each project's profitability by offsetting all future income and
expenses to the present (Equation 3):
NPV = 3N B¢ 3)

=1 (147r)n

Where B and C are income and expenses of each year, r is the discount rate, and I is
the capital cost. Whereas, n is the project’s lifetime (in years), and has been assigned as
25 years (Bonton et al., 2012).
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6.4 RESULTS AND DISCUSSION

6.4.1 Aswan aquifer model (Current situation)

The model was developed to simulate the current situation (2009-2017) of the Aswan
city aquifer and assess the influence of the proposed stresses on the interaction between
the surface water and groundwater systems and consequently on the water quantity of the
BF wells. The ultimate goal was to provide different scenarios to manage the bank fields
under different hydrological conditions. The results revealed that the ground and infiltrate
water flow from the south to the north direction, paralleling the NR. The total water
penetration from the ADL into the aquifer was highly dependent on the lake and river
stages and aquifer’s water head; its value ranged from 683710 m®/day in summer to
551030 m3/day in winter. The groundwater had the same general flow path as the NR
from the south to the north. Conversely, discharging water from the aquifer toward the
NR (baseflow) was the main outflow component and occurred in the northern region of
the aquifer. The total water discharge into the surface water system ranged from 528410
to 603500 m3/day. The aquifer exhibited a high capacity to store the water. In 2009, 40
productive wells were shut off, and consequently, the groundwater head increased by 1-
3 m during the period from January 2009 to July 2013 (Figure 6.4a and b). The
groundwater level increase resulted in the creation of ponds in the low-lying areas, with
depths ranging from 8-15 m. These ponds have detrimental environmental impact as they
endanger the public health and city’s infrastructure (Selim et al., 2014). Therefore, the
government was obligated to reoperate wells and pump water from the aquifer. In 2013,
eight abstraction wells were used to pump 17280 m3/day from the aquifer. Consequently,
the groundwater level decreased by 0.3 m and 0.5 m by the end of 2013 and 2017,
respectively (Figure 6.4c, d, and e). Hence, there is a requirement to install BF wells to
produce high quality drinking water and promote the decreasing of the groundwater level.

6.4.2 Bank filtration management scenarios

Different hydraulic simulations were performed to assess the influence of the well design
parameters and identify the optimum operating conditions for managing the BF technique
at two different sites in Aswan City.
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Effect of number of wells and pumping rate on BF performance

Three scenarios were proposed to evaluate the influence of the number of wells and
pumping rate on the BF performance:

e Scenario 1 (effect of the number of wells): Four simulations were conducted based
on the number of wells; 5, 10, 15, and 20 wells, where the production capacity
was the same (35000 m®/day) in each simulation. The production capacity was
divided equally on the number of wells, so that, in each simulation, each well has
the same puming rate.

e Scenario 2 (effect of pumping rate): Three simulations were conducted based on
the pumping rates (35000, 17770, and 70000 m®/day). The number of wells in
each simulation was constant (10 wells).

e Scenario 3 (effect of increasing the number of wells and pumping rate
simultaneously): A different groups of 5, 10, 15, and 20 wells were simulated with
production capacity of 17500, 35000, 52500 and 70000 m®/day, repectively.

For all the scenarios the wells were aligned parallel to surface water system at 100 m far
from the surface water syatem, and the space between the wells was 50 m.

The Scenario 1 results (Figure 6.5a) illustrated that increasing the number of wells, while
maintaining the production capacity constant (35000 m3/day), could influence the BF
efficiency. After an operation period of 365 days, the bank-filtrate share was increased
from 73 to 97% and from 65 to 70% when the number of extraction wells increased from
5 to 20 at Sites 1 and 2, respectively. Nonetheless, no noticeable influence on the
drawdown was observed. The drawdown was increased marginally from 1.4 to 1.5 m at
Site 1 and decreased from 5.6 m to 3.7 m at Site 2. Conversely, travel time along the
meridian pathline increased from 13 to 19 days and 12 to 23 days when the number of
wells were increased from 5 to 20 in the two planned areas. However, travel time along
the angled pathlines declined from 60 to 48 days and 72 to 40 days. Hence, it can be
deduced that installing a low number of wells (less than 10) at the proposed sites could
increase the risk of developing an anaerobic environment during the infiltration process.

The results obtained from Scenario 2 (Figure 6.5b) demonstrate that increasing the
pumping rate considerably influenced the BF efficiency. For Site 1, a double increase in
the abstraction rate of the extraction wells decreased the bank-filtrate share of the pumped
water by 5-10% and dropped the drawdown by 1-1.5 m. Furthermore, the travel times
were 95, 30, and 30 days for the particles travelling along the angled pathlines and 21, 11,
and 7 days for the particles tracking the meridian pathlines when the abstraction capacity
was 17500, 35000, and 70000 m®/day, respectively. The same findings were observed at
Site 2, that is, that increasing the production capacity of the wells could increase the
drawdown and bank-filtrate share values and reduce the travel time. As the pumping
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Figure 6.5. Effect of number of wells and pumping rate on bank-filtrate share
(BF %): (a) Scenario 1, (b) Scenario 2, and (c) Scenario 3.

capacity increased by 17500 m®/day, the bank-filtrate share improved on average by 2%.
Moreover, the drawdown estimated was 2.1, 5.2, and 11.6 m at an abstraction capacity of
17500, 35000, and 70000 m3/day. Similarly, the travel time was decreased from 40, to 15,
and to 8 days as the production capacity increased from 17500, to 35000, and 70000
m3/day, respectively. This inferred that a higher production capacity (> 35000 m3/day)
could cause a severe increase in drawdown values and reduce travel time to a level (< 10
days) that influences the efficiency of the BF processes at the proposed BF sites.

The outcomes of Scenario 3 (Figure 6.5¢) revealed that increasing the abstraction capacity
and number of wells simultaneously at Site 1 had a notable influence on the bank-filtrate
share of the pumped water. It estimated that the river-infiltrated water contributed to the
pumped water with 78, 80, and 84% when the number of abstraction wells was 5, 10, and
15, respectively. However, this value decreased to 49% when the number of wells
increased to 20, with a total production capacity of 70000 m3/day. This implies that an
over-pumping process induces the ambient groundwater to flow toward the BF wells and
thus promotes the groundwater’s contribution percentage to the produced water and
reduces the share of the bank-filtrate percentage. This is in agreement with the drawdown
results, which indicated a gradual decreased behaviour with an increased the number of
wells. The groundwater table was depleted by approximately 0.7 m when the number of
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wells increased from 5 to 20. Conversely, it was observed that doubling the number of
wells and their pumping intensities concurrently enhanced the bank-filtrate share by
approximately 4% at Site 2 and reduced the groundwater level by 1.5 m on average. This
procedure has also been demonstrated to have a substantial effect on the travel time of
the infiltrating water. The results displayed indicate that it required 10 and 20 days for the
water particles following the meridian pathlines to reach the pumped wells in Sites 1 and
2 when the number of wells was 15 and 20, respectively. Whereas the particles following
the angled pathlines converged at the pumping wells after 100 days of infiltration time
when five wells were simulated. This infers that both low and high pumping procedures
adversely influence the travel time and ultimately reduced the BF efficiency of at the two
proposed areas.

From all scenarios, from a hydrological perspective, it was determined that the BF
performance at Site 1 was superior to that at Site 2. For a production capacity of 35000
m3/day (with a number of wells ranged between 5-20 and at the spacing of 50 m), the
contribution of river infiltrated water to the total pumped water ranged between 73 and
97% at Site 1, whereas it ranged between 65 and 70% at Site 2 under the same design
conditions. Further, the maximum estimated drawdown was 1.8 and 5.6 at Site 1 and 2,
respectively. It was also noticed that the production capacity of the wells had a greater
influence than the number of wells. Increasing the number of wells, maintaining the total
production capacity constant, could improve the bank-filtrate’s share without a major
change in travel time and drawdown. The bank-filtrate proportion exceeded 80% at Site
1 and 65% at Site 2 when ten or more extraction wells with an abstraction capacity of
35000 m®/day were installed. Furthermore, the travel time varied between 10 and 50 days,
which is sufficient to enhance BF efficiency. Higher production capacity, however, could
shorten the travel time to the limit, reducing the treatment efficiency of the BF processes.

Effect of distance of the Well from river on BF performance

Several hydraulic simulations were developed to analyse the influence of the distance
between the surface water system and abstraction wells on the BF performance at the two
potential sites. The production wells were modelled at different distances (i.e., 50, 100,
and 200 from the river) parallel to the surface water systems. The effect was assessed at
different well-pumping rates (17500, 35000, and 70000 m3/day). The results (Figure 6.6)
indicated that the distance of the wells to the river did not have a remarkable influence on
the bank-filtrate share and drawdown. After 365 days of operation, the bank-filtrate
percentage in the abstraction wells (with a production capacity of 35000 m3/day) situated
at a distance of 50 m from the river was 81% and 66%, and the drawdown was 1.7 m and
4.4 m at Sites 1 and 2, respectively. In comparison, placing the BF wells at 200 m from
the river changed the proportion of infiltrated water in the total pumped water by 1% and
depleted the groundwater table by 0.3 and 2.2 m at the two proposed sites, respectively.
The same finding of a minor effect of the distance between the BF well and river on the
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bank-filtrate share and drawdown was determined at other pumping rates. Conversely,
travel time was the most influenced parameter of changing the distance from the wells to
the river. When the wells were positioned at 200 m from the river, and the pumping rate
was low (1750 m3/day), the water particles converged at the abstraction wells at a time
ranging between 135-195 days at Site 1 and 83-110 days at Site 2. As the pumping rate
doubled, the travel time at both sites decreased to 72—-150 and 43-65 days, respectively.
Consequently, there is a high potential of the infiltration environment becoming anaerobic
under these hydrological conditions. Conversely, the proximity of the wells to the surface
water system reduced the time of interaction between the soils and infiltrated water and
therefore influenced the efficiency of the treatment processes. At a distance between the
wells and river of 50 m, the travel time varied between 13-35, 7-35, and 3-17 days at
pumping rates of 1750, 3500, and 7000 m*/day, respectively. This indicates that low
pumping rates should be employed when the BF wells are close (50 m or less) to the
surface water system at the proposed sites.
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Figure 6.6. Impact of the distance between BF wells and surface water system on the bank
filtrate share (BF %) and drawdown (D.D) at the two potential BF sites of Aswan City

Effect of well spacing on BF performance

The space between the wells has a significant influence on the level of the groundwater
and its interaction with the surface water system and subsequently affects the efficiency
of the BF system. In this research, two well spacing options (i.e., 25 and 50 m) were
assessed under different design and operation conditions, including different pumping
rates and distances to the river. From a hydrological perspective, it was observed that the
space between the pumping wells had a positive effect on the BF performance at the two
investigated sites (Table 6.1 and Table 6.2).
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Table 6.1. Effect of well spacing on BF performance parameters (i.e., bank-filtrate share
BF%, drawdown D.D, and travel time) for wells placed at different distances to surface
water system.

Well  Distance to Site 1 Site 2
spacin river Travel time
™ m B (day) o B time (day)
50 1.3 91 12-25 3.4 70 15-30
50 100 1.6 92 22-47 4 71 25-35
200 1.8 92 103-175 9.5 73 53-70
50 2 81 7-25 6.6 66 7-30
25 100 1.8 80 11-50 5.2 66 18-40
200 2 79 72-150 6.6 67 43-65

Table 6.2. Effect of well spacing on BF performance parameters (i.e., bank-filtrate share
BF%, drawdown D.D, and travel time) for wells operating at different pumping rates
(m®/day).

well Pumping Site 1 Site 2
A A
1750 1.2 99 36-90 21 63 47-60
50 3500 1.6 92 22-47 4 71 25-35
7000 1.8 84 14-45 5.2 75 12-17
1750 1.3 90 21-95 26 62 40-80
25 3500 1.8 80 11-50 5.2 66 18-40
7000 2 75 7-40 8.7 68 25-35

In all hydraulic simulations, it was observed that an increase in space between the wells
from 25 to 50 m could enhance the proportion of infiltrated water in the total produced
water by approximately 10% at both sites. Furthermore, it reduced the drawdown, thereby
prolonging the travel time. This effect can be attributed primarily to the expansion of the
radius of influence of the wells when they are close (Sharma et al., 2012). When the well
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spacing increased from 25 to 50 m, the drawdown reduced by an average of 0.2 m at Site
1 and 3 m at Site 2. In comparison, the travel time at both sites increased by, respectively,
5-25 and 5-10 days. However, inappropriate travel time was recorded when the wells
were installed 200 m from the surface water system with a low pumping rate (1750
m3/day), as reported in earlier sections.

Effect of river stage on BF performance

Several hydraulic simulations were performed to determine the influence of decreasing
the river stage on BF performance at Aswan City. Within these simulations, surface water
levels were reduced by 0.5, 1 m and 1.5 m as the worst scenario. The results (Figure 6.7)
indicated that reducing the surface water level could decrease the bank-filtrate
contribution to the total pumped water, particularly at the onset of the BF wells’ operation.
However, after a period of approximately 100 days, the effect of surface water levels
became minor. When the river stage decreased (AR.S.) by 1.5 m, the bank-filtrate share
at Site 1 and Site 2, respectively, was reduced by 14% and 5% after a 10-day operating
period. However, after 90 days, the variance in the bank-filtrate share due to the decline
of the river stage was less than 2%. Lowering the surface water level reduces the water
table at the BF field, diminishes the hydraulic gradient between the wells and surface
water stages, and ultimately reduces the flow velocity of the infiltrated water to the wells.
Decreasing the river stage in the model by 1.5 m triggered a 1.2 m reduction of the
drawdown at Site 1 and 1.7 m at Site 2. This was followed by an 11-12-day and 2—4-day
decrease in the travel time at both sites, respectively. A decrease of the river stage by 0.5
m reduced the subsurface water table by 0.5 m at Site 1 and 0.4 m at Site 2 and lengthened
the travel time by 4 and 7 days at the two sites, respectively. Therefore, it can be
concluded that the continued functioning of the BF wells can minimise the influence of
the reduction of the surface water level and thus improve the BF efficiency.

Bartak et al. (2014) investigated the BF performance at the Dishna site along the NR and
reported that the intermittent operation of the BF wells was one of the major drawbacks
reducing the efficiency of the BF technique. This study demonstrated that the bank-filtrate
share in specific BF wells did not exceed 10% after construction and operation of BF
abstraction wells for 1.5 years, primarily due to the 8-hour daily interruption in the
operation of the wells. Moreover, the water pumped did not meet drinking water
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requirements. Therefore, it can be concluded that the continuous operation of BF wells is
a prerequisite for the successful application of the BF technique in Egypt.
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Figure 6.7. Influence of declining river stage on bank-filtrate share (BF%) at two
proposed sites: (a) Site 1 and (b) Site 2 at Aswan City (Egypt).

6.4.3 Bank-filtrate chemistry

The chloride was used as conservative elements to estimate the percentage of infiltrated
water from the surface water systems to the total pumped water at the two BF wells. The
average chloride concentrations for NR, ADL, BF1, BF2, and GW were 6.7 + 1.7, 7 + 2,
16.5+ 3,389, and 56 £ 7 mg/L, respectively. Therefore, the bank-filtrate share for BF1
and BF2 was estimated to be 81% and 36%, respectively.

The physical and chemical characteristics of the raw, infiltrated, and groundwater at the
study area are summarised in (Table 6.3 and Table S6.1-S6.3). The minimum and
maximum temperatures were 17.8 and 28.6 °C for the surface water systems, respectively,
and 16.8 and 25.7 °C for the BF wells, primarily due to the low buffer heat capacity of
the soil and short distance between the surface water sources and wells. Moreover, it was
observed that the banks acted as a robust barrier to the elimination of suspended matter.
The turbidity was low (< 0.3 NTU) at the BF wells, regardless of the corresponding value
at surface water systems.

The concentrations of major cations (Na, K, Ca, and Mg) and anions (CI, SO4, and HCO3)
demonstrated increased behaviour during the infiltration process. For example, the
average concentrations of Ca were 24 + 3 and 19 £ 5 mg/L for the NR and ADL surface
water systems and increased to 36 + 5 and 55 £ 8 mg/L for the BF1 and BF2 wells,
respectively. Similarly, an increase in the concentrations of heavy metals was detected at
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the BF wells. Fe, Mn, Al, and Cu were not detected in the surface water systems, yet were
20+ 3,14 +5,837+116,and 14 £ 7 pg/L at BF1 and 145+ 2,211 £ 27,511 + 32, and
24 +9 pg/L at BF2, respectively. This is mainly attributed to the (i) dissolution of minerals
during the filtration process and (ii) mixing of infiltrated water with the contaminated
native groundwater (Abdelrady et al., 2020). The dissolved oxygen ranged between 5.1—
7.3 mg/L at the surface water sources and decreased to 2.7-5.4 mg/L at the BF wells. It
Is therefore expected that microbial reduction does not have a major role in increasing the
concentration of metals in the pumped water at the BF wells. However, the concentrations
of these elements in the pumped bank filtrates did not exceed the threshold levels of
drinking water quality guidelines proposed by WHO (2011) and therefore they do not
pose a risk to human health. Similarly, other toxic metals (As, Cd, Co, Ni, Pb, and Zn)
were not found in either the surface water systems or bank filtrates.

BF is recognised as an effective technique to reduce nutrient concentrations significantly
(Maeng et al., 2019). However, higher concentrations of nitrogen and phosphorus were
found in the BF wells relative to the concentrations of the surface water bodies during
this study. The concentration of ammonia was less than the detection limit at the surface
water sources; however, its concentration increased to 0.54 mg/L at BF1 and 0.73 mg/L
at BF2. Similarly, the average concentration of phosphate was 0.05 + 0.02 and 0.03 +
0.01 mg/L at the NR and ADL systems and increased to 0.1 + 0.04 and 0.14 + 0.05 mg/L
at the BF1 and BF2 wells, respectively. The principal reason for this increase is the mixing
of infiltrated water with contaminated groundwater (Hamdan et al., 2011; Selim et al.,
2014).

Organic matter is the driving force behind the process that occurs during the BF process.
The bulk and constituents of the organic matter were monitored during this study using
different analytical techniques. BF is regarded as an effective technique for reducing the
organic matter concentration (Dragon et al., 2018; Nagy-Kovacs et al., 2019). Maeng et
al. (2008) conducted column studies to simulate BF processes and demonstrated that more
than 50% of the organic matter was removed during the top 50 cm of the column.
However, in this research, a marginal increase in the concentration of bank-filtrate
organic matter was observed. The concentration of organic matter in the NR and ADL
surface water systems was 3.9 and 3.6 mg/L, whereas the concentrations in the pumped
water of the BF1, BF2, and GW wells were 4.3, 4.9, and 5.5 mg/L, respectively. Moreover,
SUVA values of NR, ADL, BF1, BF2, and GW were 1.56, 1.33, 2.16, 2.04, and 2.73
L/mg.m, respectively, which indicates that the bank filtrate and ambient groundwater had
relatively higher aromatic characteristics than the surface water sources. This observation
could be attributed to the (i) dissolution or desorption of soil organic matter into the
filtrate water, which is significantly increased at high temperatures (Abdelrady et al., 2018;
Schoenheinz, 2004), (ii) accumulation and subsequent degradation of particulate organic
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matter (e.g., Phytoplankton) during the filtration process that augments the organic
concentration in the bank filtrate (Grunheid et al., 2005), and (iii) effect of mixing the
infiltrated water with the ambient groundwater, which has a higher concentration of
organic matter. The phenomenon of enrichment of the organic content of the bank filtrate
was also reported at BF wells along the Lot River (France) and Lagoa do Peri Lake (Brazil)
(Kedziorek et al., 2008; Romero-Esquivel et al., 2017).

Table 6.3. Quality parameters of surface waters, bank filtrates, and groundwater sources.

Egyptian  River Aswan BF BF

Standards  Nile Dam GW

Parameter  Unit (Sitel)  (Site2)

Lake
8.2+
pH 6585 oo 79%05 841%03 83%05 84:03
. 234 +
Conductivity  ps/cm - 12 225+8 288+25 376+38 438+26
- 154+ 028+ 075+
turbidity NTU 1 0.6 1.2+£0.7 0.23%0.1 0.1 0.2
. 061+ 064+
NH4 mg/L 0.5 n.d. n.d. 042+0.2 01 0.2
_ 014+ 01+ 005+ 028+ 037+
NO: mg/L 0.2 01 008 0.02 0.1 0.1
NOs mg/L 45 263+ 222+ 01401 58+13 43+08
0.4 0.6
Fe pg/L 300 n.d. n.d. 203 145+21 33037
Mn ug/L 400  42+9  nd. 14+5 211+27 432+41
DOC mg/L i 390  3.60 4.30 4.90 5.50
SUVA  L/mgm i 156 133 2.16 2.04 2.73
P1 R.U. i 032 020 0.41 0.74 1.10
P2 R.U. i 012 0.09 0.14 0.25 0.46
P3 R.U. i 023 022 0.11 0.14 0.19

MDL: minimum detection limit; n.d.; not detected; R.U.: Raman Unit

The organic fluorescence characteristics of the surface water, bank filtrates, and
groundwater were determined to provide insight into the organic composition of the water
sources.. The protein-like components were considerably attenuated during the filtration
process. The fluorescence intensity results (Table 6.3) indicated that the protein-like
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compounds were reduced by 33-55% in the bank filtrates compared to their intensities in
the surface water systems. Therefore, it can be concluded that BF enhances the biological
stability of pumped water (Maeng et al., 2019). Conversely, bank filtrates had a relatively
higher content of humic compounds than surface water sources. This can be mainly
attributed to the mixing effect of the infiltrated water with groundwater with high humic
content, and the dissolution of soil humic compounds into the infiltrate water as
mentioned above. The fluorescence indices verified these findings. The results indicated
that the bank filtrates had higher humic content (higher HIX) and lower microbial-derived
compounds (lower BIX). The FIX was 1.67 and 1.36 for the NR and ADL surface water
systems and decreased to 1.09 and 1.07 for bank filtrates BF1 and BF2, respectively. This
infers that the bank filtrates retained a higher content of humic compounds of terrestrial
origin than the surface water sources. The increase of humic compounds in the bank
filtrates could enhance the formation of trihalomethane compounds during the post-
treatment process (i.e., post-chlorination) (Awad et al., 2016). Consequently, the BF
design process in Aswan city must focus more on reducing the proportion of groundwater
in the overall pumped water. Moreover, a post-treatment process (e.g., coagulation and
filtration) might be needed to minimise the humic concentration in the bank filtrate.

6.4.4 Economic analysis

The primary sources of drinking water in Aswan City are conventional water treatment
plants (WTPs) and groundwater wells. High-capacity WTP (production capacity ranges
between 17,000 m®/day and 1 million m®day or more) employs coagulation, flocculation,
sedimentation, sand filtration, and disinfection combination to provide potable water to
the public. Low-capacity WTP (compact units, a production capacity ~2160 m®/day) is
mainly used to provide drinking water to small villages. The treatment processes are
similar to that of high-capacity WTPs, but on smaller-scale (Wahaab et al., 2019).

BF and GW plants consist of extraction wells and a chlorine-disinfection unit, no post-
treatment procedures are presently implemented. The depth of the GW wells ranged from
90 to 110 m. The BF wells, however, are drilled at a depth of about 20-60 m. The existing
treatment techniques produce drinking water quality meeting the Egyptian standards.

This section presents an economic comparison between the existing treatment techniques
and BF in Aswan city. The capital and operation costs (including chemicals costs) of each
treatment technique were estimated based on expenditure and revenue field data for five
years (2015-2019) from the Aswan Water and Wastewater Company, Egypt. The water
tariff is 2.09 EGP per cubic meter. The operation costs of BF and GW wells were assumed
to be the same.
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The results (Table 6.4) revealed that NPV and PBP were 8.8 Million EGP and 0.5 years
for BF, 8.4 Million EGP and 0.7 years for GW, 0.2 Million EGP and 8.2 years for a low-
capacity WTP, and 7.6 Million EGP and 6.3 years for a high-capacity WTP, respectively.
This indicates that the BF technique had the greatest NPV and least PBP, and therefore,
the BF technique is economically feasible to implement in Aswan City.

Table 6.4. Economic comparison between current treatment techniques and BF in Aswan
City, Egypt

Unit BF GW  Low —capacity High- capacity
WTP WTP
H 3
Productio  m*/day 5165 5169 2160 8640
n capacity
Capital Million
cost EGP/Unit 05 08 50 350
Operation Million
and energy  EGP/Unit 0.5 0.5 1.0 1.8
cost/ year
NPV Million
EGP 6.2 59 0.9 7.6
PBP years 0.5 0.7 8.2 6.3

6.5 CONCLUSIONS

This study examined the application of the BF technique in Aswan City (Egypt). Several
hydraulic simulations were developed to assess the influence of environmental conditions
and BF design parameters on the BF performance at two potential sites. The bank-filtrate
share, drawdown, and travel time, which are the most critical parameters, were examined.
Based on the simulation results, the following guidelines were proposed:

e The number of wells and pumping rate influence the BF performance parameters
and thus the bank-filtrate quality. The bank-filtrate share exceeded 65% at both
sites when 10 wells with a production capacity of 35000 m*/day located 100 m
from the river were simulated. The travel time ranged from 10 to 50 days, which
is sufficient for the effective removal of majority of the pollutants. However, a
decrease in the number of installed wells could reduce the bank-filtrate proportion
and increase the travel time that increases the potential for the development of
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anaerobic conditions in the infiltration zone. Conversely, over-pumping practices
could reduce travel time and, as a consequence, the effectiveness of treatment.

o Installing the wells close to the river (<50 m) could shorten the travel time to the
limit that impedes the treatment process. To overcome these difficulties, a low
production capacity (>17500 m®/day) must be applied.

e The reduction in the surface water level (by 0.5-1.5 m) has a considerable effect
on the BF performance in the onset operation of the wells. However, this effect
reduces with the continuous operation of the wells.

Furthermore, water samples were collected from the surface water sources and
observation wells placed at the adjacent aquifer to characterise the chemical quality
parameters of the water sources and the bank filtrate. The results infer that the bank-
filtrate water achieved the standard for drinking water. However, an increase in the
organic matter (particularly humic compounds) was observed that could be attributed to
the effect of mixing infiltrated water with polluted groundwater or the dissolution of soil
organic matter.

Finally, an economic comparison was performed to compare BF and the existing
treatment technique in Aswan City. The results revealed that BF has lower payback and
NPV than the other techniques, which infers that it has high economic viability.

This study concluded that BF has a high degree of feasibility for application in Aswan
City (Egypt). However, certain considerations must be addressed during the design
process.
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6.6 SUPPLEMENTARY DOCUMENTS

Table S6.1. Physical and inorganic characteristics of the surface waters, bank filtrates
and groundwater sources

Parameter Unit Egypt River Aswan BF BF GW
standar  Nile Dam i (site2)
sitel
ds Lake ( )
pH 6.5-85 8.2+0.6 7.9+0.5 8.41+0.3 8.3+t0.5 8.4%0.3

Conductivity — ps/cm 234+12 2258  288+25  376+38 438+26

turbidity NTU 1 1.5+0.6 1.2+0.7 0.23+0.1 0.28+  0.75%

0.1 0.2
Ca*? mg/L - 24+3 1945 3645 55+8 706
Mg *2 mg/L - 5+1 711 9+2 2245 1942
Na* mg/L 200 11+3 10£1 11.4+2 263 3245
K* mg/L - 53£0.8 4.8+2 5.5+1 7.412 8.4+4
NH4* mg/L 0.5 n.d. n.d. 0.42+0.2 0.61+0. 0.64%0.
1 2
NO2 mg/L 0.2 0.14+0. 0.1+0.0 0.05+0.02 0.28+0. 0.37+0.
1 8 1 1
NOs mg/L 45 2.63+0. 2.22+0. 0.71£0.1 5.8+1.3 4.3+0.8
4 6
SO42 mg/L 250 1243 14+4 19+4 3319 2518
PO43 mg/L - 0.05+0. 0.03x0. 0.1+0.04 0.14+0. 0.25x0.
02 01 05 08
Cl mg/L 250 6.9+1.7 7+2 16.5%3 3849 56x7
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Table S6.2. The concentrations of heavy metals in the surface waters, bank filtrates and
groundwater sources

Parameter  Unit Egypt River Aswan BF BF  Ambient
standards Nile  Dam (sitel)  (site2) GW
Lake

Fe pg/L 300 n.d. n.d. 20£3  145+21 330%37
Mn Hg/L 400 42+9  n.d. 1445 211427 432+41
As pg/L 10 n.d. n.d. n.d. n.d. n.d.
Cd pg/L 3 n.d. n.d. n.d. n.d. n.d.
Co pg/L - n.d. n.d. n.d. n.d. n.d.
Cr Mg/L 50 n.d. n.d. n.d. n.d. n.d.
Cu Mg/L 2000 n.d. n.d. 14+7 2419 32+7
Ni ug/L 20 n.d. n.d. n.d. n.d. n.d.
Pb pg/L 10 n.d. n.d. n.d. n.d. n.d.
Zn pg/L 3000 nd. 33t14 n.d. n.d. nd
Al pg/L 200 n.d. nd. 837£116 511+32 487+50
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Table S6.3. Organic characteristics of the surface waters, bank filtrates and groundwater
sources

Parameter Unit River Aswan BF BF Ambient
Nile Dam  (sitel) (site2) GW
Lake

DOC mg/L 3.90 3.60 430 490 5.50

SUVA L /mg.m 1.56 1.33 216  2.04 2.73

HIX --- 0.56 0.55 084 084 0.86
FIX --- 1.67 1.36 1.09 1.07 1.54
BIX --- 0.71 0.83 059 053 0.68
P1 R.U. 0.32 0.20 041 0.74 1.10
P2 R.U. 0.12 0.09 0.14 025 0.46
P3 R.U. 0.23 0.22 011 014 0.19
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7. Conclusions and future perspectives

7.1 INTRODUCTION

Access to clean and affordable drinking water is a cross-cutting goal among the United
Nations Sustainable Development Goals (SDGs), contributing directly to global
development and peace. However, pollution of surface water systems by various
contaminants that are difficult to remove using conventional treatment processes impedes
the achievement of this goal. Developed countries have relied upon natural treatment
techniques, such as BF, for hundreds of years to provide drinking water of adequate
quality. In recent years, interest in implementing BF in countries with different
hydrological and environmental regimes (e.g., Egypt and India) has increased to meet
drinking water demand. However, BF remains a site-specific technique and therefore,
there are no standards that can be followed to guarantee the successful implementation of
this technique.

The main aims of this study were to assess the reliability of BF in removing chemical
pollutants in arid climatic conditions and develop guidelines for the application and
sustainable management of BF in Egypt and countries with similar environmental
conditions. The research was separated into two phases. Firstly, laboratory-scale batch
and column experiments were conducted to assess the impact of different environmental
conditions on the removal of chemical pollutants (OM, OMPs, and HMs). An additional
series of experiments was then conducted under anaerobic conditions to evaluate the
mobilisation of elements (e.g., iron, manganese, and arsenic) from soil and their transfer
to bank filtrate. Second, a three-step framework was used to evaluate the effectiveness of
BF in arid countries.

7.2 FATE OF ORGANIC MATTER DURING THE BANK FILTRATION PROCESS

DOM is a critical variable that controls the biochemical and redox processes taking place
during BF. Moreover, DOM is considered to be a key substrate in carcinogenic
disinfection by-product (DBP) formation. A better understanding of the behaviour of
DOM during the BF process will help to increase its removal efficiency and optimise the
overall performance of BF systems. Laboratory-scale batch and column experiments were
performed under different environmental conditions of redox and temperature (20-30 °C)
using different water types with different organic compositions. It is recognised that the
principal mechanisms of organic matter removal during BF are adsorption and
biodegradation. This research highlighted that the removal efficiency of organic matter is
strongly regulated by environmental conditions in the infiltration zone (i.e., temperature
and the redox environment) with relatively higher removal achieved in an oxic filtration
zone and at low temperatures. DOM components were tracked using different analytical
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techniques (EEM-PARAFAC and size exclusion LC-OCD) to determine the fate of the
organic fraction in the infiltration zone.

Experimental results revealed that the organic fraction was composed of biogenic organic
compounds (e.g., proteins) that are subjected to strong attenuation during the filtration
process. The degradation of these compounds is independent of the infiltrated water
temperature (P > 0.05). The removal efficiency of biopolymers exceeded 80% at all tested
temperatures (20-30 °C). Conversely, the removal of humic compounds was highly
dependent on temperature, with higher removal observed at a lower temperature. This
difference is primarily attributable to the high capacity of these refractory compounds to
adsorb onto sand grains at lower temperatures. However, an increase in the concentration
of humic compounds was detected at higher temperatures (30 °C). Such an increase is
mainly due to the presence of micro-organisms capable of (i) bio-transformation of labile
compounds into more refractory and complex compounds, and (ii) releasing humic
compounds from the soil to the bank filtrate. The results of EEM-PARAFAC indicated
that the most temperature-dependent fractions are terrestrial humic components, for
which sorption characteristics are negatively correlated with temperature. Regarding
redox conditions, the column experiments showed that the organic components were less
persistent under aerobic conditions. The degradation of biopolymer compounds decreased
by 20-24% as the infiltration region shifted from an oxic to a sub-oxic state. Humic
compounds also showed poorer removal performance in a sub-oxic environment. Post-
treatment may, therefore, be needed when anaerobic filtration conditions are encountered.

7.3 REMOVAL OF ORGANIC MICROPOLLUTANTS DURING BANK
FILTRATION

OMPs are of increasing environmental concern when present in surface water systems.
These organic compounds are characterised by their variety and toxicity, and are poorly
removed by conventional treatment techniques. BF has been acknowledged as a reliable
means of eliminating such contaminants to some extent. However, the efficacy of OMP
removal is still not fully understood in extreme environments with high temperatures and
redox conditions. This research focussed on evaluating the removal efficiencies of various
classes of OMPs (herbicides, insecticides, and PAHSs) with different physicochemical
properties, during BF. Laboratory-scale batch experiments were performed to determine
the effect of environmental factors (temperatures in the range 20-30 °C, redox conditions,
and raw water composition) on the behaviour of OMPs in the infiltration region.

The experimental results revealed that moderatly hydrophobic OMPs with a solubility
(logS) approximately between -2.5 and -4 were most persistent under all of the tested
environmental conditions. The removal efficiencies of simazine, atrazine, metolachlor,
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and isoproturon ranged from 16% to 59% at a residence time of 30 days. The removal
efficiencies of these compounds were enhanced at higher temperatures and under aerobic
conditions, and when the raw water contained a higher concentration of biodegradable
matter. This suggests that co-metabolism and co-adsorption are vital functions in the
degradation of these substances during filtration. Furthermore, a lower removal efficiency
was achieved when the raw water had a higher concentration of humic compounds,
primarily due to the competition between moderate-hydrophobic OMPs and humic
compounds for adsorption sites. Conversely, highly hydrophobic compounds (logS < -4)
showed relatively high removal efficiency independent of environmental influences. The
removal efficiencies of DDT, pyriproxyfen, pendimethalin, B-BHC, endosulfan sulphate,
and PAHs exceeded 80%.. Similar removal efficiencies were obtained under abiotic
conditions (implemented by the injection of 20 mM of HgCI2 into the systems to inhibit
biological activity). This indicates that adsorption is the dominant mechanism in the
removal of such compounds during the filtration process. Soluble OMPs with logS higher
than -2.5 exhibited the highest degradation capacities during the infiltration process. The
removal efficiencies of molinate, propanil, and dimethoate were greater than 70% under
the environmental conditions examined. Such removals were, however, limited to < 35%
under abiotic conditions, indicating that biodegradation plays a vital function in the
attenuation of these compounds during filtration , with preferential removal in the aerobic
filtration zone. Moreover, the removal of these OMPs was found to be temperature-
dependent, especially when the raw water contained a low concentration of organic matter.
However, the extent of this effect reduces at higher temperatures (> 25 °C), which could
be attributed to enhanced biological activity.

7.4 REMOVAL OF HEAVY METALS DURING BANK FILTRATION

HMs are categorised as poisonous and non-biodegradable substances that can
bioaccumulate in living cells over long periods and which have detrimental effects on
human health. Such chemical elements are ubiquitous in natural water environments and
are poorly removed by engineered water treatment systems. The primary purpose of this
research was to examine the behaviour of HMs in the infiltration zone. Sand column
experiments were developed and operated using different types of feed water of varying
organic composition to assess the removal of selected HMs (Pb, Cu, Zn, Ni, and Se)
during the filtration process. EEM-PARAFAC and fluorescence indices (the humification
index, fluorescence index, and biological index) were used to determine the organic
characteristics of the feed waters. A further sequence of column experiments was
performed to examine the impact of feed water with different types and concentrations of
natural organic matter (humic substances, proteins, and humic/protein mixtures) on the

152



7.5. Mobilisation of iron, manganese and arsenic during bank filtration

removal of HMs. The experiments were performed in a temperature-controlled room at
30 °C.

The experimental results showed that Pb has significant potential to be adsorbed onto
sand grains during the filtration process, irrespective of the environmental conditions.
Nonetheless, the adsorption capacity of Pb may decrease by up to 20% if the raw water
contains a high concentration of humic compounds (> 20 mg-C/L). Conversely, Cu, Zn,
and Ni displayed lower removal efficiencies (65-95%) during the filtration process.
These removals were significantly different (P < 0.05) when the organic content and
composition of the feed water varied; higher removal was was observed when the raw
water had a limited carbon source. Humic compounds demonstrated a significant
potential to suppress the adsorption of HMs mentioned above; negative correlations were
detected between the fluorescence indices and the removal efficiencies of the HMs.
Humic compounds are negatively charged and can subsequently form adsorbable
complexes with metals. Additionally, they can bind with the functional groups on the
surfaces of sand grains and reduce the availability of adsorption sites.

The results demonstrate that increasing the concentration of humic substances in the raw
water from 5 to 10 mg-C/L could reduce the metal-removal efficiency by 5-25%.
Conversely, biodegradable matter (e.g., tyrosine) was found to enhance metal removal,
with a removal efficiency above 95% for Cu when the tyrosine concentration in the feed
water was 5 mg-C/L. Likewise, the removal of Se was found to be improved when the
raw water contained a higher concentration of biodegradable matter. However, it should
be noted that increased concentration of biodegradable matter in the raw water might lead
to an anaerobic infiltration environment and subsequently, facilitate the transfer of metals
from the soil to the infiltrated water.

7.5 MOBILISATION OF IRON, MANGANESE AND ARSENIC DURING BANK
FILTRATION

The reductive dissolution of geogenic metals such as Fe and Mn from soil to infiltrated
water is one of the main hurdles facing the expansion of the application of BF, especially
in arid environments where surface water sources have low dissolved oxygen
concentration and therefore, a higher probability of anaerobic conditions developing
during infiltration. The release of these metals is also followed by a increase in the
concentrations of toxic metals (e.g., As, B, and Cd) in bank filtrate, which greatly
degrades its quality and has a severe impact on human health. Several studies have
highlighted the role of DOM and its impact on the mobilisation of metals in the infiltration
region. During this research, column studies were used to examine the mobilisation of Fe,
Mn, and As during BF and the effect of the organic composition of the raw water. The
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columns were packed with iron-coated sand (1-3 mm) and ripened under anaerobic
conditions and fed with water with different organic matter composition. The organic
characteristics of the feed waters were defined by coupling F-EEM with the parallel factor
framework-clustering analysis tool. Moreover, fluorescence indices were estimated as
indicators of the organic composition of the raw water. These experiments were
performed in a temperature-controlled room at 30 °C.

The results of these experiments showed that the Mn-reducing mechanism dominated
under the tested conditions; the effluent concentration varied from 1,500-3,900 pg/L for
Mn, 10-20 pg/L for Fe, and > 2-7.1 pg/L for As. The mobilisation of these metals was
found to be significantly impacted by the DOM concentration in the raw water with
correlations with the effluent concentrations of Fe, Mn, As of 0.89, 0.87, and 0.63,
respectively. Results of the fluorescence indices demonstrated that the mobilisation of
metals, particularly Fe and Mn, is highly dependent on the humic content of the raw water.
In comparison, humic compounds were found to be less effective at mobilising As. Humic
compounds, which have high electron shuttle ability, may bind to metals and
consequently improve their mobility. They may also serve as catalysts for the microbial
reduction of metals during the filtration process. This research revealed that the
concentration of mobilised Mn in the bank filtrate was positively correlated with the
humic compound concentrations in the raw water irrespective of their origin. In
comparison, mobilised Fe showed a higher affinity to terrestrial humic compounds (which
have higher molecular weights).

To validate these findings, a series of batch studies were performed under anaerobic
conditions using different types and concentrations of natural organic matter (humic
substances, fulvic compounds, and proteins). The experimental results showed that both
humic and fulvic compounds (specifically lower-molecular-weight humic compounds) at
low concentrations had similar capabilities to release Mn during the filtration process.
Nevertheless, fulvic compounds (at concentrations > 5 mg-C/L) had a greater ability to
mobilise Mn than humic compounds. Conversely, humic compounds (at concentrations
> 10 mg-C/ L) showed a relatively high capacity to mobilise Fe. Biodegradable matter
has also been shown to influence the mobilisation of metals in the infiltration zone. A
correlation was detected between mobilised Mn and protein-like fluorescent components,
demonstrating that microbial reduction plays a role in the release of this element during
infiltration.. In contrast, the mobilisation of Fe was influenced to a lesser extent by
variations in the concentration of biodegradable DOM in raw water. Nevertheless, batch
experiments revealed that the concentration of labile compounds (i.e., tyrosine at > 10
mg-C/L) are adequate to develop a Fe-reducing environment in the infiltration zone and
enrich the concentration of Fe in the final pumped water.
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7.6 ANALYSIS OF THE PERFORMANCE OF BANK FILTRATION IN ARID
CLIMATES

The efficacy of BF is widely dependent on the hydrology and the interaction between the
surface water system and the adjoining aquifer at the proposed site. Hydrological
parameters are highly variable, particularly in hot arid climates. This research was
conducted to examine the effectiveness of tBF in the Aswan region of Egypt to determine
the degree to which variations in environmental parameters may influence the efficacy of
this technique and to provide guidance of the ‘best practice’ under such environmental
conditions. The following three-step methodology was followed to achieve these
objectives: (i) develop a hydrological model for the case study; (ii) determine bank filtrate
quality; and (iii) examine the economic feasibility of BF in Aswan City, Egypt. A
groundwater model was established and validated for a ten-year period to simulate the
current hydrological situation in the study region. Then, the numerical model was
executed with different environmental conditions to simulate different management
scenarios for the BF well fields. Two different potential sites were investigated.

From a hydrological perspective, BF is a promising technique for the Aswan region.
However, BF design parameters (e.g., the number of wells, well distance/spacing,
distance from the river, and the pumping rate) affect the quality and quantity of the
pumped water and thus, must be carefully considered. At the two investigated sites, it was
found that situating BF wells very close to the river (< 100 m) may minimise travel time
and reduce the treatment efficiency; a low pumping rate could be employed to solve this
issue. Moreover, over-abstraction practices could reduce the travel time and induce the
flow of contaminated groundwater toward the pumping wells and thus, degrade the
quality of bank filtrate. Declining surface water levels also have a substantial effect on
the efficiency of BF at the start of service, as it reduces travel time and the share of bank
filtrate in the final pumped water. However, the constant operation of wells over a long
period could reduce the consequences of this. Samples from surface water sources,
groundwater wells, and observation wells drilled at river banks were collected monthly
to assess the quality of the bank filtrate over a period of one year. The contribution of
river infiltrated water to the total pumped water at the two observation wells was
estimated using total conductivity and chloride as cindicator elements. The share of bank
filtrate ranged between 70-83% and 30-37% at the two potential sites, respectively

Laboratory results showed that BF is effective in improving the quality of drinking water
to Aswan City. The produced water meets the required standards proposed by the WHO
(2011). However, organic enrichment of the pumped water was observed. The
fluorescence results showed that protein-like compounds were the most visible organic
fraction to be eliminated during the filtration process, with removal efficiencies in the
range 33-55%, which is in agreement with the findings of laboratory experiments
conducted in this study. On the other hand, the concentration of humic compounds was
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higher in the infiltrated water, which could be attributed to (i) the dissolution of soil
organic matter into the infiltrated water and (ii) the mixing of infiltrated water with
ambient groundwater with a higher concentration of humic compounds. The enrichment
of humic compounds in bank filtrate increases the potential for trihalomethane formation
during the post-treatment chlorination process. Thus, a post-treatment process may be
required to eliminate such hydrophobic compounds. Ultimately, an economic comparison
was made between current treatment techniques and BF using NPV and PBP as indicators.
The results revealed that the payback and the NPV of a BF system were lower than for
other techniques, which indicates that BF is economically feasible in the case studies
examined in this region.

7.7 PRACTICAL IMPLICATIONS AND FURTHER RESEARCH

The findings of this study indicate that BF is an efficient and sustainable way of
eliminating chemical contaminants and ensuring good quality drinking water in hot arid
countries. However, the efficacy of BF may be optimised through the effective design of
the potential well field, taking into account the composition of the raw water and the local
hydrological and environmental conditions. The following practical implications are
proposed:

Biodegradable organic matter could be adequately eliminated during BF irrespective of
the temperature, increasing the biological stability of the bank filtrate. Conversely, humic
compounds are likely to be enriched during BF, particularly at higher temperatures.
Therefore, post-treatment processes should focus primarily on the elimination of these
hydrophobic compounds.

This study suggested using log S (in multiple regression equations) to model the
behaviour of OMP compounds in the infiltration region. Moreover, this research indicates
the ability of BF to eliminate OMPs in the infiltration zone. However, moderate
hydrophobic compounds (-2.5 > log S > -4) have been observed as the most persistent
compounds in the infiltration region. The removal of such compounds is enhanced at
higher temperatures and under oxic conditions. However, their removal is still insufficient
(< 60%) and a long infiltration time is required (residence time = 30 days). If there is a
risk of inducing anaerobic conditions, then post-treatment will be regired. . A combination
of BF and membrane-filtration could be an efficient method for eliminating such
persistent compounds, but this needs further investigation.

Potential BF sites located in the vicinity of surface water systems with low organic
contents (specifically humic compounds) are more feasible to implement BF. Humic
compounds reduce the efficiency of BF in eliminating HMs from the infiltrated water.
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Moreover, these compounds enhance the mobilisation of metals (e.g., Fe, Mn, and As)
from the soil to the bank filtrate and thus, degrade the bank filtrate quality.

The design of BF fields and management plans in Egypt should focus on reducing the
percentage of contaminated groundwater in the total pumped water. The consequences
that could arise from a decline in surface water levels can be tackled with the continuous
operation of BF wells.

Further research is now needed to determine the effect of soil composition on the efficacy
of BF in the removal of chemical contaminants. One of the disadvantages limiting the
application of this cost-effective technique in arid countries is the high clogging rate in
the infiltration zone. As such, more research should be conducted to determine the effects
of environmental conditions (e.g., the quality characteristics of raw water) on the clogging
process and how this can be minimised.
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In many developing countries, water demand
is increasing while surface- and groundwater
resources are threatened by pollution and
overexploitation. Hence, a more sustainable
approach to water resources management
and water treatment is required. In this
capacity, bank filtration is a natural treatment
process that makes use of the storage and
contaminant attenuation capacity of natural
soil. However, BF is site-specific and a
significant knowledge gap exists regarding
the design and management of bank
filtration systems, particularly in developing
countries. This research aimed to address
these gaps and contribute to the transfer of
bank filtration to developing countries. This
study comprised both column and batch
laboratory-scale experiments to determine
the effect of environmental variables such as
temperature, raw water organic composition
and redox conditions on the removal of
chemical pollutants such as organic matter,
micro-pollutants and heavy metals as well as
the mobility of iron, manganese and arsenic
under anaerobic conditions. Ultimately, the
effectiveness of BF in improving the quality of
drinking water was assessed in a case study
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in Egypt. The study showed that more than
80% of biodegradable organic matter was
removed during BF at temperatures between
20 and 30 °C. However, post-treatment is
required to remove humic compounds that
were enriched during infiltration. Moreover,
infiltrating water with a high concentration of
humic compounds reduced the removal of
heavy metals and promoted the release of
metals into the infiltrating water, rendering it
more feasible to install BF wells in surface
water systems with low levels of organic
matter. Moderately hydrophobic organic
micropollutants were most persistent and
required infiltration times in excess of 30
days for complete elimination, even at high
temperatures (>20 °C). Finally, design
parameters such as the number of infiltration
wells, should be configured to minimise the
proportion of polluted groundwater in the
pumped water. Overall, this study provides
insight into the effectiveness of BF in
removing chemical pollutants from surface
water and proposes guidelines for the
successful application of BF in developing
countries where arid conditions and high
temperatures prevail.
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