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Abstract

Reuse of treated wastewater through groundwatdiarge has emerged as an integral part of water
and wastewater management in arid and semi aridnegf the world. The potential to augment
existing water supplies and reduce reliance on itegosurface waters using soil aquifer treatment
(SAT) is restricted by lack of information to suppaational design and operation of SAT systems.
Elimination of uncertainties is necessary to Wwil@AT as an alternative sustainable treatment and
water resource management option.

Laboratory-scale batch and soil column studies warded out to study the effect of temperature and
redox conditions on removal of bulk organic matteutrients (nitrogen and phosphorous) and
pathogens with primary effluent (PE) and seconddfiuent (SE). PE and SE were collected from
Hoek van Holland WWTP, the Netherlands. DOC remawadoil batch tests fed with PE was about
55% under aerobic conditions and about 40% undexiarconditions. The DOC removal in batch
reactors fed with SE was 25 % under aerobic canditand 15% under anoxic conditions. Likewise
in case of soil column studies with PE DOC remowvak 46% under aerobic conditions and 31%
under anoxic conditions whereas DOC removal was I®@erobic conditions and 13% under
anoxic conditions in case with SE.

Oxygen availability was an important factor in ffitation (and denitrification) reactions and thus

overall ammonium nitrogen removal from infiltratingater. Phosphorus removal efficiency was

relatively low by SAT under aerobic and anoxic dtinods though it was evident that aerobic

conditions are advantageous over anoxic conditibhe. removal of phosphorous ranged from 18 to
37% in batch experiments while in soil column ekpents the removal ranged from 11 to 31% under
both aerobic and anoxic conditions. Removal of gg#ms in batch reactors was not substantially
affected by redox conditions and ranged from 2.B.6log removal. The soil columns were able to
remove 2 to 3 log removals Bfcoli andtotal coliform within 0.3 m column depth under both aerobic
and anoxic conditions.

The DOC removal in PE at temperature§CL220C and 25C was 43%, 50% and 55% respectively.
The DOC removal in SE at temperature§CL22FC and 28C was 15%, 19% and 23% respectively.
The performance of SAT at lower temperatures €1 the soil passage did not significantly affect
DOC removal but resulted in a diminished nitrifioat denitrification rate and a reduced attenuation
of nitrogen and phosphorous. It was observed thabdx conditions and temperature influence the
removal of DOC, nitrogen, phosphorous and pathoghmdg soil passage. The findings of this
research confirm that SAT systems are able to ach aeliable barrier for DOC, nitrogen, and

phosphorous regardless of seasonal and flow conditiluring SAT providing a sufficient retention

time is maintained.

Keywords: Soil Aquifer Treatment, Bulk Organic Matt Temperature, Redox conditions, Nutrients
and Pathogens
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1 INTRODUCTION

1.1 Background

The rapid population growth and urbanization, therppmenon which is putting tremendous
stress on the world's water resources, especialthe drier climates, requires much more
reuse and recycling of water to meet increasingemwdémand. Creative water management
will become essential in many countries in the @an future. Groundwater not only is a
major water resource in general, it will also beisk because rising water demands can lead
to over-pumping. This depletes aquifers, incregsesping costs, and may cause land
subsidence and water quality problems such as a& \mtrusion in coastal areas (Bouwer,
1994).

Water reclamation and reuse provides a unique &idevopportunity to augment traditional
water supplies. As a multi-disciplined and impottalement of water resources development
and management, water reuse can help to closedpebketween water supply and wastewater
disposal (Asano, 2002). The alternatives for watggmentation are the reuse of municipal
wastewater to address the ever increasing wateram@mNevertheless, the amount of
wastewater that can be reclaimed for this purpsssfected by many factors, ranging from
technical possibility to socio-economic and ingidnal aspects (Yang & Abbaspour, 2007)
as cited by Caballero (2010).

Soil Aquifer Treatment (SAT) is defined as a thoeeaponent treatment process consisting of
the infiltration zone, vadose zone and aquiferagjer This concept can be broadened to a
SAT system that adds the additional componentdfioleat pretreatment, SAT site operation
and the recovery of groundwater after infiltratimnd aquifer storage for water reuse. The
SAT technology involves infiltration of secondariflgent through a recharge basin with
subsequent extraction through recovery wells, andoglies both treatment, dominant in the
vadose (unsaturated) zone, and storage withingheaded zone (aquifer). It is an advanced
wastewater treatment process that is both naturdl sustainable, and is dominated by
biodegradation, initially aerobic and subsequeatigxic (Amy and Drewes, 2007).

Treated wastewater effluents, free from health tizamust be considered as a valuable
water resource for irrigation of certain crops, egieg enhancement, landscaping, land
reclamation, car washing, industrial process wadad toilet flushing. Treated wastewater
may also be used for recharging aquifers in thesakgith water shortages or where the
aquifers have been depleted by overexploitatioratigment water supply for drinking
purposes (Akbeet al., 2003).

Organic matter is one of the key issues of majorcem in potable water as it exerts an
oxygen demand and some organic compounds are teetsisd carcinogenic when it reacts
with other chemicals. Organic matters are derivednfplant and animal materials broken
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down to small molecules some of which combine tomfaomplex structures of humic
substance. The characteristics of organic matesent in the wastewater used for recharge
affects water quality after groundwater rechargeingu SAT. Organic pollutant removal
efficiency during SAT depends on the processes itiond, the organic transformations
during groundwater recharge, and hydro-geologicatitions (Sharmat al., 2007).

Total organic carbon (TOC/DOC) is an analytic taghe to measure water quality during the
drinking water purification process. Typically, Nedl Organic Matter (NOM) is composed
of humic substances (humic and fulvic acids) and-memic materials (e.g., proteins and
carbohydrates). Effluent Organic Matter, EfOM reygnets organic matter found in
wastewater effluents, treated to a secondary (tiatg) level. Typically, EfFOM contains a
lesser amount of humic substances and more nonchmiaterials than NOM. Within EfOM,
there is background (drinking water) NOM, anthrogmig organic compounds derived from
the domestic cycle of water use, and SMPs genedatedg the wastewater treatment process
(Foxet al., 2001).

After conventional wastewater treatment, secondsffluent contains wastewater EfOM,

consisting of NOM derived from the drinking watesusce(s) and dominated by humic
substances, plus soluble microbial products (SMiRsjved from biological (secondary)

wastewater treatment reflecting a microbial origim.an indirect potable reuse system, the
residual humic substances present in EfOM impatbrcand serve as a precursor to
disinfection by-products (DBPs) while the nitrogéch SMPs present in EfOM represent a
precursor to nitrogenous DBPs (N-DBPSs) if extractester is chlorinated upon recovery
(Amy and Drewes, 2007)

Removal of organic matter is a critical parametelSAT as it governs and influences the
removal of other contaminants by biodegradation elgniraces organics, nitrogen species
and microbes (Sharnehal., 2007).

Reclaimed water through SAT can be used for ba#tctiand indirect potable reuse. Besides,
SAT effluent is perceived by public as groundwatsther than sewage water as cycle is
essentially not closed. However, SAT efficiencyinfluenced by type and quality of the
wastewater applied, prevailing redox conditions] Agdro geological conditions (Idelovitch
et al.,, 2003). This research was focused on studyingeffect of temperature and redox
conditions on removal of different contaminantsiagiSAT.

1.2 Problem definition

Water scarcity in arid and semi-arid regions alomigh increasing population growth,
increasing per capita water consumption and droogiditions in different parts of the world
has exacerbated enormous pressure on the availaiér resources. Focus on adequate
wastewater management is now a crucial requiremhants sought to address the increasing
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water demand on limited and scarce water sourgesigh indirect potable and non potable
water reuse (Abushbak, 2004).

In the view of rapid population growth with incr@ag water demands and potential water
shortages, Managed Aquifer Recharge (MAR) is bengnmcreasingly more important all
over the world as a sustainable method to savengmater resources and improve the quality
of the infiltrating water. Artificial recharge act@s a purification step due to physical,
chemical and biological processes such as filtnatibsuspended solids, bacteria, viruses or
parasites adsorption and biodegradation. The ksied process is often seen as the most
important one for the removal of organic pollutafMassmanret al., 2006).

Application of SAT technology in arid and semi aregjions of the world where groundwater
resources have been over exploited augments waiptys SAT is a low cost and appropriate
option for wastewater reclamation in developed adl \as in developing countries that
ensures sustainability of both surface water amiirggwater sources within the context of
integrated water resources management (Sheraig 2007).

According to WB (2003) even with successful urb@mdnd management and increased
irrigation efficiency, new and innovative water plips will be required in the upcoming
future. Cost of supplying water from new sourcesnigeasing due to longer conveyance
systems, higher pumping costs and higher treatouwsts because of poorer water quality as a
result of environmental pollution. Groundwater rage with wastewater effluent during
SAT and integration of reclaimed water into natiomater supply system is rational.

However, there are limitations that include regolad that vary with different countries and
require a certain standards to be met by treatestiewater before SAT application and lack of
public acceptability of direct potable water use feclaimed water. In addition, the

technology is area specific requiring detailed loygeological investigations before SAT

application for removal of pollutants like orgamnatter (Sharmat al., 2007).

Advanced technologies have high capital and omeraiosts, require educated operators, and
generally not well suited for developing countri€kere is a need to identify and demonstrate
the feasibility of simple low-tech, low cost treant systems suitable for wastewater reuse in
developing communities throughout arid regionshefworld (Westerhoff and Pinney, 2000).

Natural groundwater replenishment of aquifers oscuery slowly and for that reason

artificial recharge with reclaimed water is an optito increase the rate of replenishment of
groundwater in aquifers. This experience has triggy@n increasing development to entailing
more efficient and well organized use of water weses, both in urban and rural

environments. A major mechanism to achieve gregfeziencies is the reuse of municipal

wastewater. As a consequence, the application df ®8hnology to replenish groundwater

resources and augment water supply is justified.
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Therefore during this study, the main purpose wastudy the influence of temperature and
redox conditions on removal of bulk organic mattgttogen, phosphorous and pathogens.
Many of the concerns associated with organic mattdreated municipal wastewaters are
analogous to the health concerns associated withiatly occurring organic matter in surface

waters or ground waters that are used for drinkiater. The NOM present in drinking water

sources is quantified as DOC.

1.3 Goal and objectives

The main goal of this study is to examine the iefice of temperature and redox conditions
on removal various contaminants during SAT withl ®@lumn and batch experiments at
laboratory-scale.

The following are the specific objectives of thigdy:

* To explore influence of seasonal variation (tempgeg on removal of contaminants
(bulk organic matter, nitrogen, phosphorus, patheg@&-coli and total coliform)
during SAT.

* To analyze the effect of redox conditions on renh@facontaminants (bulk organic
matter, nitrogen, phosphorus, pathogenic bactemiamg SAT.
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2 LITERATURE REVIEW

2.1  Soil aquifer treatment

Water on the earth is constantly on the move, legyand being used over and over. This is
called the water cycle. That means the water tleadunk has been used, disposed of, and
used again in a never-ending cycle. As part otcifede, the earth soaks up some of the water
and stores it in the ground until it is needed.sTanderground storage area is called an
aquifer or groundwater basin. Some people pumpMiter from underground aquifers and

use it for drinking, household tasks, or landsaapagricultural irrigation. When water soaks

into the ground it is purified naturally throughysital, chemical and biological processes in
the soil, this overall purification process is edllsoil aquifer treatment ( SAT ) and has
occurred since the beginning of time (Febal., 2001b).

2.1.1 How does SAT work?

SAT is an advanced (generally beyond secondaryjewaser treatment process involving
infiltration (percolation) of wastewater effluehrbugh vadose (unsaturated) zone to recharge
underlying groundwater aquifer (Amy, 2005).

Prior to its reuse, reclaimed water undergoes twihtee stages of cleansing to produce a
high quality of water that meets or exceeds statsdaraking it safe to reuse. The cleansing of
water by this process is just a speeded-up verdiarnat is done in nature and can be as good
as or even better than the natural process ¢Falx, 2001a)

As the applied wastewater moves down through tlles& zone, during the wetting time and
drainage time, improvements in its quality can oces a result of different physical,
biological, and chemical mechanisms including diiton, biological degradation, physical
adsorption, ion exchange, and precipitation. Tloslgination of removal processes can be
very effective in removing organic compounds, o, phosphorus, pathogens, suspended
solids, and trace elements. The efficiency of remhdéor specific compound or element in the
applied water is a function of the type of soiljdeof pretreatment of the applied wastewater,
and the wetting and drying cycle times. As a resoit these mechanisms the physical
properties for the soil might be changed: graire silistribution, porosity, and hydraulic
conductivity (Abushbak, 2004). Figure 2-1 shows #uhematic representation of SAT
system
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Soil Aquifer Treatment

L

e

Water Reclamation
Plant

Recxcled Water

Unsaturated Soil
& OtherMaterial
(Vadose Zone)

Drinking Water
Extraction Well

Figure 2-1 Schematic representation of SAT system

Source: (Foxt al., 2001)

2.1.2 SAT case studies at a global scale

SAT applicability potential is worldwide, dependiman geology, soils and hydrology.
Presently several SAT projects are in operatiod 84, Israel, Australia and Europe (Amy,
2005). Table 2-1 shows the removal of various aoitants by SAT in Dan Region Project.

Table 2-1:Removal of various contaminants by SAT in Dan Redrooject in Israel

Concentration

Concentration after

Average relative

Parameter removal efficiency
before SAT SAT
(%)

SS (mg/L) 10-80 0 100
BOD (mg/L) 5-40 0.5 98
COD (mg/L) 40-160 10-20 85
CODf (mg/L) 40-80 10-20 75
DOC (mg/L) 15-20 3-6 74
UV absorbance

150-400 30-80 80
(1/cm x 1000)
Detergents (mg/L) 0.4-1.0 0.05-0.2 82
TN (mg/L) 5-30 5-10 57
TP (mg/L) 3-10 0.01-0.03 99

Source: (Idelovitctet al., 2003)
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SAT has been applied in several parts of the wiypdtally on a project basis and scaling up
Is an ongoing process (Viswanathatral., 1999) as cited by Musabe (2007). Table 2.2 shows
some of the SAT sites and their performance iredkffit parts of the world.

Table 2-2: Characteristics of selected SAT sites in the world

Location Type of Infiltration ~ Reported Remarks
wastewater rate (m/d)  removal
efficiency
Israel; Dan CAS with 0.19-0.58 74 % (DOC) SAT systems has been
region project biological N in operation
and P removal since 1977
Mesa (AZ) Nitrification and 9 o5 — 0.12 83 % (DOC) Relatively low
Northwest denitrification
Water CAS plus infiltration
Reclamation filtration and rates due to
Plant; USA disinfection
clay soils
Sweetwater Chlorinated 0.13-0.17 85% (DOC) Most of the
(Tucson, Secondary DOC removal
Arizona);USA effluent is in the top 3
m depth
Sulaibiyah, CAS 0.76 70% (COD) This was done
Kuwait on an
experimental
in-situ pond
scale
Belgium (IWVA Secondary N/A 75% (TOC) A combination
Torreele) effluent from of SAT and
CAS after UF/RO membrane UF
treatment is used

[Sources: Foxt al. (2001a); Idelovitclet al. (2003); Viswanathast al., (1999); Yoocet al.
(2006); WHO (2001)] as cited by (Musabe 2007)
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2.2 Factors affecting the performance of SAT
2.2.1 Influent wastewater quality

The quality of the wastewater applied to SAT asgestthe quality of reclaimed water after
soil passage. The quality of applied wastewateyspla vital role in the performance of
treatment and in the removal of contaminants. H@wethe characteristics of raw wastewater
in terms of suspended solids determine the setéiffigiency and hence primary clarification
to make it suitable for SAT. Consequently, the maplon of SE rather than PE is more
practical to minimize clogging layer or schmutzdeckiear the soil water surface, biological
activities in wastewater with high total oxygen dard will utilize all the dissolved oxygen
leading to anoxic conditions in the saturated z@tescod, 1992). When most of the organic
carbon is consumed at the soil water surface theaireng organic carbon is less
biodegradable reducing the removal efficiency off$Astem (Chacha, 2007).

2.2.2 Effluent pre-treatment

Effluent pretreatment is a key factor that can betwlled as part of SAT system. The
greatest impact of effluent pretreatment during S8 The near soil/water interface where
high biological activity is observed. This conditiomccurs because of both the highest
concentration of biodegradable matter and the poesef oxygen. Effluent pretreatment
directly impacts the concentration of biodegradahblktter that is applied to a percolation
basin. Both organic carbon and ammonia may be @iicddly oxidized and they are the water
quality parameters controlling the amount oxygemaled in applied effluents. Near the soil
water surface, biological activity with an effluemith high total oxygen demand will utilize
all the dissolved oxygen. Aerobic conditions camtntained with effluents that have low
total oxygen demand. It should be noted that thprnita of oxygen demand exerted during
wetting is the oxidation of organic carbon and amiaas removed by adsorption (Fekal.,
2001).

2.2.3 Hydraulic parameters

The hydraulic parameters which have an effect ol Sfstems include infiltration rate,
permeability or porosity of the soil and hydrauttention time.

i. Infiltration rate

Performance of SAT is significantly depends on théltration rate. The slower the
infiltration rate the higher will be clogging ratéd the system. On the other hand higher
infiltration rate declines the quality of the raot@d water. Reduction in infiltration rates
leads to development of anaerobic conditions. €hissed by physical clogging due to high-
suspended solids (SS) concentration and biologioglging during long flooding or wetting
period even under low SS concentration. Infiltratrate has a direct impact on retention time
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and hence other DOC removal processes with thedependant behaviour more pronounced
up to 1.5 m depth in the vadose zone (Drewes ard1899).

Water quality transformations is consistent atssiéth infiltration rates greater than 1.8 m/d
and do not appear to be affected by variable iafitin rates. At a site with infiltration rates
less than 0.3 m/d, wetting/drying cycles do nomngigantly impact infiltration since the
clogging layer did not limit infiltration (Foxt al., 2001a). Typical infiltration rates range
from 0.5 to 3 m per day during flooding. Infiltrati rates are site specific and are best
evaluated on pilot basins or on actual systemsed@dh of flooding for optimum infiltration
rates are developed by trial and error (Bouwer2200

ii. Permeability

SAT systems require permeable soils to get watey the ground and to the aquifer.
Permeability depends on type of soil and porosithe size of pore space and
interconnectivity of the spaces help determine gatnlity. It determines the hydraulic
conductivity of the vadose zone and hence the tietetime of the applied wastewater. As a
result permeability affects the percolation throupk unsaturated zone and the treatment
processes after rapid infiltration from rechargsihs (Foxet al., 2005). Table 2.3 shows
typical permeability values for different type afils

Table 2-3Typical permeability values of the various soils

Soll Permeability (m/day)
Clay soils <0.1

Loams 0.2

Sandy loams 0.3

Loamy sands 0.5

Fine sands 1.0

Medium sands 5.0

Course sands >10.0

Source: (Bouwer, 2002)

iii. Hydraulic loading rate and detention time

SAT depends on hydraulic conditions in removingtaoninants from water and therefore
detention times have significant effect on the ttrest processes. Microbial activity in
degradation of organic matter requires time forwgho of microbial population under
optimum conditions. Also nitrification-denitrificain process and COD conversion will not
be complete under short retention time. Removaeéfshctory organics usually requires long
periods. An increase in hydraulic loading rate ceguthe EBCT resulting in reduced
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microbial formation of adsorbed DOC (Amy, 2005).

Typical hydraulic loading rate for SAT systems rasgrom 0.1 to 3 m/day to achieve

acceptable effluent quality depending on the hygkological properties. The distance and
travel times between recharge basins and wellsldtauat least 50-100 m and approximately
6 months for adequate SAT (Asano and Cotruvo, R(edr the direct injection method a

longer detention time is required -12 months bupractice typical detention time for SAT

systems is given is this range < 6 to > 12 months.

2.2.4 Hydro-geological parameters

Surface infiltration systems require soils with tigermeability in which water can infiltrate
easily to reduce land requirements. Therefore, pagameters such as infiltration rate,
retention time and soil properties are importantdetermining appropriate sites for artificial
recharge of groundwater with this type of systeBwugver, 2002).

2.2.5 Water depth in the basin

The water depth in the infiltration basin should kept relatively shallow. Small depths
promote fast turnover of the wastewater in the rsasluring wetting time and minimize
growth of suspended algae that can form a filtkea@n the surface (Bouwer and Rice, 1984),
which causes precipitation of calcium carbonate tu@H increases as the algae remove
carbon dioxide from the water during photosynthesisther biological activities. However,
as the water depth is increased, the clogging lsyeompressed and becomes less permeable
(Bouwer et al., 1984). As a result of this, the increase in irdtion rate may only be
moderate or even a decrease. In other words thigratibn rate does not increase in direct
proportion to increasing the water depth in theirbaBouwer and Rice (1989) reported an
increase in the hydraulic loading rate from 20 myesar to 100 m per year when the water
depth was decreased from 1 m to 0.2 m in basins fivie loamy sand. Unlike this, results
from their lab experiments reported an increasténinfiltration rate from 30 cm per day to
40 per cm day in one day as the water depth wasased from 20 cm to 85 cm in columns
filled with the same loamy sand. This is a simplestration how the system under field
conditions behaves different from laboratory expemnt outcome

2.2.6 Soil properties

Soil properties can affect infiltration rates, @l attachment, re-aeration rates and
adsorption (Foxet al., 200l1a). Soils with high hydraulic conductivitiggovide high
infiltration rates during the beginning of wettimycles during SAT and infiltration rates
decrease as clogging layers develop (Pescod, 1992)addition surface infiltration system
requires transmissive aquifers to get lateral flomay from the infiltration system without
excessive groundwater mounding (Bouwer, 2002). fi&eire of soils beneath the vadose
zone affects the filtration rate. Previous studiese shown that fine clay result in low
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filtration rates (Foet al., 2001a).

Depending on the soil type, removal of DOC is ragting percolation through the first 1.5
m (Quanrudet al., 2003). Therefore, SAT technology can be applredertiary wastewater
treatment without polluting the deeper soil layd#@wever, soil characteristics vary from
place to place with the depth making the rationegigh and operation of SAT systems
difficult since it would require detailed hydro degical investigations for each site.

2.3 Removal of different contaminants during SAT

SAT emerged as a natural system not only to sdieeproblems related to diminishing

groundwater level, water intrusion in aquifers asubsidence, but also for playing an

important role as a robust multi-barrier for indir@otable reuse due to its great potential on
removing diverse classes of contaminants througkrae physic-chemical processes in the
vadose and saturated zone with simplicity in openaand low treatment costs (Amy and

Drewes, 2007).

SAT system consists mainly in spreading wastewaffluents in a recharge basin that
infiltrate through the upper layers (unsaturatedejovhere several mechanisms take place
(chemical precipitation, adsorption, biological degation, nitrification and denitrification,
among others) followed by mixing with groundwaterdaa subsequent recovery by wells
(Amy and Drewes, 2007). Through these mechanisrsspbssible to achieve considerable
removal rates on organic compounds, pathogens atahfmlly other contaminants such as
pharmaceutically active compounds (PhACs) and emimdisrupting compounds (EDCs)
present in the wastewater. Table 2-4 shows theaypemoval efficiency of SAT systems for
different contaminants.

Table 2-4: Typical removal efficiency of SAT systems for diéat contaminants.

Parameter Typical range
DOC (SE) 10-94%
DOC (PE) 12-62%
Total Nitrogen 25-90%
Phosphorous 70-99%
Pathogens 4-6 log removal
NHz-N >98%
NOs-N 20-70%

Sources: (Sharmet al. 2007; Foxet al. 2001; Idelovitchet al 2003)
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2.3.1 Influence of temperature on removal of contaminantsluring SAT

i. General overview

The temperature of water is very important parambecause of its effect on chemical
reaction and reaction rates, aquatic life and thilsility of the water and for beneficial uses.
Increased temperature, for example can cause @geharhe species of fish that can exist in
the receiving water body. In addition, oxygenasd soluble in warm water than in cold
water. The increase in the rate of biochemical treas that accompanies an increase in
temperature, combined with the decrease in quantibxygen present in surface waters, can
often cause serious depletion in dissolved oxygamcentration in summer months. When
significantly large quantities of heated water discharged to natural receiving waters, these
effects are magnified. It should also be realized & sudden change in temperature can result
in a high rate of mortality of aquatic life. Morezry abnormally high temperatures can foster
the growth of undesirable water plants and wasiwangus (Metcalf and Eddy, 2004).

Physical factors that affect SAT processes incledgperature, pH, oxygen concentration and
Electrical conductivity. The DOC increases with remsing temperature. Increase in
temperature increases the microbial activity résgltin a fast biodegradation process
(Sharmaet al., 2007). Based on capillary theory, it is assuntieat the influence of
temperature on the soil water pressure head caudditatively predicted from the influence
of temperature on surface tension. The temperakependence of the hydraulic conductivity
can be expressed as

Kr,(h) = a’Kr,, . (h) 2-1

where Kr. and Kr,,, denote hydraulic conductivities at the referencaperature and
soil temperature respectively and, is the temperature scaling factor for the hydauli
conductivity. This factor depends on the dynamscwesity g [M/TL] and density [M/L°] of
soil water at temperaturebs and T,.s

= ety PTs | 22
pT; pTref

Infiltration rate vary inversely with water viscosthis implies temperature affect infiltration

rate (Bouwer, 2002). In recharge basins decreawilitnation rates is caused by physical and
biological clogging. Infiltration rate has direanpact on retention time and hence DOC
removal (Drewes and Fox, 1999). On the other hamdingiwater table also affects the
infiltration rates. When the water table is morartrabout 1.0 m below the bottom of the
recharge basin the infiltration rates are not affédy the changing water levels. If water
table rises to less than 1.0 m below the bottonthefrecharge basin the infiltration rates
decreases linearly with decreasing depth (Bouw@d2p Seasonal effects affects infiltration
rate, infiltration rate in winter are often lesathin summer due to cooler water with higher
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viscosity.

Filtration is better at high temperatures becauseosity is low and the van der Waals forces
are greater, therefore temperature increases reratfigency of contaminants during SAT.
According to Abushbak, 2004 the optimal temperafarenitrification was investigated in the
lab by numerous researchers (Kowalenko & Camer@ng;lKassman & Munns, 1980; Malhi
& McGill, 1982) and the variation in the predictegtimal temperature, ranged from 20 to
30°C, can be attributed to the varying in the climatnditions of the soil, in which nitrifiers
and denitrifiers are adapted to those conditions.

On the other hand at any given temperature, tleegedpecific concentration of a dissolved
mineral’s constituents in the groundwater thatniscontact with that mineral. The actual
concentration is temperature dependent, e.g., gehi temperatures, groundwater can
dissolve more of the mineral. Even changes in gtauater temperature of only 5 to °1G
can cause detectable changes in TDS (Nelson, 2002).

ii.  Temperatureinfluenceson nitrate removal.

Higher temperatures enhance biological and chenreattions including denitrification.
Indeed at all flow rates and in all soil horizoimsgreasing temperature decreased effluent
NOs concentrations. For the surface horizons, tentpexdad no visible effect on effluent
concentration at the lowest flow rates, given dtu@nt concentration of 9.2 mg/L. At the
lower flow rates, the denitrification capacity metsurface horizons is sufficient to remove all
incoming NQ" (9.2 mg/L) even at the lower temperatures. Efftud@; concentration in
both subsurface soils was influenced by temperaairall flow rates, except at the low
temperature high flow rate combinations where nozNf@moval was predicted and
temperature effects could not be observed. Thetedfietemperature on denitrification rate is
highest at the higher flow rates.(Willertsal., 1997)

iii.  Retention and removal of pathogenic bacteria in wastewater percolating through
porous media

Survival of bacteria decreases with increasing matpre. Incubation d. coli in soil at 5C,
10°C, 20C and 37C showed best survivals afG Similar results were observed in an
experiment with E-coli and Salmonella typhimurium. In a survival experiment with
Pseudomonas species in soil, Vandenhove foundffevatice between®® and 158C, but a
significant reduction of the bacterial number at@5

Inactivation of microbial cells moving through arpos media is influenced by mechanisms
such as physical straining as well as adsorptiopaitmus media. The grain size of porous
media and bacterial cell size are important fachfliescting the straining of bacteria, as are the
hydraulic loading rate or the extent of cloggingeiadevelopment in the filter. Adsorption of
cells to the porous media is influenced by the eéohbf organic matter, degree of biofilm
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development, and electrostatic attraction due toswength of the solution or electrostatic
charges of cell- and particle surfaces.

The rate of inactivation of pathogenic microorgamssin adsorbed or liquid phases, has been
shown to be affected by abiotic and biotic factush as moisture content, pH, temperature,
organic matter, bacterial species, predation, andaganistic symbiosis between
microorganisms in the system. The adsorption ofdsecwas substantially greater at higher
temperatures. Studies of marine Pseudomonads shthaedit a temperature ofG the
proportion of bacteria attached to polystyrene desreased compared to that at@0 The
reduction in attachment with decreasing temperatarey have several causes: (a)
enhancement in the viscosity of the bacterial serfeolymer and of the liquid, (b) reduced
chemisorption and certain types of physical adsempand (c) changes in the physiology of
the organisms (Kristian Stevét al., 2004)

iv.  Optimum temperature for biological activity

The optimum temperatures for bacterial activity @réhe range from 25 to 35. Aerobic
digestion and nitrification stops when temperatises to 50C. When the temperature drops
to about 18C methane-producing bacteria become quite inactwel at about %, the
autotrophic-nitrifying practically cease functioginrAt 22C even chemoheterotrophic bacteria
acting on carbonaceous material become esserdaligant (Metcalf and Eddy, 2004).

The temperature dependence of the biological @actiate constants is very important in

assessing the overall efficiency of a biologicaatment process. Temperature not only
influences the metabolic activities of microbialpptation but also has a profound effect on
such factors as gas- transfer rates and settliatacteristics of the biological solids (Metcalf

and Eddy, 2004).

The effect of temperature on the reaction rate biotogical process is expressed using the
following equation

Ky = K072 2-3
Where K= reaction-rate coefficient at TC
Kog=reaction rate coefficient at 20

0 = Temperature activity coefficient

T=Temperature;C

v.  Effect of temperature on removal of DOC, Phosphorous and Nitrogen
It can be observed that generally for all pollusatdwer removal efficiencies correspond to
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lower temperatures and the opposite. For BOD an® Qe temperature dependence is not
so significant which implies that the removal oé thrganic matter is mostly a result of the
microbial activity of aerobic and anaerobic baetesihich function even in temperatures as
low as 8C. Porous media keeps the wastewater temperattine winter higher than the air
temperature by 228, allowing thus the microbial activity to continuinctioning.
Phosphorus removal also shows dependence on temmgerBhere can be seasonal variations
and the negative values in phosphorus removalsdbald be explained by the fact that
during winter litter and microbial biomass are daposed, and phosphorus is released from
the precipitates, resulting in phosphorus soluaiian in water (Akratos and Tsihrintzis,
2007).

For TKN and ammonia the dependence of removalieffay on temperature is much more
significant, because the microorganisms responséisl@itrogen removal function optimally
in temperatures above A& The conversion between volatile ammonia and anumo ions
strongly depends on the pH and temperature. At logpt¢ and temperature levels, the
conversion decreases significantly. For a normatitmn of 25C and a pH of 7, non ionized
ammonia amounts only to 0.6% of the total ammomeasgnt. At a pH of 9.5 and a
temperature of 3@, the percentage of total ammonia present in the-ionized form
increases to 72%. Under aerobic conditions, ammmorigi oxidized by microorganisms to
nitrate, with nitrite as an intermediate producemperature has different effects on the
growth rate of ammonium and nitrite oxidizers. Oatytemperatures above°g5it is possible
that the ammonium oxidizers can effectively out-pete the nitrite oxidizers. If this
condition is impaired with a low hydraulic retemtitime and, also a low cellular retention
time, nitrite oxidizers can be selectively washat (®@aredest al., 2007).
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Table 2-5 Effect of pH, temperature, free ammonia and a#racid on nitrification process.

Factor Effect

Temperature

T>15°C Ammonium oxidizers grow faster than nitrite oxidize
T=25°C Ammonium oxidizers can out-compete nitrite oxidizer
pH

20-8.0 Optimum range for nitrification.

9.8 Optimum range for ammonium oxidizers (Nitrosomas).
7.2-7.6 Optimum range for nitrite oxidizers (Nitrobacter).

Free NH[mg/L]

150

1.0-7.0

Long-term

HNO2 [mg/L]

>2.8

Inhibition of ammonium and nitrite oxidizers.

Inhibition of ammonium oxidizers and nitrite accuation.

Nitrite oxidizers (pure cultures ditrobacter and mixed cultures
in biofilms) can be adapted to high free ammoniaceatration
(40 mg/L) and nitrite accumulation is reduced

Inhibition of ammonium and nitrite oxidizers.

Source (Paredes al., 2007).
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2.3.2 Influence of redox conditions on removal of contanmants during SAT
. General overview

Redox reactions result in a change of the chargenabn as it gains or losses an electron.
These reactions are almost always facilitated laydvia that are able to gain energy from the
reactions. The solubility of some elements in watgpends on whether they are oxidized or
reduced. The redox potential can be correlated thighamount of dissolved oxygen. As the
oxygen content drops, the environment becomes maoheécing (the redox potential drops).

The natural environment, therefore, may controlwihich state the element occurs. For
example, iron (Fe) can exist in either as redy€ed’) or oxidized(Fe**) iron (Nelson, 2002).

The most common cause of reducing reactions isnargaatter, either in solid form or as
DOC. The degradation of oxidisable organic substans generally mediated by microbial
metabolism and is coupled to the reduction of taaielectron acceptors (TEA) such ag O
NOs , Mn- and Fefhydr) oxides and Sg3. The TEAs are typically consumed in a sequential
order, based on thermodynamic principles. This sege generally leads to the formation of
distinct redox zones along the flow direction. Tegradation reactions might trigger further
geochemical reactions, which in turn can have aidenable impact on the water quality and
on the aquifer matrix, including changes of hydaiggical properties such as porosity and
hydraulic conductivity as well as geochemical prtips such as mineral reactivity and
sorption capacity (Greskowiak al., 2005).

Dissolved oxygen and redox potential are imponpamameters for characterizing biologically
mediated reactions during SAT. Changes in redoergil directly influence biological
reactions. Aerobic, anoxic and anaerobic conditimege been observed during SAT. Aerobic
conditions promote the degradation of organic carbod nitrification. Anoxic conditions
promote carbon degradation and denitrification witlrate as the electron acceptor.
Anaerobic conditions promote carbon degradatiorh wather electron acceptors such as
sulfate. Changes in redox potential are dependernh® availability of oxygen and alternate
electron acceptors (Faat al., 2001). Mass transfer limitation created by opegatvet/dry
cycles, soil properties and hydrogeology all affd@nges in redox potential.

Typically in groundwater, sulfur exists as sulf€®,2). In this form, it generally has little
impact on the potability of groundwater (an exoepis at much higher concentrations, i.e.

250 mg/L, sulfate may have a laxative affect on esandividuals). If, however, the sulfur is
in the form of hydrogen sulfide ¢HS), the distinct and unpleasant rotten egg odoursc
even at concentrations below 10 mg/L. Redox reastican change sulfate to hydrogen
sulfide in oxygen-poor environments in the presenteorganic matter or DOC. With
decreasing redox potential the following reduciegations will occur: nitrate to nitrogen gas,
Fe’* (insoluble) to F& (soluble), sulfate to hydrogen sulfide and, atvew redox potential,

17
Y N Malolo



Msc thesis: Effect of temperature and redox conditions on removal of contaminants during soil aquifer treatment

methane formation (Nelson, 2002).
The following major redox zones can be distinguishe

1. Aerobic respiration zone
CH,0 4 0, » CO, + H,0 2-4

2. Anoxic Feé*, Mn*", NO; reduction zone

CH,0 + 8H* + 4Fe(OH); — 4Fe?* + 11H,0 + CO0, 2-5
CH,0 + 2MnO, + 4H* — 2Mn?* + 3H,0 + CO0, 2-6
CH,0 + 4/5H* + 4/5NO~5 — 2/5N, + 7/5H,0 + CO0, 2-7

3. SO®" reduction zone
CH,O0 + 1/2H* +1/2S0%", — 1/2HS™ + H,0 + C0, 2-8
4. CH4 fermentation zone

CH,0 + 1/2C0, - 1/2CH, + CO, 2-9
The main part of the microbial community lives vithhe aerobic zone, and these organisms
are primarily responsible for the degradation ofamic material. The anoxic zone is
characterized by the intense use of alternativetrele acceptors and processes liké'Fe
Mn**, NOs™ reduction as well as denitrification. The toxic S0reduction as well as CH
fermentation zones with the formation 0f34 §, and CH cannot be tolerated by the benthic
community, and thus are unacceptable from the gaabpoint of view as well as for the
drinking water purification process (Gross-Wittiteal., 2010).

Redox conditions govern the particulars for the rddgtion of constituents present in

effluents during SAT. Aerobic conditions only demglin the top 0-1.5 m of the vadose zone
at the end of drying cycles. Dissolved oxygen ismmadly removed during wetting and pore

gas oxygen utilized for nitrification during dryingnder aerobic conditions, the nitrification

will take place in an unsaturated zone and parthef nitrogen adsorbed on soil particles
undergoes nitrification (Foet al., 2001a).

Changes in reduction/oxidation (redox) potentialirty SAT are most likely to occur in the
vadose zone and can also occur to a lesser extehe isaturated zone. The redox potential
decreases as microorganisms utilize electron amcepluring SAT. Typically, oxygen is
present in reclaimed water applied to percolatiasirs. Algae in infiltration basins may
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produce additional oxygen. As water percolatesutjnothe vadose zone, dissolved oxygen
can become rapidly exhausted and the redox potetd@eases. Nitrate becomes the next
electron acceptor as the redox potential decrefaflesved by iron or manganese. When no
nitrate is present, sulfate-reducing conditions meyelop (Foxet al., 2001).

The operation of SAT systems with wet/dry cycleaasmally meant to control development
of clogging layers at the infiltration interfacedamaintain optimal infiltration rates, and in
some cases disrupt insect life cycles. The dryyaecallows for desiccation of the clogging
layer and the recovery of infiltration rates duritige next wetting cycle (Pescod, 1992).
Wet/dry cycles control redox conditions in the sufece. Aerobic condition during dry cycle
allows oxygen to penetrate to greater depths asgityme is increased. Wet/dry cycle have
important effect on nitrogen transformation. Incieg wet cycle increase the depth at which
ammonia is adsorbed while increasing dry cycle sinerease the depth at which ammonia is
nitrified (Pescod, 1992).

With sufficient organic carbon nitrate is convertid nitrogen gas. Denitrification occurs
under anoxic conditions and has been reported ¢arda limited anaerobic pockets in the
aerobic zone making it localized and partial (Ie@lh et al., 2003). In the first application

cycle, ammonia is adsorbed to soils during theygaaitt of flooding period after which soil

microbes convert ammonia to nitrate under aerobiclitions in the drying period. Nitrifying

and denitrifying bacteria are common soil organishag play a big role in the nitrogen cycle
(Foxet al., 2001).

The large amount of adsorbed ammonia prevents gase oxygen concentrations from
increasing before the next wetting cycle. In cassbBere the effluent is fully
nitrified/denitrified, anoxic conditions develops @ depth of 3 m. Although the majority of
oxygen demand is removed in the upper vadose zamegdSAT, the total oxygen demand of
the applied effluents influences the redox condgian the saturated zone. If all dissolved
oxygen is removed during percolation through theéoga zone, anoxic conditions are likely
to develop in the saturated zone since other mésiarfor oxygen transport to the saturated
zone are insignificant. The potential for re -aerabf water percolating through deep vadose
zones (15-30 m) does exist since the majority ofgex demanding material is removed in
the upper vadose zone (Febal., 2001a).

Removal efficiency of Kjeldahl nitrogen and ammohis been found to reduce after some
few years of SAT operation. This has been attrithtioethe formation of anaerobic conditions
in the soil-aquifer system preventing ammonia toaté conversion process since growth of
nitrifyers requires oxygen. In comparison, the realcefficiency of phosphorous remains
stable to even values less than 0.2 mg/L, whiclicatds high efficiency (Idelovitchkt al.,
2003).

Anaerobic conditions can develop in the soil-aqudgstem as a result of reduction of
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infiltration capacity in the upper vadose zone ahthck of proper maintenance and cleaning
of the superficial surface of infiltration basisupbed with prolonged wetting or flooding
period (Idelovitchet al., 2003). Oxygen concentration in the applied trat@astewater is
also important in maintaining aerobic conditionstle soil-aquifer system. The diffusion
process dependant on surface area and temperadyralso be a major factor during drying
and wetting periods.

i Saturated and unsaturated hydraulic conditions

The formation of a clogging layer at the bottontla# infiltration basin appears to be the key
control on the entire hydraulic system and is respme for the development of an
unsaturated zone below the recharge basin. Thdagewent of a clogging layer in recharge
basins is a well-known characteristic that can cedihe infiltration rate to as little as 10% of
the original infiltration rate. Clogging is causeg a combination of physical (filtration),
chemical (precipitation of minerals) and biologi¢gitowth of microorganisms, production of
polysaccharides) effects which can reduce the sadishydraulic conductivity by several
orders of magnitude. The hydro chemical charadiesisvhich develop under either saturated
or unsaturated conditions, are predominantly drii@n the presence or absence of
atmospheric @ As soon as ©is completely depleted, successively more reducorglitions
developed directly below the recharge basin, inolydFe-reducing conditions. During
unsaturated conditions, the overall redox enviramme controlled by the presence of
atmospheric @ that had intruded from the recharge basin margikerobic conditions
became dominant below the recharge basin, excefheinvicinity of some suction cups,
where NO; -reducing conditions were observed. This mears, tie prevailing hydraulic
regime controls the overall redox conditions beltwe basin. Thus, the highly dynamic
changes in the redox environments result from tl@stent hydraulic behavior of this
recharge system (Greskowietkal., 2005)

The development of more reducing conditions apptanisave been confined to a narrow
zone of approximately 1 m directly below the regeabasin, while less reducing conditions
were observed at greater depths and in the grouedwaistribution of organic matter, the
development of distinct and localized redox envinents result from both the heterogeneous
distribution of sedimentary organic matter andvhgability of its degradability (Greskowiak
et al., 2005).

20
Y N Malolo



Msc thesis: Effect of temperature and redox conditions on removal of contaminants during soil aquifer treatment

iii. DOC removal at oxic and anoxic conditions

Bulk organic matter (DOC) removal is often the mparameter of interest during SAT as it
influences the removal of nitrogen species andetramyanics by biodegradation. When
secondary effluent from wastewater treatment plamse used, in the case of lab-scale soil
column studies, DOC removal efficiency ranged frd@% to 73% while for field studies it
ranged from 55% to 94%. Regardless of the operatorglitions and soil type, when the
residence time was more than 30 days, DOC remosalaiways >80%. However when the
residence time was <10 days, DOC removal variethfB9) to 90% depending upon the
influent DOC, redox conditions and soil type. It svalso found that the average DOC
concentrations of SAT product water in field sitesre <2 mg/L for both long term SAT of
secondary and tertiary effluents. It clearly showleat tertiary treatment before SAT may not
be necessary from the organic matter removal pwiniew as the effluent is comparable to
that obtained by SAT of secondary effluent (Shaetra., 2007).

Influence of redox conditions on DOC removal duringSAT of secondary effluent
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Figure 2-2 DOC removal efficiency versus travel distancéhia vadose zone during SAT of
secondary effluents.

Source: (Sharmet al., 2007).

Figure 2.2 shows that up to about 70% DOC remavathieved at a travel distance of 1.5 m
which is predominantly oxic. Depending on operatioschedule (wet and dry cycles) and
temperature, oxic condition may extend up to 3 rdepth. After oxic zone, reclaimed water
is further purified under anoxic conditions. Thisggests that in order to get better DOC
removal efficiency, oxic conditions should be mained up to about 2.0 m below the surface
of recharge basin. Table 2.6 presents the anatydOC removal from secondary effluents
at different depths of aquifer in soil/vadose zane saturated zone. DOC attenuation under
oxic conditions ranged from 10% to 72% while undeoxic/oxic conditions it ranged from
56% to 94%. Most contaminants are significantly eged during percolation of reclaimed
water through the vadose zone (Shaara., 2007).
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Table 2-6 Analysis of DOC removal data for SAT systems trgagecondary effluents at
different redox conditions

Source:(Sharmet al., 2007)

Travel Redox Removal efficiency Standard  No. of
distance  conditions (%) deviation  results
(m) (%)

Vadose Range Average

zone 1-2 Oxic 46-68 59 10 6
2-10 Oxic/Anoxic ~ 56-70 63 6 8
10-20 Oxic/Anoxic 72-73 73 1 2
20-40 Oxic/Anoxic 77-88 77 12 9

Saturated >40 Oxic/Anoxic

77-94 83 8 7

zone

2.4 Performance of SAT systems in water quality improveent

When the raw water or wastewater moves througlsdiido the groundwater one or more
of the following mechanisms take place (Abushb&k4).

* Mechanical Straining is the filtering action of theil.

* Sedimentation results in the retention of the sndpd solids smaller than
those retained by mechanical straining.

» Adsorption is regarded as the most important maifon process during
infiltration and percolation.

* Biochemical and bacterial activity involves decorsigion of organic matter,
build up of an organic filter-skin. This will lead improve the quality of the
percolating water.

For a long-term performance of SAT system, ther®tbabe a balanced interaction between
the process conditions. This is attributed to eglterm forecast based on the following
factors identified by (Idelovitcht al., 2003).

* Proper maintenance of infiltration basins prolofiggsation for removal of
suspended solids.

* Biodegradation and nitrification-denitrificationrfoemoval of organic matter
and nitrogen last forever under optimal conditidos bacterial activity
provided a balance between aerobic and anaerobditmmns is maintained.

* This can be achieved by proper design of the SAstesys for wetting and
drying cycles.
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* Adsorption and chemical precipitation for removélplmosphorous, heavy
metals and trace elements depend on the adsogtaeigitation capacity of
the soil matrix which is time limited

2.4.1 Pathogen removal

Escherichia coli (E-coli) are the most common member of fecal coliform bagtendigenous

to the intestinal tract of humans or other warmedkd animals. The US Environmental
Protection Agency (EPA) recommended tBatoli is a better indicator of fecal pollution than
fecal coliform for purposes of evaluating ambiamishwater quality. The presencekofcoli

in drinking water indicates that the water is comtzated by fecal material of humans or other
warm-blooded animals, and also indicates the pialefor the presence of pathogenic
organisms. The source dE-coli contamination in surface water includes municipal
wastewater discharges, septic leachate, agriculburatorm runoff, wildlife populations, or
nonpoint sources of human and animal wastedi/ah., 2002).

The use of treated municipal wastewater effluesti@med water) to replenish ground water
supplies through artificial recharge is increasiali over the world. The fate of
microorganisms and the ability to assess potentahtamination and assure the
microbiological quality of ground water is criticad protecting public health and obtaining
public and regulatory acceptance of managed growatdr recharge programs. The length of
time that viruses and viral genetic material maysisé in groundwater is important to
planning and designing recharge projects and utadelisg the additional health protection
provided by soil filtration (Foxt al., 2001).

One of the principal issues associated with indifgmtable reuse are potentially harmful
microorganism that pass through conventional andarmced water treatment systems
(Drewes et al., 2003). Microbial activity in the subsurface is int@ driven by the net
decomposition of organic matter, which provides noacganisms with the energy, nutrients
and electrons they need to synthesize biomassuestdirs life functions (Huntegt al., 1998)
as cited by Chacha (2007).

The removal of pathogens in a SAT system dependa wariety of factors including the
physical and chemical characteristics of the dbi, size and nature of organisms, and the
environmental conditions of the soil whether aecafwi anaerobic. The removal of virus is
controlled by number of factors, the key factorms pe of soil, type of virus, infiltration rate
and the degree of soil saturation (Quanstichl., 2003). Bacteria are also filtered but in
addition it may be adsorbed to the soil solid mateturing the wetting time and decay during
the drying time. It was observed that SAT system reamove fecal coliform effectively up to
99% by filtration in the upper few centimeters lbé tsoil profile. Viruses are too small to be
filtered by most soil pores and it is removed obly sorption and decay, but still they are
effectively removed. It was observed that high siremoval occurred after low infiltration
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rates were achieved in the system. This may takeephfter the development of the clogging
layer, which leads to increase the retention tiifiee lowest removal was observed when
infiltration was high and retention time low (Abumtk, 2004).

Although theoretical considerations strongly sugdbat coliphage may represent the best
choice for a microbial indicator of fecal contantioa in groundwater, field studies have not
yet provided substantial evidence to support thecten of any single indicator. USEPA is
currently examiningE-coli, Enterococci and coliphage as potential indicators of fecal
contamination in groundwater for the developing ugiwater rule. Current microbial
standards for drinking water in a distribution systare based on thetal coliform rule.
Current thought, however, is thatal coliforms lack adequate specificity to be an appropriate
indicator of fecal contamination in groundwaterr Bonilar reasons;lostridium perfringens,
another potential indicator of fecal contaminatibiat has been used more often in some
European countries, was also ruled out as a patentlicator of groundwater contamination.
Nevertheless, there is not adequate data avatialsiepport the acceptance or rejection of any
potential microbial indicator to detect fecal cantaation in groundwater (Foat al., 2001).

2.4.2 Nitrogen removal

i. Nitrification
This is an important biological process in wast@wvdteatment which occurs by two step
oxidation of ammonia. There are a number of aupdtio nitrifying bacteria that perform
nitrification but the most important genera amiérosomonas and nitrobacter (Metcalf and
Eddy, 2004) Ammonia oxidation is an aerobic prodésg requires oxygen. The two step

reaction starts with oxidation of ammonia to nériby nitrosomonas species followed by
conversion of the nitrites to nitrates fyrobacter species.

2NHf + 30, » 2NO; + 4H* + H,0 2-10

2NO; + 0, - 2NO3 2-11

The nitrates formed can be assimilated by otheamsgns or can be denitrified to dinitrogen
gas. Besides denitrification, nitrates can alstréesformed to other nitrogen forms known as
assimilatory nitrate reduction and dissimilatorytratie reduction. Assimilatory nitrate
reduction entails the reduction of nitrate to ammdoy bacteria. For nitrification to occur,
sufficient oxygen must be present. For completeation of 1g of NH'-N, 4.57g of oxygen
and 7.14g alkalinity (Calcium Carbonate) is requir®ther factors that affect nitrification
process include temperature, pH, BOD, toxic compsuand high concentration of other
forms of nitrogen (Metcalf and Eddy, 2004).
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ii. Denitrification
This is the biological reduction of nitrate to mtoxide, nitrous oxide and nitrogen gas by
microorganisms. It is a vital process in wastewdteatment plant where prevention of
eutrophication and N&N pollution of ground water is required. In natudenitrification is
an important process because it closes the lotipeafitrogen cycle. Without this process the

atmospheric nitrogen would be depleted. Denitrifarais favored in the absence of oxygen
(anoxic or anaerobic) although most denitrifiers facultative (Metcalf and Eddy, 2004).

iii. Removal of Nitrogen during SAT

The total nitrogen levels in conventionally treatkmmestic wastewater are on the order of 20
mg-N/L unless effluent is at least partially nigd. The dominant nitrogen species are
ammonium ion and organic nitrogen. During SAT rgen conversions tend to produce
oxidized nitrogen forms (predominantly nitrate) tthemay have groundwater quality
implications (Foxet al., 2001). Nitrogen removal from the percolated wateithe SAT
system is important because nitrogen may contamitted groundwater and cause serious
health problems if consumed by humans. Biologicahitlification has received much
attention as a method of removing nitrogen becd#ussurns nitrogen to the atmosphere as
inert N, gas. The main difficulty in using denitrificatias that N in the applied wastewater is
mostly in the NH; and organic N forms, which must be first oxidized NO; before
denitrification can proceed (Abushbak, 2004).

Nitrogen is very important in wastewater managent@&tause nitrogen has many effects in
environment like eutrophication, oxygen depletio &oxicity. Ammonia is extremely toxic
to fish and other aquatic organism, it is also @ygonsuming compound which can deplete
dissolved oxygen in aquatic environment (Chach@y720

Suspended solids are removed by filtration throiinghupper soil layer and the largest part is
of organic nature in form of volatile suspendeddsol Particulate kjeldahl nitrogen is also
removed by filtration in the upper soil layer ar tdissolved part by adsorption onto soil
particles. Ammonia is removed by adsorption andifizi@ition-denitrification biological
process while phosphorous is removed through clanpececipitation and adsorption
(Idelovitchet al., 2003).

Nitrogen removal has been observed during SAT atyrsdes recharging effluent containing
ammonia-nitrogen. A common hypothesis for thisagign removal is the two-step process of
autotrophic nitrification and heterotrophic deritation. Recharge basins are typically
operated to consist of a wetting cycle when wateapplied followed by a drying cycle. Due
to the net positive charge of the ammonium ions iadsorbed onto the soil in the upper
region of the vadose zone during the wetting cyblering wetting, oxygen is not available
for nitrification. As the soil dries and air/oxygenters the soil, the oxidation of ammonia to
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nitrate by autotrophic nitrifiers may occur. Thi®pess results in a high nitrate concentration
at the beginning of the following wetting cycle.i3mitrate, which tends to be more mobile,
is transported with the water deeper into the vadmse. Once the nitrate reaches an anoxic
zone, heterotrophic denitrification may convert thiate to nitrogen gas in the absence of
oxygen and in the presence of an organic carbatretedonor (Foxt al., 2001).

In order to achieve denitrification, wetting periatust be long enough to obtain anaerobic
conditions that allow adsorption of the ammoniumthe clay particles. The adsorbed
ammonium will be nitrified under aerobic conditiodisring drying part of cycle while at the
same time the nitrate will be denitrified in micemaerobic zones present in the aerobic
vadose zone. At the beginning of the wetting tirhéhe basin sufficient oxygen is available.
This leads the organic matter (usually stated z$,@,N to be degraded aerobically to form
ammonium as described by the reaction:

CsH,0,N + 50, > NH} + 4C0, + H,0 + HCO4 2-12

Amount of produced and original NHis adsorbed to the clay particles in the soil. The
amount to be adsorbed depends on the cation exel@apacity of the soil. As the drying
process starts, oxygen from the atmosphere starenter the soil to create the aerobic
conditions in the system. The adsorbed ammoniuroxidized by thenitrosomonas and
nitrosococcus bacteria (nitrifying bacteria) as described by¢hemical reaction:

NH; + 3/20, + H,0 - NO; +  HCO%, 2-13

The total nitrification of NH' during the aerobic or drying time is desirable torpote the
denitrification process during subsequent anaerobiwetting time and for avoiding NH
accumulation in the soil. This accumulation cangeapif the amount of Ni applied during
the wetting time exceeds that which can be nittifauring the following dry time. This
causes a subsequent increase in thg dehtent of the water during the next wetting time.

The formed nitrite N@ in soil environment is so quickly oxidized to nteaNG;™ that it rarely
accumulates: In most soils N@ not adsorbed to the clay particles. It moveslitgavith the
soil solution. If large quantities of wastewatee applied to the land NOwill move
downward and may eventually reach the groundwadexvever, whether N© is formed
from oxidizing NH;" or is initially present in the wastewater, it isbgct to denitrification
under the denitrification conditions of the soil ialh may prevent at least some of it from

moving downward:
<
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5CH,O + 4H* + 4NO3 - 5C0, + 7H,0 + N, 1 2-14

This mechanism of denitrification is known as hetephic denitrification. When sulfide,
iron, or manganese replaces organic carbon as ldwran donor the mechanism for
denitrification is known as autotrophic. Both memisens were found to take place when
oxygen levels are limited, but heterotrophic medranwas found to be the dominant in the
SAT systems. Therefore, denitrifiers prefer veryt s@l conditions, where there is available
organic carbon. The un-denitrified NAQrom this process will leach out to the groundwate
by the next wetting process. The remaining nittatg may leach out during the wetting
period of the following cycle will be removed wittistance of travel and dilution in
aquifer(Abushbak, 2004). Under the same studiesag also found out that most nitrogen
transformations take place in the upper 1m of ti@oge zone.

Table 2-7: The effect of the wetting time on the nitrogen petaemoved by soil column
with 5 days drying.

Wetting days N in sewage (mg) N in column effluent N removed
(mg) (%)

2 1641.5 1714.8 -4

9 4298.1 3108.9 28

16 6811.2 4547.3 33.2

23 9893.4 6685.7 33.9

Source: (Abushbak, 2004)
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Figure 2-3 Removal of ammonia from secondary effluent durioiaquifer treatment (SAT)
field site recharge basin in Tucson, Arizona in USA

Source:(Fot al., 2001)

Once nitrate reaches deeper (Figure 2.3) into tiexia zone, heterotrophic denitrification
may convert nitrate into nitrogen gas in the presesf organic carbon as electron donor (Fox
et al., 2001b). C: N ratio influence nitrogen removal,NCratio greater than 3 is necessary to
sustain high nitrogen removal efficiency (Fek al., 2001b). In field sites the removal
efficiency of nitrogen is site specific, for exarapghe Dan region recharge project in Israel
reported nitrogen removal efficiency of 45% witiNGatio 2:1 while the Tucson Sweetwater
site in USA reported a removal efficiency 25-90%hwC:N ratio less than 1:1 (Feet al.,
2001b). According to Foxt al. (2001b) the Dan region recharge project has saffici
organic carbon to sustain heterotrophic denitrftca The high removal efficiency of
nitrogen species may be attributed to anaerobic @mum oxidation (ANAMMOX) at
Tucson Sweetwater site.

Previous laboratory-scale studies conducted at UNESHE are shown in Figures 2.4 and
2.5 presenting nitrate and oxygen profiles alorg depth of the column, respectively. It is
clear from Figure 2.4 that in the top one metertted column there is nitrification of
ammonium present, leading to an increase in nitateentration. As there is depletion of
oxygen in the subsequent depth of the column, thatrfication of the nitrate starts. As
expected, at higher HLR, nitrification and denitdtion activities shifted deeper down in the
soil column. It can be concluded that when propeoxk conditions and adequate depth of the
soil column is provided, both nitrification and deification can be achieved during SAT.
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Figure 2-4 NOs'-N profile along the soil column at different HLRhen operated under
aerobic conditions with settled primary effluent.

Source: (Katukiza, 2006)
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Figure 2-5. Oxygen profile along the soil column at differéfitR when operated under
aerobic conditions with settled primary effluent

Source: (Katukiza, 2006)
2.4.3 Phosphorous removal

Release of phosphorus (P) from anthropogenic sswgeh as municipal wastewater, runoff
from agricultural areas and landfill leachate tkels, rivers, and coastal areas constitutes the
main risk for reduced water quality and eutrophaat Eutrophication may increase
significantly the cost of water treatment in sueacater treatment plants. At the same time,
P is an essential nutrient for all forms of lifedazannot be replaced by any other element. In
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order to reduce the negative effects of overloadimegecosystems with P as well as reducing
the high costs that accompany the mining and psiegf P, it is necessary to investigate
various techniques and materials that could camiilbo the removal as well as recycling of P.

Earlier studies have shown that the short-term rPtem may be overestimated in
experiments using only a pure P solution, as tmepetitions with other negative ions are not
considered. The studies also showed that highevaities led to higher P removal and that
the P removal decreased in the presence of coimpeitins such as GICOs*", SQ, 7, and
humic acid (Adanet al., 2007).

Phosphorous present in municipal wastewater iooim fof orthophosphate, polyphosphate
and organic phosphate. Nema et al. (2004) found tbat orthophosphate is removed
biologically but stressed that phosphorous remadegends on chemical reactions that must
be renewed. Treatment plant effluent dischargetdirnave ranged from 0.10 to 2.0 mg/L of
phosphorous depending on plant location and paieimtipact on receiving waters (Metcalf
and Eddy, 2004).

The main sources of phosphorus in municipal sevaagexcreta and detergents. Raw sewage
can contain 5 mg/l to 50 mg/L of phosphorus depapdn diet and water use on local
population. The activated sludge treatment plaais educe significantly the phosphorus
concentration in wastewater. The basic configuratd activated sludge treatment plant
consist of anaerobic and aerobic zone, phosph@msval is through biological process in
aerobic zone (Pescod, 1992).

The most important media characteristics for P gdsm are good hydraulic conductivity
and chemical composition of the adsorption mediavali as their Ca content. Because
phosphorous is removed via sorption and precipitapirocesses, Ca, Fe and Al content is
important in efficient P removal. However, P remlogHiciency is often high initially and
then decreases after sometime as the P-sorpti@ticapf the sand is exhausted. The amount
of P adsorbed increase with increase the pH andvainefficiency is predominantly affected
by porous media size and type (Voblal., 2011).

The phosphorus removal during SAT is through adsmrgo soil as reclaimed wastewater
percolates the soil and sediments. Other mecharirschgle filtration and microbial uptake.
However, phosphorus adsorption is controlled byinkeraction of redox potential, pH, native
iron, calcium and aluminum minerals and the irorPtoatio. The main removal process for
phosphorus is chemical precipitation reaction \iliga calcium and magnesium ions present in
the soil and adsorption (Idelovitat al., 2003). Furthermore, phosphorus is removed by
adsorption onto iron and aluminum containing miteeeand precipitation with these minerals
(Reemtsmat al., 2000).
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2.4.4 Bulk organic matter

i General

TOC is a measure of the total mass of organic catparticulate and dissolved). Most TOC
analyzers involve a chemical (wet oxidation) omrtha (combustion method) conversion of
organic-C to an equivalent amount of carbon dioXid€z) which is measured by a GO
specific detector.

DOC is defined as dissolved organically bound carbdassified by filtration through a
0.45um filter. TOC is comprised of DOC and POC fjpatate organic carbon). During SAT,
there is virtual complete removal of POC through thp-most layer of the vadose zone and
hence, in the subsurface, TOC and DOC are esdgriplivalent.

Biodegradable Organic Carbon (BDOC) is the biodegjée fraction of DOC. The remainder

of the DOC is deemed the non-biodegradable DOC (@8 Non-biodegradable portion of

DOC remaining after SAT simulated in a soil-colurset-up is operationally defined as
residual DOC. The persistent, recalcitrant parbrgfanic matter, resistant to biodegradation
and not sustainable adsorbed during SAT, is defasackfractory DOC.

UVA is a spectrophotometric measurement based eraltisorbance of UV light by organic
(and inorganic) molecules. Over the UV wavelengihge of 200 to 400 nm, the most
commonly used wavelength is 254 nm (UVA-254), whtitere is strong absorbance by
molecules containing unsaturated and double-bocddabn (e.g., aromatic carbon). At low
wavelengths near 200 nm, there are interferencasedaby inorganic compounds (e.g.,
nitrate).

SUVA representing the ratio of UVA-254/DOC is améx of aromaticity. Since SUVA is
normalized to DOC concentration, increasing SUVAlicates a larger percentage of
unsaturated carbon-carbon double bonds (i.e.,asgrg aromaticity). SUVA correlates well
with the aromaticity and the hydrophobicity of thrganic carbon, SUVA values 4 and higher
indicates that the organic matter is dominatedigiidr molecular weight and by hydrophobic
humic acid fraction, SUVA between 2 and 4 indicdtest the organic matter is a mixture of
hydrophobic and hydrophilic fractions of differanblecular weight, humic and fluvic acids
and SUVA less than 2 indicates that mostly non-teytoiw molecular weight and substances
with low hydrophobicity.

Fluorescence is a spectrophotometric measuremeamlving two steps, excitation of
molecules that fluoresce (fluorophores) at a UV elergth (excitation wavelength) and
subsequent measurement of their fluorescence athighef) emission wavelength.
Fluorescence spectroscopy offers an additionalfayatharacterizing bulk, or isolated, DOC.
Advantages of fluorescence over UV absorbance decteduced interference from inorganic
compounds and more opportunities to optimize thgnai through the combination of
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excitation/emission wavelengths. Generally, antakon wavelength, providing a maximum
emission signal, is first determined from an exmtawavelength scan. Next, the maximum
emission wavelength Anax) is determined with the response reported atatire)
fluorescence intensity. Molecules that fluoresceith reasonable efficiency are aromatic
molecules and those with highly unsaturated alipbafi.e., molecules with extensive
systems). The general rule is that electron-witiiirg functional groups (e.g., carboxyl)
reduce fluorescence, and electron donating funatigroups (e.g., phenolic or amine)
enhance fluorescence. Fluorescence spectroscopyroagle a tool for assessing structural
bonding features, functional groups, and polarftp®C (Foxet al., 2001).

Fluorescence quenching refers to any process which decreases the fluemesdntensity of a
molecule. A variety of processes can cause fluerese quenching, such as excited state
reactions, energy transfer, complex formation amdeoular collision. This phenomenon may
pose challenges for the implementation of fluoreseespectroscopy for water quality
monitoring method due to the complex and variabéewmatrices that exists within water
recycling systems and distribution networks. Theteptal influence on fluorescence
measurements from temperature variations, pH, nwialand oxidation processes need to be
considered.

Temperature: Fluorescence intensity is highly dependent on tmatpre. A rise in
temperature increases the likelihood that an exatectron will return to its ground state by
radiationless decay, leading to reduced fluoreszdntensity. For example, fluorescence
intensity can increase by 1% with &Cldecrease in temperature, within the range 1145
for tryptophan-like, humic-like and fulvic-like sstances depending on colloid size and
fluorophores. Within the context of recycled wasehemes, water temperature may vary
across a range of 2D or more between summer and winter, leading t@raesponding
minimum in fluorescence intensity during the sumimg20%. However, no research has yet
been undertaken on the thermal quenching propesfiescycled waters (Hendersehal.,
2009).

ii. Removal of organics during SAT

Wastewater is classified as strong, medium, or weeending on the concentration of
contaminants. In medium strength wastewater, absut of suspended solids and 40% of the
filterable solids are organic in nature. Organionpounds are normally composed of a
combination of carbon, hydrogen and oxygen. Thagmwal groups of organic substances
found in wastewater are proteins (40 to 60%), daydoates (25 to 50%), and fats and oils
10%. In addition to that, Organic matter in wastewas highly heterogeneous, containing
molecules of various molecular weights ranging friiva simple compounds like acetic acid
to very complex polymers.
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Bulk organic matter in wastewater contains a hétepbic mixture of hydrophobic and
hydrophilic organic compounds with a wide range neblecular weight, including non
homogeneous organic compounds such as humic sabstammino acids, sugars, aliphatic
and aromatic acids. DOC can be broadly divided nto fractions: humic substances (HS)
and non-humic substances (non-HS), which includbotgydrates, lipids and amino acids.
HS are considered resistant to bacterial degradatihiere as non humic substances are
biodegradable and often referred to as BDOC. Ocgarnin wastewater can be best
characterized by TOC, the concentration of DOCulslel organics measured by gross
parameters such as biological oxygen demand (B@D)chemical oxygen demand (COD),
total organic halides (TOX), and absorbance at Vemggh254 nm (UV254) (Abushbak,
2004).

Residual organic compounds in reclaimed water aigt from three major sources: (1)
anthropogenic organic compounds added by consui@rslOM already present in drinking
water, and (3) SMPs generated during the wastewatment process due to the
decomposition of organic material (Drewatsl., 2003).

One of the major aims of drinking water treatmentoi remove NOM from raw water. NOM
may react with disinfection chemicals and causesamdble microbial growth in distribution
systems and formation of disinfection by produBsok first noted the production of organo-
halides via the reaction of free chlorine with dised organics during chlorine-based
disinfection of water. The first DBPs to be widegcognized and regulated were the THMs.
These compounds are suspected human carcinogeasr(@et al., 2003).

The fractionation of DOC based on previously depetb methods separated DOC into
hydrophobic acids consisting of fulvic and humicida¢ hydrophilic acids and ultra
hydrophilic acids. Under same studies, it was &smd out that humic substances constitute
a significant part of soluble organic substancesdpced during SAT treatment process,
which together with Fulvic acids form EfOM in recteed water (Drewes and Fox, 1999).

EfOM comprises of NOM dominated by humic substarméginating from drinking water
and SMPs that include proteins and polysacchaiidesy, 2005). Concentrations of NOM
and hence EfOM are in the order of higher magnitutdeomparison to synthetic organic
compounds with concentrations in the order of felragrams per litre. Therefore, the TOC
variations in domestic effluents are attributedhte characteristics of drinking water sources
(groundwater or surface water), the type of wastem@omestic or industrial effluents) and
the wastewater treatment technology (Drewes and F289).

The bulk organic carbon fractions are used in iigatng the fate of EfFOM. They include:
Hydrophilic organic matter (HPI), hydrophobic aci@dPO-A), colloidal organic matter
(COM), and SMPs and were used by Rauch and Dref@] in assessing bulk organic
matter removal. During artificial groundwater remg NOM is removed by physical,
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chemical and microbial processes. In conventioradirb infiltration, part of the removal
occurs in sediment bio films of the basin. In sklimy infiltration, forest soil also releases
NOM to the subsurface. NOM is then removed in theose and saturated zones.

Transport of large quantities of NOM into aquifessa crucial issue of artificial groundwater
recharge due to the potential risks of clogging anelak-through. Either of these would
adversely affect aquifers. Microorganisms may akey role in preventing these adverse
effects and providing a method of environmentallgtainable drinking water production.
Several studies have focused on the different N@Maval mechanisms in both artificial
groundwater recharge and SAT illustrating the ingoore of biodegradation. Bacterial
abundance in the subsurface varies in differenezaepending on the hydrological, physical,
and geochemical conditions. In the vadose zone]dlokne of nutrients results in a decline in
bacterial numbers. However, possibly due to mixofgoxygen and recently recharged
nutrients, the groundwater interface has a higherlrer of bacteria. In the subsurface, most
of the bacteria are attached to soil particlesiadilns (Kolehmaineret al., 2007). Several
studies have shown that TOC in wastewater efflugrdignificantly reduced during SAT.
Table 2-8 shows reductions in total organic carbdoring SAT of wastewater effluent from
different studies.

Table 2-8:Reductions in total organic carbon during SAT obteavater effluent

Authors (Year) Reduction (%) Co (mg/L) Sediment column
thickness (m)
Bouwer et al. (1974) 73 10-30 3.3
Bouwer and Rice (1984) 70-71 10.2-11.7 18
Idelovitch and Michail (1984) 82 18 25
Nellor et al. (1984) 66 10 2.4
Amy et al. (1993 50
Y (1993) 10.7-12.6 6.1

Wilson et al.(1995) 15, 1242

90 37
Drewes and Fox (1999) 5.7%

72 20

Source: (Quanrue al., 2003)

! dissolved organic carbon.
2 annual averages for two recharge seasons
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2.5 SAT challenges and limitations

2.5.1 Challenges

Using reclaimed municipal wastewater for artificiatharge of groundwater presentwide
spectrum of technical and health challenges. Onthefmajor issues associated WBAT
leading to potable and non potable reuse of reeldinvastewater is the presence of
potentially harmful organic compounds, trace elets@md pathogens that eventuatigy be
consumed by public. Incidental or unplanned indifgatable reuse of polluted water may
expose people to health risks. Non potable usel asdrrigation have less potential for
human exposure to hazardous agents and the riskbaaefore significantly lower (Asano
and Cotruvo, 2004).

Pathogenic organisms and trace organic compourgdyarfar a predominant concern to
public health, it is important to design multiplarbers systems to assure continuous
production of safe water. Therefore, SAT processukhbe designed and managecdhtwid
encroachment into the native groundwater (Asano @wdruvo, 2004). However, the
infiltration of reclaimed wastewater via soil pelatton generally removesicroorganisms
such bacteria, viruses and therefore serves astection against diredtealth effects(Asano
and Cotruvo, 2004).

2.5.2 Limitations

The following are some of the limitations of SATs&mMs:

» SAT systems are site-specific and require detdilgifo-geological studies to confirm
the suitability of the soil matrix at their propdsdocations. These studies are
expensive and time consuming.

* No reliable transfer of experience to others. SATastricted by lack of information
on rational design and operation of the system (&leral., 2004).

 Only limited barrier for certain contaminants besautrace unregulated and
uncharacterized organics still present in smalkeotrations in the treated water may
be toxic and this hinders the acceptability andasnability of the product water.

» Space limitation important for future research.

* Possible release of iron and manganese.
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3 MATERIALS AND METHODS
3.1 Introduction

This chapter gives details of the experimentalsetperimental procedures, data collection
and analysis. Soil column and batch experimentsewsarried out at UNESCO-IHE
laboratory to simulate SAT with respect to orgammatter, nutrients (nitrogen and
phosphorous) and pathogef-doli andtotal coliform) removal. During the research period,
data were collected from the tests carried on batah soil column setups for analysis and
removal trends were established. The materialseraxental setups and experimental
procedures that were used during this researcasagielineated below

3.2 Experimental setup during laboratory studies

To determine the biodegradability of effluents frétoek Van Holland WWTP, two
experimental setups were used.

3.2.1 Batch experimental setup

Batch experimental setups were used to simulateetineval efficiency of SAT in removing
bulk organic matter, nutrients (N & P) and pathageihe source water used for the
experiments is both Secondary effluent (SE) anth&y effluent (PE) collected from Hoek
van Holland Wastewater Treatment Plant (WWTP) Nb¢herlands.

Batch experimental setup consisted of transparass ottles of 500 mL containing 100 g
acid washed silica sand. The sand was initiallcutated using Hoek Van Holland WWTP
PE and SE. This established a robust microbial jatipn on the sand particles. Acclimation
of microbial populations was achieved by dosing tbéactors with 400 mL of Hoek Van
Holland WWTP PE and SE over multiple 5-day cyclédass bottles were continuously
agitated using a shaker table.

Twenty soil batch reactors with bio-acclimatedcsilsand with grain size ranging from 0.8
mm to 1.25 mm were arranged to simulate SAT. Theeements were carried out with
source water at aerobic and anoxic conditions. rei@+l shows batch reactors placed on
table shaker.

37
Y N Malolo



Msc thesis: Effect of temperature and redox conditions on removal of contaminants during soil aquifer treatment

Figure 3-1: Batch reactors on a shaker table
3.2.2 Short soil column experimental setup

Prior to experiments, laboratory-scale short salumns containing silica sand were
biologically acclimated. Silica sand with grairzesiranging between 0.8 mm and 1.25 mm
was packed (wet) into XK 50/30 column. This colucamsists of borosilicate glass tube with
300 mm length and 50 mm inner diameter, in additoacrylic plastic tube thermostat with
threaded ends. The end pieces of the column are ofaginforced acetal plastic and contain
O-ring, sealing ring, washer and locking ring. Besi, a tubing connector through which
water enters or leaves the column is interconnewitdthe end pieces. Peristaltic pump was
used to introduce the influent water in down flowdr after which the water infiltrate into
the media under the effect of gravity. Four shoit solumns (as shown in Figure 3-2) were
deployed to simulate the subsurface conditions aswkrtain the removal of bulk organic
matter, nutrients (N & P) and pathogens and estaibly the dominant removal mechanism
during soil passage. Two columns were connecteddiiller, whereby water temperatures
were adjusted from 25°C, 20°C and 15°C to analyee dffect of seasonal variation of
temperature using PE and SE. All four columns viidesl with biologically active silica sand
(0.8 — 1.25 mm), ripened with SE and PE for 12 wseek
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Figure 3-2: Laboratory scale (short) soil column setup

3.3 Experimental procedures

PE and SE from Hoek van Holland WWTP were usednfiseint water. The main water

quality parameters of these waters were charaeteasid measured during SAT simulation
studies. Short soil column experiments were cardaet at different redox conditions and
temperatures to assess SAT performance while @#&meters remaining constant. Batch
experiments were carried out only at different sredonditions.

3.3.1 Batch experimental procedures
Procedures of batch reactor experiments were agnaesd below:

1. Influent water was collected, characterised andedtin a cold room under ambient

temperature of € before it is used in the experiments.

2. Influent water was brought out of the cold room &eg@t under room temperature for
at least 1 to 2 hours before it is used in the expBnts.

3. Bio-active sand was prepared to allow the growtbaifteria on sand with SE and PE.
Approximate 100 g of silica sand 0.8-1.25 mm wadealdto 0.5 litre glass bottle, PE
and SE were filled up to 0.45 litre levels. Bateagtors were run in triplicate. The
water inside the reactor was constantly mixed amgwed by emptying it away and
refilling the reactor with a new batch of watereafevery 5 days. DOC concentration
was checked on day 0 and day 5 until steady staipr@ximately constant DOC
removal) conditions were attained.
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4. Batch experiments were then carried out at diffepencess conditions by using the
already ripened 100 g bio-sand with PE and SE.

5. Analysis of bulk organic matter, (DOC, UVA-254, IEME, NHs-N, NOs-N, PQy-P, E-
coli andtotal coliform) was carried out by taking samples from each bagelttor
over the period of operation of the batch experimén establish removal efficiency
of SAT and the degradation of the BDOC component.

6. Of all twenty batch reactors, eight batch reacteegse control batch reactors four with
PE and other four with SE influent. The controlgevepiked with 2.0 mmol/L sodium
azide (NaN) to inhibit aerobic microbial activity

7. The difference between initial DOC and DOC at thst Iday of the experiment is
biodegradable DOC (BDOC) that has been removedilaadOC at the last day is

NBDOC.

3.3.2  Soil columns (short) experimental procedure.

Seasonal variation in ground water temperature suasilated by carrying out laboratory-
scale soil columns experiments. These experimeetge warried out at different operating
temperatures controlled by chiller to evaluatedffect of seasonal variations on the removal
of bulk organic matter, nutrients mainly nitrogemdgphosphorous and pathogenic bacteria.
SE and PE were used as influent water for soilmokiexperiments.

Experimental procedures of soil columns experimeste as designated below:

1- Source water was stored at an ambient temperafut®Coprior to application to the

soil columns experiment to minimizing the microlaativities.

2- Soil columns’ filter material were kept under cowibus influent water flow to
stabilize biological activity in the fixed bed madduring ripening period and
measurements of DOC in influent and effluent weexjdiently done based on the
EBCT. The EBCT for the soil columns experiments apgroximately 12 hours.

3- Having attained maturation of soil columns afteening phase, the characterized
influent water was applied to soil columns at dif@ operating temperatures

4- Samples were collected from influent and efflueatex applied to the columns and
filtered with 0.45um cellulose membrane filter and stored 4@ frior to analysis.

5- Analysis of various parameters (DOC, UVA 254, FEEH4-N, NOs-N, PQy-P E-
coli andtotal coliforms) was performed from the collected samples

6- Temperature of soil columns was lowered or incréassing a chiller. These
experiments were used to assess bulk organic matterents (N & P) and pathogens
removals by simulated SAT.
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3.3.3 Experimental process conditions

The experiments with both soil columns and batectt@s simulating SAT were carried out
at a range of process conditions to determine thiéact on DOC, nutrients (N &P) and
pathogen removal from wastewater effluents.

i. Aerobic and anoxic conditions

Aerobic conditions were maintained by aeration ofluent water for the aerobic
biodegradation of bulk organic matter. During aeraidissolved oxygen concentration was
maintained to above 8.0 mg/L. Under oxic conditioa electron acceptor is the oxygen)O

Anoxic conditions were established during the expent by constantly stripping off O
using nitrogen gas until the dissolved oxygen levatk less than 0.2 mg/L. Fine diffusers
were connected to Nine so that the Ngas distributed evenly in the reactor. In comuearris
to aerobic biodegradation process, in the anoxidition NG; is the electron acceptor.
Anoxic batch reactors were previously ripening unaerobic conditions and after ripening
the same bio sand were used. Anoxic conditions waamtained using a constant flow of
nitrogen gas in both reactors to remove the availdissolved oxygen usually present in SE
and PE. Table 3-1 summarize the experimental psoocasditions of the batch and soil short
columns experiments respectively

Table 3-1: Experimental process conditions

Type of Watertype  Temperature Redox HLR
experiment conditions (m/day)
Batch PE Room temperaturc Oxic, Anoxic N/A
(20-22C)
SE Room temperaturc Oxic, Anoxic N/A
(20-22C)
Short column PE 15 °C, 20°C & 25°C Aerobic 0.625
SE 15°C, 20°C & 25°C  Aerobic 0.625

ii. Hydraulic loading rate

To study the effect of temperature and redox cambton the removal of bulk organic matter,
nutrients and selected pathogenic bacteria duerngslumn studies a hydraulic loading rate
of 0.625 m/day was adopted. The flow rate was otlett and maintained using a measuring
cylinder and a stop watch. The hydraulic loadirtg m@as then established using the flow rate
and the cross sectional area of the soil columre EBCT corresponding to a hydraulic
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loading rate of 0.625 m/d is 12 hours for a coludepth of 0.3 m and internal diameter of
50mm.

iii. Filter media
The filter media that will be used in this studynssted of silica sand of size 0.8 mm-1.25
mm. Theeffective filter bed will be 300 mm deep for eadiunn usedo simulating SAT

system. The porosity of silica sand media of siZ& 1025 mm diameter used for this was
assumed 0.4.

3.4  Analytical methods

The techniques, reagents and apparatus used tareebierent parameters during the study
are delineated below.

3.4.1 Measurement of Temperature, EC, pH and @

The electrical conductivity and temperature ofiafluent and effluent water was measured
with WTW cond 330i conductivity meter. During meesment the probe of the meter was
inserted in the sample, the sample was stirrednsure uniform mixing and when stable
reading obtained, the reading was recorded. Disslabxygen was measured with the specific
HACK HQ10 oxygen meter. For short soil columns thesolved oxygen of samples was
measured from inlet and outlet of the soil columhke probe of the oxygen meter was
inserted in the collected sample at the outlethefdolumn, A stable reading when obtained
and recorded.. Measurement of pH was carried ouisnyy Metrohm-691 pH meter which
was calibrated prior to the measurement. Samples wellected in plastic cups from the
influent and sampling points of the soil columns &me batch reactors and the samples were
placed on a magnetic stirrer to ensure uniforniityen the meter probe or the electrode was
immersed in the sample after rinsing it thoroughiy spouting demineralised water from
plastic wash bottle. The stable final reading vesir

3.4.2 Measurements of DOC /TOC

TOC/DOC was measured using Shimadzu TOC-VCPN tmigdnic carbon analyzer. The
samples of DOC were prepared by filtering througtsom of cellulose membrane. TOC was
not measured for this case DOC was the main paesroéthe research. The DOC analyzer
was calibrated to measure within the range @0l to 20 mg/L. The 40 ml glasses (vials)
were used to place samples in auto-sampler of DXByzer. The collected samples during

the batch and soil experiments were diluted forifflaent and filtered through 0.4pm to

vials. The glass vials were acid washed and drietDiC oven to remove any residual carbon
on it. The cellulose acetate membrane was cleapedking with milli-Q water at least for
24 hours to eradicate the leaching DOC of therfilkefore measuring of samples, DOC
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analyzer was run with milli-Q water (with two detgnation) to clean the system and to make
sure the given results are correct. Figure 3-3 shibw TOC/DOC analyzer used in this study.

Figure 3-3: Shimadzu TOC-VCPN total organic carbon analyzer

3.4.3 Measurement of Ammonia, NH-N

Ammonium nitrogen was measured using Dichloroisnayate method, which consisted of
the preparation of reagents and standards. Ammo(iNifa*™-N) was determined using the
standard curve after measuring the absorbance Jain6b of standards and samples using
Shimadzu UV-2501 PC UV-VIS spectrophotometer. Tladibcation curve (NH'-N Vs
absorbance) was prepared using the standard stbatkos of NH,Cl. The standards were
made by diluting the stock solution to 50 ml. Pragian of reagents and the procedure of
samples preparation are describes below.

Reagents

Salicylate reagent: 130 g of sodium salicylate (Na@sO3) and 130 g of
Sodiumcitratedihydrate (N@sHs0;.2H,O) were dissolved in about 650 mL of deminaralized
water in 1000 mL volumetric flask. The pH was chetland adjusted to a maximum 8 using
HCI. Finally, 0.970 g of disodiumpentacyano nitrdorrate (lll) (NaFe (CN) 5NO.2HO)
was mixed and filled up with demi water to the méwkmake the solution 1000 mL. The
solution was stored in glass bottle and it hadet@sed within two months.

Dichloroisocyanurate reagent: 32.0 g of NaOH was dissolved in 500 mL of dematised
water, cooled to room temperature and 2.00 g ofusadichloroisocyanurate (Nal30sCly)
was added. The volume was made up to 1000 mL wveithi dvater and mixed. Lastly, it was
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stored in the refrigerator and it had to be usddiwil5 days.

Sock NH,Cl: 3.819 g of anhydrous NJ@I was dissolved in deminaralized water and diluted
to 1000 mL.

Sandard NH,CI: 10 ml of stock solution was diluted to 1000 (IO Ml = 0.01 mg N=1Qug
N)
Procedure

a) 40 ml diluted and filtered samples were transfetoed 50 ml volumetric flask.

b) 4.0 ml of Salicylate reagent was added and mixed.

c) 4.0 ml of Dichloroisocyanurate reagent was addetnaixed.

d) The mixture was then filled up to the mark with deanalized water and mixed.
Absorbance at 655 nm of both the standard solutiand the samples were
determined using a spectrophotometer between B &iodirs.

e) Calibration curve was then prepared for the readofghe standard solutions (I¥H
N versus Absorbance at 655 nm).

f) From the mathematical expression of the calibrdtime the NH-N concentration of

the samples was determined for a particular absoebha

3.4.4 Measurement of Anions (NQ-N, PO,-P)

Anions were measured using DIONEX, ICS-1000 lond@tatography system coupled with
ISA-100 automated sample injector. A filtered saenpll about 1 ml was used for the analysis
in the lon Chromatography system. Mili-Q and cohsample of known anions concentration
were analyzed prior to the samples during each yaisal Figure 3-4 shows lon
Chromatography assembly.

Figure 3-4: lon Chromatography system
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3.4.5 Measurement of UVA 254 nm/SUVA

Shimadzu UV-2501 PC UV-VIS recording spectrophot@nevas used to measure the UV
absorbance at wavelength of 254 nm. Quartz cuvettes used to contain the samples and
the blank, which was a Milli-Q water sample. TwollMQ water samples were first used to
auto-zero the spectrophotometer. A tap water samatemeasured as a control to ensure that
the system was working properly. Then the undilg@ehples, first filtered through a 0.46
filter were analysed. Before measuring, the cuwete properly cleaned and dried with tissue
paper and rinsed once more with the sample. Betwessurements a tap water was checked
intermittently as a control. The orientation of thevette was kept the same for all samples to
the auto-zeroed sample. Figure 3-5 shows the Udrabace equipment.

Figure 3-5: Shimadzu UV-2501 PC UV-VIS spectrophotometers

3.4.6 Measurement of FEEM

The removal of different fractions of organic matwwas analysed by measuring the
fluorescence excitation-emission matrix (F-EEM) e of different samples of batch and
soil column experiments. F-EEM was measured usimgbid Jobin Yvon Flouormax-3
spectrofluorometer. The samples were prepared eas@ DOC and UV-254 measurement; in
addition to that it was diluted to 1 mg/L of DOCedause the instrument was calibrated to
measure the maximum of 1 mg/L DOC samples.

During measurement of FEEM first the xenon lamp &waman peak performance was
verified. Next as a blank Milli — Q water sampleage pH was adjusted to 2.8 £ 0.1 was
analysed. The range of the wavelength used in BiEeM-matrixes are; Excitation: 240 —450
nm (10 nm intervals) and Emission: 290 — 530 nnmrR intervals). EEM of the blank was
subtracted from each sample to remove raman sqesis. Correction steps were applied to
each blank-subtracted EEM using emission and esanit@orrection factors provided by the
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manufacturer. Then the EEM contours were plottediRTLAB software using the code
written for this purpose. This enabled the DOM fii@ts to be categorized in terms of protein
— like material, humic — like material and fulvic ltke material. Figure 3-6 shows the
measuring equipment of F-EEM.

Figure 3-6: FluoroMax-3 for fluorescence measurements
3.4.7 Measurement of pathogensE-Coli and total coliform bacteria)

Unfiltered samples from influent and effluent detrand outlet points of the soil columns and
batch experiments were used to mea&oeli andtotal coliforms. A liquid chromocult agar
(growth media) from (Merck KGaA - Germany) was adidie three triplicate test plates. 26.5
g of chromocult agar was dissolved in 1000 mL ohoteralised water in round-bottom flask
and put in a water bath at 99°C for 30 minutes. Attdiquid agar was then transferred to two
smaller 500 mL round-bottom flasks and its tempgeatvas reduced to 50°C by keeping the
flasks in an oven at 8G. The liquid agar will then be transferred to fastes.

A volume of 0.1 mL from well shacked sample waseatitb plate and brought to contact
with the agar by using a glass distributor whicls\sterilized after each sample using a flame.
Test plates were kept under an ambient temperatfuBy°C in an incubator for 24 hours.
Enumeration of botli-coli andtotal coliform bacteria was carried out on the following day
and obtained number of bacteria will be multiplyhwa dilution factor to express it in number
of bacteria as CFU/mL. Dilution of samples was dediupon based on the initial results of
diluted and undiluted tests. The chromocult agas imaculated by spreading the sample on
the surface of the plates and the plates were tiddean into the incubator for 24 hours at a
temperature of 37 degrees celicius. After 24 h@lkF&)/mL appeared as dark blue to violet
colonies on the plates for E-coli and pink redttdal coliform.
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4 RESULTS AND DISCUSSION

4.1 Introduction

Attenuation of bulk organic matter, nutrients (ogen and phosphorus) and pathogens during
different SAT process conditions was assessed Ualmgratory-scale batch and short soil
column experiments. Experiments were carried othh RE and SE under different reduction-
oxidation conditions. Additionally, the effect admperature in removing contaminants under
aerobic conditions was assessed in soil columndiestu Results obtained from these

experiments are presented in the following sections

4.2 Characteristics of effluent wastewater

Both PE and SE collected from Hoek van Holland W\WTWRre characterized prior to

application to the laboratory-scale batch reactord soil columns. Characterization of the
effluent wastewater is imperative to assess changestewater quality with regard to bulk

organic matter, nitrogen, phosphorous and pathog&éhse PE and SE were regularly
characterized shortly after collection from the WW/TThe average quality characteristics of
wastewater effluent applied to column and batckupstare presented in Table 4-1.

Table 4-1: Wastewater quality of primary and secondary efftsen

Parameters Units Secondary Effluent Primary Effluent

Temperature °Cc 11+2.2 13.2+0.4

E-coli CFU/mL 170£70 35600+£15500

NOs-N mg/L 4.32£1.27 0.72 £0.32

Total coliform CFU/mL 1600+£990 310600+£104000

BOD mg OJ/L 6.2+1.3 180.67+34.68

Dissolved Oxygen mg O,/L 5.9+1.2 2.1+0.46

TDS mg/L 720.89+84.36 850.84+76.61

EC uS/cm 1079+£176.2 1497+121.2

DOC mg/L 12.75+2.3 42.49+10.26

UVA 54 1l/cm 0.419+0.1 0.523+0.15

PO4-P mg/L 3.86+1.63 5.28+1.66

pH - 7.210.1 7.29+0.1

NHs"-N mg/L 0.2+0.1 32.02 +£4.28

COD mg O,J/L 51.3+14 296+46

SUVA L/mg-m 3.15+0.3 1.83+0.1

Redox mV 184+27.22 79+14.75

SS mg/L 4.54+1.39 107.06+30.35

Alkalinity mg/L as HCO3- 301.34+28.75 497.03+46.64
mg/L as CaCO3 247+23.57 407.40+38.23
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4.3 Ripening of laboratory-scale batch and soil colummset-ups

DOC was constantly measured and monitored for emfiluand effluent of batch and soil

columns until steady state conditions with respectDOC removal was reached. DOC
concentrations of wastewater fed to batch react@s measured at 5-days intervals while
hydraulic retention time was used to collect samfiem soil columns. In case of soil column
studies, four short soil columns were used. Twairmwis were used with PE (labeled PE-C1
and PE-C2) and the other two columns were used SHlflabeled SE-C1 and SE-C2). After
ripening, the columns were used to study effectliierent process conditions. PE-C2 and
SE-C2 were used to explore the effect of tempesatur removal of contaminants and the
other two columns (PE-C1 and SE-C1) were usedudysihe effect of redox conditions on

contaminants removal.

4.3.1 Ripening of laboratory-scale soil columns

Ripening of soil column was carried out continuguslr 12 weeks using PE and SE under
aerobic conditions until DOC concentrations exitihg soil columns were relatively constant
(x2%). Influent and effluent samples were collected ongerye 2 or 3 days due to the short
EBCT for the soil columns. Figure 4-1 shows the Df@@ovals during ripening period in
both PE and SE.
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Ripening period (Days)

Figure 4-1: DOC removal during ripening period for SE- C1 arif E2 (influent: PE and
SE, media size: 0.8-1.25 mm, HLR=0.625 m/d, colulepth 0.3 m, aerobic conditions)

Throughout the study, PE and SE DOC concentratamering the columns ranged from
25.86 to 52.92 mg/L (average=34.29+6.01 mg/L; n=30)d 10.73 to 16.54 mg/L
(average=13.75+1.44 mg/L; n=30) respectively. Thierage effluent DOC concentrations
during the ripening period were 19.62+4.51 mg/lPiB-C1 and 18.42+3.96 mg/L in PE-C2,
corresponding to average removals of 42.49+10.4&n96+9.55 % in PE-C1 and PE-C2
respectively. Similarly, the average effluent DO@ecentrations during the ripening period
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were 11.75+1.51 mg/L in SE-C1 and 11.84+1.50 mgVISE-C2, corresponding to average
removals of 14.55+6.11 and 13.9316.21 % in SE-CL3B-C2 respectively.

The operation of the soil column system was cowotisuat a hydraulic loading rate of 0.625
m/day with the infiltration rate controlled by ps&mltic pump. Clogging effects were
minimized by applying pre-settled wastewater, thgafion rate reduced considerably to
about 0.45 m/day after 1 week for PE. However, flates were controlled at influent and
effluent points of the column using the pump angustthent of the opening at column
effluent. Tubes (tygon hose tubes used for convayasf PE to the soil column) were
frequently replaced

4.3.2 Ripening of laboratory- scale batch reactors

Ripening of batch reactors was carried out contisbofor 10 weeks using PE and SE under
aerobic conditions until the residual DOC concditrs in the batch reactors were relatively
constant with time. During ripening process, biadegble DOC was determined as the
difference between the initial (day 0) and finahydb) DOC values Figure 4-2 shows the
removal of DOC in batch reactors during the ripgrperiod in both PE and SE.
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Figure 4-2: DOC removal during ripening of batch reactors (Iefit: PE and SE, mass of
sand media =100 g and media size: 0.8-1.25 mm, BRIi&ys, aerobic conditions)

During the study PE and SE DOC concentrations isteveater effluent used as influent
water ranged from 12.14 to 16.65 mg/L (average=LG10 mg/L; n=19) and 26.01 to 42.38
mg/L (average 32.80+4.78 mg/L; n=19) respectivdlge average effluent residual DOC
concentrations during the ripening period were 352635 and 11.38+1.30 mg/L in PE and
SE batch reactors respectively, corresponding terame removals of 52.09+5.86% and
18.93+7.38%.
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To maintain aerobic conditions influent water wewsated to obtain the dissolved oxygen
concentration at least 8.0 mg/Dthroughout the experiments.

4.4  Effect of redox conditions on removal of organic méer, nitrogen,
phosphorus and pathogens

To determine the bulk organic matter, nitrogen,gutmrus and pathogens removal after the
ripening period, DOC, nitrogen, phosphorous antiggens concentrations were measured at
inlets and outlets points of the laboratory-scalé solumns system simulating SAT and
influent and effluent concentrations in the batehctors.

4.4.1 Effect of redox conditions on bulk organic matter emoval

DOC attenuation of wastewater effluent was studiiedoth aerobic and anoxic conditions in
batch and soil columns experiments. In order tem@ne bulk organic matter removal after
ripening period, measurements of DOC, F-EEM and LRB4 for samples from laboratory-
scale soil columns and batch reactors were conduéteditionally, the redox potential was
monitored.

a- Batch experiments

The changes in DOC concentration with time anddsen DOC biodegradation are presented
in the following subsections.

i- Removal of organic matter under aerobic and anoxiconditions

PE and SE were aerated prior to application indtchb reactors was aerated to obtain the
dissolved oxygen concentration of at least 8.0 mfl @hile the residual dissolved oxygen
concentration was 2.1 and 5.3 mg/L respectivelye D®OC, F-EEM and UVA-254 were then
monitored over the duration of the batch experimehigure 4-3 shows the DOC removal
with time under aerobic and anoxic conditions afi@ening period with PE as influent water
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Figure 4-3: DOC degradation with time during batch experimemtier aerobic and anoxic
conditions after ripening period (Influent: PE &B# after 1-2 hour settling, volume of batch:
500 mL, mass of sand media =100 g and media si@et.@5 mm, HRT=5 days)

During the course of batch experiments, PE and 8K [@oncentrations in the wastewater
effluent used as influent water in the batch reactbad an average concentration of
35.40+2.54 mg/L and 15.38+1.11 mg/L respectivele Taverage effluent residual DOC
concentrations after ripening period in PE and S#ewl6.11+1.20 and 11.58+0.85 mg/L
respectively, corresponding to average removals4#9+0.32% and 24.72+0.16% for
aerobic conditions.

Figure 4-4 shows the DOC removal with time undemlie and anoxic conditions after

ripening period with SE as influent water. Undexn conditions with PE and SE, the
average DOC concentration in the influent water @a40+2.54 mg/L and 15.38+1.11 mg/L
respectively. The average effluent residual DOCceatrations under anoxic conditions after
ripening period with PE and SE were 19.10+3.01 d2d87+1.23 mg/L respectively,

corresponding to average removals of 39.85+0.658d4rb52+0.24%.
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Figure 4-4: DOC degradation with time during batch experimemtier aerobic and anoxic
conditions after ripening period (Influent: PE &B# after 1-2 hour settling, volume of batch:
500 mL, mass of sand media =100 g and media siz8-£.25 mm, HRT=5 days)

The high DOC removal from PE for both aerobic andxac conditions was attributed to the
high BDOC concentration composed mainly of non-lusubstances. The biodegradation of
bulk organic matter under aerobic conditions inhb®E and SE is more rapidly than that of
anoxic conditions and more favourable for hetegtro microorganisms (Grinheig al.,
2005) and this explains the reason for higher ratsoaf DOC in PE and SE under aerobic
conditions.

ii- SUVA changes under aerobic and anoxic conditions

The UVA at 254 nm is a gross measure of humic smgss with an aromatic character and
increases as BDOC is biodegraded since UVA absprismbstances are refractory to
biodegradationSUVA that characterizes relative aromaticity inees due to removal of
BDOC since it's the ratio of UVA at 254 nm to DOGVA decreased from 0.584 chto
0.463 cnt in PE under aerobic conditions and from 0.419"dm 0.349 crit in SE under
aerobic conditions whereas the UVA decreased frds84cm' to 0.550 crit in PE under
anoxic conditions and from 0.419 ¢rto 0.349 crit in SE under anoxic conditions

The SUVA values increased from 1.78 to 3.08 L/maunder aerobic conditions in batch
reactors fed with PE, while it increased in SE teacfrom 2.88 to 3.19 L/mg.m. For anoxic
conditions the trend was similar but the incremess not as significant as for aerobic
conditions; SUVA values increased from 1.78 to 2. 7fg.m in PE and from 2.88 to 3.00
L/mg.m in SE for anoxic conditions. The correspoigdchanges in SUVA values are as
shown in Figure 4-5 for aerobic and anoxic condgi batch experiments.
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Figure 4-5: Influent and effluent SUVA changes in laboratorglscbatch reactors (Influent:
PE and SE after 1-2 hours settling, volume of ba®l® mL, mass of sand media =100 g and
media size = 0.8-1.25 mm, HRT = 5 days, aerobicaaoxkic conditions)

Biodegradation of lower molecular weight compouteisds to increase of SUVA values,
while sorption of larger molecular weight, and mbgglrophobic constituents has an opposite
effect on SUVA, the results above indicates thailgdiodegradable (aliphatic) compounds
are better removed under aerobic conditions thaxiarconditions. The results above are
consistent with observations made by Xeeal., (2009) in a study of behavior and
characteristics of dissolved organic matter dumatumn studies of soil aquifer treatment
where he found that aerobic degradation seem tderpreially remove non aromatic
components and responsible for SUVA increase dusing.

iii- Change in Fluorescence EEM during batch studies

Results of F-EEM for aerobic and anoxic batch mactvith PE are presented in Figure 4-6,
Figure 4-7, and Table 4-2. The fluorescence EEMtspdor SE are presented in Appendix
A6. Fluorescence EEM spectra of influent and efftiusamples were measured to investigate
NOM characteristics. Three peaks were identifiechelst, humic/fulvic-like, humic-like and
protein-like peaks related to maximum excitatiom amaximum emission. The presence of
humic/fulvic-like, humic-like and protein-like coropnds were determined using three peaks
on the graphs. Peak 1 is found between Ex 330-8b@nmd Em 420-480 nm, Peak 2 is found
Ex 250-260 nm and Em 380-480 nm and peak 3 is f&na50-280 nm and Em 280-350 Em
as a humic /fulvic, humic and protein-like composingspectively (Leenheer and Crowe,
2003). The expected removal of the compounds wasuaned by comparing the intensities of
the peaks in EEM spectra. The differences betwkmmelscence intensities for day zero and
day 5 were identified.
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Figure 4-6 F-EEM spectra for influent (day 0, (a)), and edflti (day 5, (b)); (Influent: PE
after 1-2 hours settling, volume of batch = 500 HRT = 5 days, mass of sand media =100
g and media size = 0.8-1.25 mm, aerobic conditions)
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Figure 4-7 F-EEM spectra for influent (day 0, (a)), and edflti (day 5, (b)); (Influent: PE
after 1-2 hours settling, volume of batch = 500 HRT = 5 days, mass of sand media =100
g and media size = 0.8-1.25 mm, anoxic conditions)

Figure 4-6 and Figure 4-7 show reduction in intéesi for each peak during batch
experiments with PE under aerobic and anoxic candit The reduction of peaks for humic
/fulvic fractions was 15% under aerobic conditiamsl 17% under anoxic conditions. Humic-
like fractions were more reduced under aerobic itmmd (27%) than under anoxic
conditions (24 %). Protein-like fractions were mogduced by 62 % under aerobic conditions
and 39 % under anoxic conditions implying that piolike materials are more biodegradable
compared to humic like substances and humic/ fulke substances. Table 4-2 gives more
details about the reductions of peaks of diffefeatttions of the DOC.
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Table 4-2Fluorescence EEM analysis of influent and effluariiatch experiments fed with

PE under aerobic and anoxic conditions

Peak 1 Humic/Fulvic-like Excitation Emission Intensity Reduction in

organic matter fractions (nm) (nm) Intensity (% )

PE-aerobic batch Influent 330 422 3.41 15.0
Effluent 330 422 2.90 '

PE-anoxic batch  Influent 330 422 3.41 17.3
Effluent 330 422 2.82 '

Peak 2 Humic-like organic matter fractions

PE-aerobic Influent 240 436 4.96

batch Effluent 240 436 3.62 270
PE-anoxic Influent 240 436 4.96 23.6
batch Effluent 240 436 3.79

Peak 3 Protein-like organic matter fractions

PE-aerobic Influent 270 308 2.39 615
batch Effluent 270 308 0.92

PE-anoxic Influent 270 308 2.39

batch Effluent 270 308 1.46 389

Additionally, the details of reduction in intenssi for each peak during batch experiments
with SE under aerobic and anoxic conditions arevshim appendices A6 and A7. The humic
/fulvic-fractions were reduced by 12% under aerobi@ 11% under anoxic conditions.
Humic peaks were reduced by 11% under aerobic ttondiand 7% under anoxic conditions.
Protein like fractions were more removed under laieroonditions ( 33%) than under anoxic
conditions ( 25% ) implying that protein like masds are more biodegradable compared to
humic like substances. As observed in case wittwR&e humic/ fulvic-like organic matter
fractions were better removed under anoxic conustion SE the removal of humic/fulvic-
like fractions were more or less the same undertéeand anoxic conditions.

b- Soil columns experiments

Four short soil columns were biologically acclinthtesing PE and SE under aerobic
conditions. Aerobic conditions were maintained bytmuous aeration of the influent. After
aerobic ripening stage of the columns, two columese operated at different temperatures to
study the effect of temperature change on the ramo¥ different contaminants. The
temperature was controlled by the chiller connettethe columns. The other two columns
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were operated under anoxic conditions to studyeffect of redox conditions on removal of
contaminants.

The anoxic conditions were maintained by spargimg stream of nitrogen gas into the
container with influent water until the dissolvegygen was reduced to less than 0.2 mg
O,/L. Redox potential was monitored through inlet andlet of the columns to ensure that
water flowing through the media is in anoxic coris.

i- Removal of organic matter under aerobic and anoxiconditions

Table 4-3 shows the SUVA changes in soil columrdeumerobic conditions whereas Figure
4-9 shows DOC degradation with time during columpeziment under aerobic and anoxic
conditions after ripening period in PE and SE.

Table 4-3:DOC and SUVA values of different effluents beforel after SAT under aerobic
conditions.

Effluent applied Before SAT After SAT
DOC SUVA DOC SUVA
(mg/L) (L/mg.m) (mg/L) (L/mg.m)
PE-C1 29.13 1.68 15.91 2.24
PE-C2 26.17 1.97 14.34 2.52
SE-C1 12.03 2.78 9.79 3.31
SE-C2 13.15 2.81 9.82 3.26

Average DOC attenuation in PE-C1 and PE-C2 undabaeconditions after ripening period
was 46.35£2.04% and 50.40£1.65% respectively. Likewhe average DOC attenuation in
SE-C1 and SE-C2 after steady states conditions ¥80+0.79% and 18.74+1.11%
respectively. UVA decreased from 0.515timo 0.356 crit in PE under aerobic conditions
and from 0.370 cito 0.320 crit in SE under aerobic conditions and related SUVAnges
are shown in Table 4-3.

Table 4-4 shows the SUVA changes in soil columrdeumanoxic conditions in PE and SE

56
Y N Malolo



Msc thesis: Effect of temperature and redox conditions on removal of contaminants during soil aquifer treatment

Table 4-4:DOC and SUVA values of different effluents beforelafter SAT for anoxic
conditions.

Effluent applied Before SAT After SAT
DOC SUVA DOC SUVA
(mg/L) (L/mg.m) (mg/L) (L/mg.m)
PE-C1 28.53 2.14 18.86 2.60
SE-C1 14.57 2.92 12.59 3.23

Average DOC attenuation in PE-C1 and SE-C1 undexiarconditions after ripening period
was 31.28+0.33 and 13.09+0.26 % respectively. DOfcentrations entering the columns
ranged from 12.05 to 15.43 mg/L (average=13.71+i@d_; n=10) in SE and from 25.13 to
32.49 mg/L (average 28.94+2.74 mg/L; n=10) in PBe UVA decreased from 0.611 ¢rto
0.490 cnt* in PE under anoxic conditions and from 0.419%tm 0.398 crit in SE under
anoxic conditions and subsequent SUVA changestanersin Table 4-4

The observed increase in SUVA as indicated in Egd8 was attributed to preferential
biodegradation of lower molecular weight compoumd®E and SE under both aerobic and
anoxic conditions indicating the DOC present in wwaster effluents can be removed during
SAT under aerobic and anoxic conditions.

M Influent ™ Effluent

SUVA (L/mg.m)

PE-C1 SE-C1 PE-C1 SE-C1

Figure 4-8: Influent and effluent SUVA changes in laboratorglscsoil columns in aerobic
and anoxic conditions (Influent PE and SE, med=i0.8-1.25 mm, HLR = 0.625 m/d,
columns depth =0.3 m)
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Figure 4-9: DOC degradation with time during column experimendler aerobic and anoxic
conditions after ripening period (Influent: PE &, media size = 0.8-1.25 mm, HLR =0.625
m/d, column depth = 0.3 m)

ii- FEEM of soil columns under aerobic and anoxic contibns

The results of FEEM analysis and reduction of istis of different peaks for soil column
studies with PE and SE are tabulated in Tableadd4-6. Figures in Appendix B 5 show the
Fluorescence EEM spectra for different samples niakem soil columns which were
operated under aerobic and anoxic conditions. Insamples three peaks representing
humic/fulvic-like (peak 1), humic-like (peak 2) anmotein-like substance (peak 3) were
identified and analyzed. The difference betweeluarnit and effluent fluorescence intensity of
the peaks were compared and considered to repraspetcentage reduction of intensity
during soil passage in the columns with PE and SE.
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Table 4-5: Fluorescence EEM analysis of influent and effluargoil columns with both PE
and SE under aerobic conditions

Peak 1 Humic/Fulvic-like Excitation Emission Intensity Reduction

organic matter fractions  (nm) (nm) in
Intensity
(%)

PE-C1 Influent 330 430 1.59

Aerobic Effluent 330 430 1.46 8.6

SE-C1 Influent 350 480 0.51 8.6

Aerobic Effluent 350 480 0.37

Peak 2 Humic-like organic matter fractions

PE-C1 Influent 250 434 2.28 -8

Aerobic Effluent 250 434 2.10

SE-C1 Influent 250 480 0.72 21.9

Aerobic Effluent 250 480 0.56

Peak 3 Protein-like organic matter fractions

PE-C1 Influent 270 312 0.75 26.9

Aerobic Effluent 270 312 0.55

SE-C1 Influent 270 342 0.04 38.2

Aerobic Effluent 270 342 0.02

The reduction of humic/fulvic-like organic matteaétions in PE was 8.6% and humic-like
organic matter fractions were reduced by 7.8% &&t9% reduction of protein-like organic
matter fractions under aerobic conditions whereas teduction of humic/fulvic like
substances in SE was 28.6% and humic like substameee reduced by 21.9% with 38.2%
reduction of protein like substances. The redustiof intensities in humic like substances
peaks are more or less comparable under aerobiaramdc conditions with PE as indicated
in Table 4-5 and Table 4-6. Furthermore there veerestantial reductions of intensities of
both peaks under aerobic conditions than underianmnditions with SE indicating that
reduction of peaks of different DOC fractions aadrable under aerobic conditions than
anoxic conditions.
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Table 4-6:Fluorescence EEM analysis of influent and effluardoil columns with both PE
and SE under anoxic conditions

Peak 1 Humic/Fulvic-like Excitation Emission Intensity Reduction in

organic matter farctions  (nm) (nm) Intensity
(%)
PE-C1 Anoxic Influent 330 424 2.10
Effluent 330 424 3.42 624
SE-C1 Anoxic Influent 340 430 3.00
Effluent 340 430 2.79 -t

Peak 2 Humic-like organic matter fractions

PE-C1 Anoxic Influent 260 472 3.89

Effluent 260 472 3.61 72
SE-C1 Anoxic Influent 250 430 4.07

Effluent 250 430 3.89 44
Peak 3 Protein-like organic matter fractions
PE-C1 Anoxic Influent 270 310 0.91

Effluent 270 310 1.21 335
SE-C1 Anoxic Influent 270 308 0.94

Effluent 270 308 0.72 241

The reduction/increase of humic/fulvic-like orgammatter fractions in PE was -62.4% and
humic-like fractions were reduced by 7.2% with 38.5ncrease of protein-like fractions
under anoxic conditions whereas the reduction afibtiulvic-like fractions in SE was 7.1 %
and humic-like fractions were reduced by 4.4% wifh.1% reduction of protein-like
fractions. The reductions of intensities in hurike substances peaks are more or less
comparable under aerobic and anoxic conditions viRte. However humic/fulvic-like
fractions and protein-like fractions in PE increhskey 62.4% and 33.5% respectively
suggesting selective degradation of non-fluorescougstituents or formation of new
fluorescing material associated with DOC biodegtiadaand/or degradation of certain
organic components capable of quenching DOC fleerese according tSaadi et al. (2006).

4.4.2 Effect of redox conditions on nitrogen removal

A set of batch reactors were used to simulate at@draerobic and anoxic conditions in order
to assess the extent of ammonium nitrogen oxida#omommon hypothesis for nitrogen
removal is the two-step process of autotrophidfization and heterotrophic denitrification.
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Redox potential was mostly used to indicate aamatanditions, and it is an important factor
influencing the nitrification—denitrification pross.

a- Batch experiments

I- Removal of nitrogen under aerobic conditions

Figure 4-10 shows the changes in concentrationsHofN and NG-N on day 0 and day 5
after ripening of batch reactors in PE and SE. high influent ammonium nitrogen
concentration in PE (31.73x4.69 mg N/L) was congdetoxidized to nitrate. The
concentration of nitrate in influent increased sabsally from 1.87+0.05 mg/L to of
36.04+1.75 mg/L in effluent. Also, the low ammoniunitrogen concentration in SE
(0.35+0.3 mg N/L was completely oxidized to nitratditrate concentration of effluent
increased from 5.96+1.5 to 6.91+3 mg/L.

H Influent M Effluent
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35 T
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25

20
15

10
0 T - T

PE (NH4-N) PE (NO3-N) SE (NH4-N) SE (NO3-N)

NH4-N/NO3-N (mg/L)

Figure 4-10: Changes in ammonium nitrogen and nitrate conceomstin batch reactors
(Influent: PE and SE after 1-2 hour settling, voluof batch: 500 mL, mass of sand media
=100 g and media size = 0.8-1.25 mm, aerobic cimmsif

The removal of ammonium nitrogen in the aerobiclvatactors was through nitrification
process which is considered to be a dominant rehmogahanism of ammonium nitrogen in
aerobic batch reactors. The observed removal of @mum nitrogen through nitrification in
batch reactors with PE and SE respectively was19@8d 100%. Dissolved oxygen
concentration of the effluent water after five daysPE was 2.1+0.6 mg/L and in SE was
4.4+0.8 mg/L. It was well established that ammoninitnogen was ultimately converted to
nitrate through nitrification process and was pagsiassimilated into the cells through
biomass synthesis. Thus a significant decreasenimanium nitrogen could be caused by
both its conversion and assimilation, especiallthwhe help of air being able to penetrate
into batch reactors during the agitation. A conentrdecrease in the dissolved oxygen also
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supports the active nitrification of ammonium nifem.

The concentration of dissolved oxygen coupled wiittate concentration of the effluent
proves that there was no denitrification proce&mtpplace in aerobic batch reactors. The
observed high ammonium nitrogen oxidation in reacfed with PE is in agreement with the
study made by Reemtsnefial. (2000) during the research on infiltration of condal sewer
overflow and tertiary municipal wastewater. an gnéded laboratory and field study on
nutrients and dissolved organics where ammoniunmcammnation of 23+t9 mg N/L was
completely oxidized to nitrate.

ii- Removal of nitrogen under anoxic conditions

Figure 4-11 shows the concentrations of,MMHand NQG-N in batch reactors with PE and SE
respectively under anoxic conditions. The ammonnitrogen and nitrate concentrations in
Figure 4-11 provide no indication for a significat@nitrification in the batch reactors, which
may partly be due to the fact that there was imgefit oxygen demand to create anoxic
conditions and nitrogen removal was not apparent.

H Influent M Effluent

NH4-H/NO3-N ( mg/L)

PE (NH4-N) PE (NO3-N) SE (NH4-N) SE (NO3-N)

Figure 4-11: Change in ammonia and nitrate concentrations ichbx&actors (Influent = PE
after 1-2 hour settling, volume of batch = 500 migss of sand media =100 g and media size
= 0.8-1.25 mm, anoxic conditions)

The removal of ammonium nitrogen in batch reactwes very less due to less oxygen
environment that limits nitrification process inaaic batch reactors. About 12.1% of
ammonium nitrogen was removed in batch reactorswild PE under anoxic conditions
whereas in SE the ammonium nitrogen was compledgigized to nitrate due to less
concentration of influent ammonium nitrogen. The&aantration of ammonium nitrogen in
PE was 31.73x4.69 mg N/L and final effluent concatiin was 27.89+1.78 mg NI/L.
Concentration of ammonium nitrogen in SE was 0.354#fhg N/L whereas final effluent
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concentration was zero. Subsequent nitrate corateir of influent water in PE was
1.87+0.05 mg/L while final effluent concentratiancieased to 4.87+1.07 mg/L while initial
concentration of influent water in SE was 5.96+1r8@/L which increased to 9.44+0.05
mg/L.

Redox potential measurements verified that the matess shaking in anoxic zone with the
average reading of 27.4+8.1 mV conversely to aeraunditions where average redox
potential was 199+9.8 mV. It seems that nitrifioatwas still taking place under anoxic zone
because ammonium nitrogen decreased somehow aresponding nitrate in effluent water
increased which justifies there was some nitriferatin SE and PE. It is expected that
denitrification is taking place under anoxic coradis, which means nitrate concentration
would have decreased. These results are in agréemitanSabumon (2007) in a study for
anaerobic ammonia removal in presence of organttemahere he reported sequential batch
studies that confirmed the possibility of anaeradmemonia removal in presence of organic
matter, but ammonia was oxidized anoxically to atér (at oxidation reduction potential,
=-248+25 mV) by an unknown mechanism. The oxyge&uired for oxidation of ammonia

might have been generated through catalase enzymetivity of facultative anaerobes in
mixed culture.

b- Soil column experiments

i- Removal of nitrogen under aerobic conditions

Figure 4-12 and Figure 4-13 show the changes in @mum nitrogen concentration in soil
columns (PE-C1, PE-C2, SE-C1 and SE-C2). The cdrat@n of ammonium nitrogen in
influent water with PE was 33.15+3.83 mg N/L andlafieffluent concentration exiting the
two columns namely PE-C1 and PE-C2 was 1.37+2.100ab6+2.10 mg N/L respectively.
Concentration of ammonium nitrogen in SE was 0.1830mg/L N and final effluent
concentration of SE-C1 and SE-C2 was 0.06 and@M/L respectively.
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Figure 4-12: Change in ammonium concentrations in soil columfiyént = PE and SE after
1-2 hours settling, HLR = 0.625 m/d, column deptt®.8m, media size = 0.8-1.25 mm,
aerobic conditions)

The observed ammonium nitrogen removal in PE-C1 BBIC2 was 95.9 and 99.5%
respectively, likewise in SE-C1 and SE-C2 the aminmannitrogen removal was 53.9 and
69.2% respectively. This might be attributed byimpim conditions for ammonium nitrogen
oxidizers. Over the test period, the average vatigbe influent pH and temperature were
7.9+0.08 and 21.1+1 .8 respectively. It is evident from these studiext thxygen availability
is an important factor in nitrification (and deffitration) reactions and thus overall nitrogen
removal from infiltrating water.
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Figure 4-13: Change in nitrate concentrations in soil columnéient = PE and SE after 1-2
hours settling, HLR = 0.625 m/d, column depth = @.,3media size = 0.8-1.25 mm, aerobic
conditions)
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However, nitrate nitrogen was not completely rentbfrem the system due to the fact that
effluent water exiting the columns had nitrate antcation of 6.74+1.89 mg/L in PE-C1 and
20.36%£1.36 mg/L and in PE-C2. The nitrate conceioimain the effluent indicates that fully
denitrification could not take place due to limitedpth and retention time of columns used
for this study; though in PE-C1 denitrification washieved to some extent due to less nitrate
concentration in the effluent.

ii- Removal of nitrogen under anoxic conditions

Figure 4-14 and Figure 4-15 show change in ammomiirogen and nitrate concentration
under anoxic conditions.

H Influent M Effluent

NH4-N (mg/L)

PE-C1 SE-C1

Figure 4-14: Change in ammonium nitrogen concentrations in colilmns (Influent = PE
and SE after 1-2 hours settling, HLR = 0.625 malumn depth = 0.3, media size = 0.8-1.25
mm, anoxic conditions)

The ammonium removal in PE was 71.4% under anaxnlitions. Denitrification requires

the presence of nitrate and organic carbon (anggrsaurce for denitrifying bacteria) under
anaerobic conditions. The concentration of ammonnitnogen of influent water in PE was
32.53+5.92 mg N/L whereas final effluent concembratexiting the column was 9.30+0.73
mg N/L. The concentration of ammonium nitrogen rdfuent water in SE was 0.36+0.3 mg
N/L while final effluent concentration exiting tle®lumn was zero.

Redox potential was regularly used to indicate tamraconditions, and it is a significant
aspect to determine the nitrification—denitrificeti process. Redox potential measurements
and dissolved oxygen in PE was monitored and tleeage readings were 38.22+1.3 mV and
0.46 mg QL in effluent water exiting the soil columns. Nikgaconcentrations in influent and
effluent water for SE decreased from 5.16+0.94 ntg/[3.89+0.73 mg/L N@N indicating
that denitrification was taking place across thé&umm. Nevertheless, in anoxic operating
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conditions where nitrification is not favored, thdecrease of ammonium nitrogen
concentrations from 32.53+5.92 mg N/L to 9.30+0n7@ N/L suggests that there was another
significant mechanism for ammonium removal. Thisldopossibly be ammonium nitrogen
was oxidized anoxically to nitrate in the present®rganic matter as reported by Sabumon
(2007). The corresponding nitrate concentratiomeased substantially from 1.87+£0.05 mg/L
in the influent to 16.27+2.70 mg/L in effluent watas shown in Figure 4-15. Nitrogen
removal mechanisms in columns media include rettfon—denitrification and adsorption.

M Influent ™ Effluent
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Figure 4-15: Change in nitrate concentrations in soil columnglent: PE and SE after 1-2
hours settling, HLR = 0.625 m/d, column depth = @i3media size = 0.8-1.25 mm, anoxic
conditions)

Table 4-7 and 4-8 provide the summary on removiaésrononium nitrogen, nitrate and total
nitrogen in soil columns and batch studies undierdint redox conditions with both PE and

SE.

Table 4-7: Summary table on removal of ammonium nitrogen r@trate in soil columns and
batch studies under different redox conditionskn P

System Redox conditions NH4-N NO3-N Total nitrogen
removal (%) removal (%) removal (%)
Batch tests Aerobic 99.9 -1827 1.26
Anoxic 12.1 -160 6.5
Soil column Aerobic PE-C1 95.9 -3644 76
tests PE-C2 99.5 -11211 38
Anoxic 71 -770 26

- Means increase
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Table 4-8: Summary table on removal of ammonium nitrogen r@trate in soil columns and
batch studies under different redox conditionskn S

System Redox condition NH4-N NO3-N Total nitrogen
removal (%) removal (%) removal (%)
Batch tests Aerobic 100 -16 46.8
Anoxic 100 -58 -49.4
Soil column Aerobic SE-C1 53.9 -11 8.0
tests SE-C2 69.2 12 3.8
Anoxic 100 25 29.5

- Means increase

4.4.3 Effect of redox conditions on phosphorus removal

The P removal was measured with batch and shdrtsloimns experiments. The maximum
removal is observed in batch experiments undehéeomnditions for both PE and SE than in
columns studies partly due to longer hydraulic metm in batch reactors. Phosphorus
concentration in the wastewater effluent variedMeen 3.07 and 6.37 mg/L in PE and varied
between 1.75 and 6.25 mg/L in SE during the rebgaeciod for both batch reactors and soill
columns. Phosphorus concentration after SAT wa3+0.39 mg/L in PE and 2.50+0.42 in

SE (Figure 4-15 and 4-16). The main processes nsfile for phosphorus removal are
chemical precipitation and adsorption.

a- Batch experiments

The phosphorous removal in the batch experimensssivalied for aerobic and anoxic
conditions as depicted below

i- Removal of phosphorus under aerobic conditions

Figure 4-16 shows the phosphorous removal in batgeriment for both PE and SE. The
phosphorous concentration of the influent waterPBE was 6.29+0.79 mg/L whereas
concentration of effluent after the hydraulic reétem time of five days in batch was
4.53+0.19 mg/L accounting to 27.98+5.4% removal. @@ other hand, the phosphorous
concentration of the influent water in SE was 3R84 mg/L and concentration of effluent
after the hydraulic retention time of five days waS0+0.42 mg/L accounting to 36.54+4.8%
removal.
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M Influent ™ Effluent

PO4-P (mg/L)
o = N w > (0] (o)) ~ (o]

PE-batch reactors SE-batch reactors

Figure 4-16: Change in phosphorous concentrations in batchaea¢influent: PE and SE
after 1-2 hours settling, volume of batch: 500 mrgss of sand media =100 g and media size
= 0.8-1.25 mm, HRT =5 days, aerobic conditions)

The above results indicate very low efficiency bbpphorus removal by SAT possibly due to
the small soil volume, soil type and size partitipgin the adsorption process. Furthermore
the amount of carbon in PE may have an effect cant®val in two ways: by (1) blocking the
adsorption sites and (2) competing with phosphorons for the adsorption sites. This can
explain why the removal for this case is higheBbthan in PE under aerobic conditions.

Prior to application of influent water to the batgactors, the influent was aerated to at least
8.0 mg Q/L to maintain aerobic conditions and the averdfjeent O, concentration in PE
after 5 days was 2.1+0.6 mg/Oand in case with SE was 4.4+0.8 mg/D

ii- Removal of phosphorus under anoxic conditions

Figure 4-17 shows the phosphorous removal in b&tlafl SE in batch reactors under anoxic
conditions. The phosphorous concentration of tlile@ent water in PE was 6.37+0.85 mg/L

and concentration of effluent after the hydrauktention time of five days was 4.97+0.42

mg/L accounting to 22+3.03 % removal. On the otteerd, the phosphorous concentration of
the influent water in SE was 5.43+0.57 mg/L andoemrration of effluent after the hydraulic

retention time of five days was 4.47+0.42 mg/L actong to 17.68+4.92 % removal.
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Figure 4-17: Change in phosphorous concentrations in batch aeaéinfluent: PE and SE
after 1-2 hours settling, volume of batch: 500 HRT = 5 days, mass of sand media =100 g
and media size = 0.8-1.25 mm, anoxic conditions)

The above results indicate the very low efficiermfyphosphorus removal by SAT under
anoxic conditions than in aerobic conditions shawithat aerobic conditions are

advantageous with respect to the retention of gsps. Despite that the retention time in
batch experiments was 5 days; the results forstiidy are contrary to findings by Vohla et al
(2007) in the study of dynamics of phosphorus,ogién and carbon removal in a horizontal
subsurface flow constructed wetland. The reporiedirigs were that during the first 4

months of the ash filter experiment, the efficierdyP removal was about 71%, resulting in
average concentration 1.9 mg P /L in the outlehwitdraulic retention time (1.5-2 days).

b- Soil column experiments

The phosphorous removal as in case of batch expatgmwas also studied with soil columns
experiments under aerobic and anoxic conditions.

i- Removal of phosphorus under aerobic conditions

Figure 4-18 showshange in phosphorous concentrations in soil cotumith PE and SE
under anoxic conditions
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M Influent ™ Effluent
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PE-C1 PE-C2 SE-C1 SE-C2

Figure 4-18: Change in phosphorous concentrations in soil cotu(mfluent: PE and SE
after 1-2 hours settling, HLR = 0.625 m/d, colunapth = 0.3m, media size = 0.8-1.25 mm,
anoxic conditions)

Influent phosphorous concentration in PE was 3.%93Ing/L whereas concentration exiting
the soil columns in the two soil columns PE-C1 dPH-C2 operating under aerobic
conditions was 2.84+0.63 and 3.14+0.66 mg/L cowadpmg to 31.09+2.54 and 23.16%£4.71 %
removal. Similarly, the influent phosphorous concation in SE was 3.01+0.2 mg/L whereas
the concentration exiting the soil columns in theo tsoil columns SE-C1 and SE-C2
operating under aerobic conditions was 2.69+0.1Lnagd 2.65+0.1 mg/L corresponding to
10.46+£3.87 and 11.00+4.33 % respectively. The abmslts indicate even very low
efficiency of phosphorus removal in soil columnarthn batch reactors most likely due to
short hydraulic retention time in columns, medigetyand size.

ii- Removal of phosphorus under anoxic conditions

Figure 4-19 shows change in phosphorous conceirati both PE and SE under anoxic
conditions. Influent phosphorous concentration Ehvfas 6.15+0.75 mg/L and concentration
exiting the soil column PE-C1 operating under aooxionditions was 4.84+0.49

corresponding to 21.10+3.69% removal. Similarlye thfluent phosphorous concentration in
SE was 3.65+0.91 mg/L and concentration exiting gbg column SE-C1 operating under
anoxic conditions was 3.32+0.78 corresponding T®81.72% removal.
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M Influent ™ Effluent

PO4-P (mg/L)
o = N w > (0] (o)) ~ (o]

PE-C1 SE-C1

Figure 4-19: Change in phosphorous concentrations in soil cotu¢mfluent: PE and SE
after 1-2 hours settling, HLR = 0.625 m/d, colunapth = 0.3 m, media size = 0 .8-1.25 mm,
anoxic conditions)

The phosphorus removal by SAT in both batch reaciod soil columns under both aerobic
and anoxic conditions are quite low most likely dweshort hydraulic retention time in

columns, media type and size. These results argstent with Vohla et al (2011) in a paper
reviewing filter materials for phosphorus removedbnfi wastewater in treatment wetland
where removals reported were very law about 22.44%. The removal efficiency was
predominantly affected by porous media size and.typ

Table 4-9 below gives the summary of phosphoromovwal under different redox conditions
during batch and soil column experiments.

Table 4-9: Summary table on phosphorous removal under diffeexlox conditions in both
PE and SE during batch and soil column experiments.

System Redox PE (POs-P removal %) SE (POs-P removal %)
conditions
PE-C1 PE-C2 SE-C1 SE-C2
Soil column  Aerobic 31 23 10.5 11
PE (POs-P removal %) SE (PQy-P removal %)
Anoxic 21 9
Batch tests Aerobic 28 37
Anoxic 22 18
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4.4.4 Effect of redox conditions on pathogen removal

The fate of micro-organisms and the ability to asshe microbial quality of groundwater is
vital to protecting public health and to obtain peakacceptance of managed groundwater
recharge programs. The capacity of the soil colummg batch reactors was assessed in
removing of E-coli and total coliform bacteria from wastewater during soil passage with
respect to redox conditions. Plate count tests wenelucted for influent and effluent samples
from soil columns operating at hydraulic rate @2k m/day and retention time of 5 days in
batch reactors.

a- Batch experiments

Low levels of pathogens were detected in the eftiweater especially in SE where pathogens
were removed in 2 to above 2.5 log removal unitsnt@@ry to PE, there were still some
pathogens in the effluent water despite the faat iigh removals were observed accounting
from 3 to 3.5 log removals. This was attributedthg fact that the influent water in SE had
initially less pathogens as compared to PE. So filoealth point of view removal of
pathogens in SE is more valuable as the produdketef water was of drinking water quality
microbiologically a€E-coli andtotal coliform were absent in 100 mL water.

i- Removal of pathogens under aerobic and anoxic conditions

The results indicate that the removal of pathogendatch reactors is not significantly
affected by redox conditions. The results sugge&t3alog reduction ofE-coli and total
coliform for both aerobic and anoxic conditions thougheheere some fluctuations in PE for
aerobic conditions to removals of 4-log reductibattwas characterized by the instability in
the influent concentration. Figure 4-18 shows thge removal ofe-coli andtotal coliform in
the batch reactors for both aerobic and anoxic itiond.
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M Batch-aerobic M Batch anoxic

E.coli/Total coliform log removal
(Log-units)

E.C-PE E.C-SE T.C-PE T.C-SE

Figure 4-20 E-coli and total coliform log removal in batch reactors (Influent: PE and SE
after 1-2 hours settling, volume of batch =500 HRT = 5 days, mass of sand media =100 g
and media size = 0.8-1.25 mm, aerobic and anoxiditions)

The dominating factors that influence retention aechoval of pathogens include physical
straining as well as adsorption to porous mediae §hain size of porous media, pH,
temperature, organic matter and bacterial cell aieemportant factors affecting the removal
of pathogens as report by Steetlal.( 2004).

b- Soil column experiments

Similarly, for soil columns operating under aeroai anoxic conditions with hydraulic flow
rate of 0.625 m/day, no apparent effect of redorddmns on pathogens removal was
observed, strengthening the results obtained franbatch reactors.

i- Removal of pathogens under aerobic conditions

Figure 4-19 shows the log removalBicoli andtotal coliform in the batch reactors for both
aerobic and anoxic conditions. The results fronuegwl studies indicate a 2-3-log reduction of
E-coli andtotal coliform for both aerobic and anoxic conditions though é¢heere some
fluctuations in both aerobic and anoxic conditiarieere high removals were observed under
aerobic conditions and vice versa.
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E.coli/Total coliform log removal
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E.C-PE E.C-SE T.C-PE T.C-SE

Figure 4-21 E-coli and total coliformlog removal in soil columns (Influent: PE and SEeaf
1-2 hours settling, HLR = 0.625 m/d, columns depth.3 m, media size = 0.8-1.25 mm,
aerobic and anoxic conditions)

The results of-coli andtotal coliform removal in soil columns under aerobic and anoxic
conditions could not reveal the dependence of rexmwoxlitions on the removal of pathogenic
bacteria as shown in Figure 4-21. The trend isttitak coliform in PE were removed to 3-log
in both aerobic conditions and anoxic condition®rmagotal coliformin SE was removed to
2.8- log under aerobic conditions while it was remub to 2.4-log under anoxic conditions.
Additionally, E-coli in PE were better removed under aerobic conditiwhge E-coli were
better removed under anoxic conditions in case $ih

Table 4-10, Table 4-11 and Table4-12 below shovwstilemarized removals of different
parameters at different redox conditions duringlvaind soil column experiments with both
PE and SE.

Table 4-10 Summary table on E-coli and total coliform remlawader different redox
conditions in PE and SE

System Redox PE ( Log removal ) SE ( Log removal )
conditions

E-coli Total coliform E-coli Total coliform

Batch tests Aerobic 3.6 2.9 2.3 2.9

Anoxic 2.7 2.1 2.3 2.8

Soil Aerobic 2.8 3.0 2.2 2.7

columns  Anoxic 2.4 3.0 2.4 2.3
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Table 4-11: Summary table indicating removal of different paedens at different redox
conditions in batch reactors fed with PE and SE.

Influent  Parameter Redox conditions
Aerobic Anoxic
PE Organic matter 55 % 40 %
Ammonium nitrogen 99.9 % 12.1%
Phosphorous 28 % 22 %
Pathogens E-coli 3.6 Log 2.7 Log
Total coliform 2.9 Log 2.1 Log
SE Organic matter 25 % 15%
Ammonium nitrogen 100 % 100 %
Phosphorous 37 % 18 %
Pathogens E-coli 2.3 Log 2.3 Log
Total coliform 2.9 Log 2.8 Log

Table 4-12:Summary table indicating removal of different paeaens at different redox
conditions in soil columns with PE and SE.

Influent Parameter Redox conditions
Aerobic Anoxic
PE Organic matter 46 % 31 %
Ammonium nitrogen 95.9 % 71.4 %
Phosphorous 31 % 21 %
Pathogens E-coli 2.8 Log 2.4 Log
Total coliform 3.0 Log 3.0 Log
SE Organic matter 19% 13 %
Ammonium nitrogen 69 % 100 %
Phosphorous 11 % 9%
Pathogens E-coli 2.2 Log 2.4 Log
Total coliform 2.7 Log 2.3 Log
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4.5 Effect of temperature on removal of organic matter nitrogen, phosphorus
and pathogens

The effect of temperature was studied in laboraszgle soil columns on removal of bulk
organic matter, nutrients and pathogens. Two blicag glass columns with internal
diameter of 50 mm and 300 mm depth were packed @®&hmm to 1.25 mm silica sand short
columns labeled as PE-C2 and SE-C2. The columne ingrally acclimated biologically at
room temperature (20-22C), and after ripening the temperature effect waslisd at
different temperatures controlled by chiller witlt@oling liquid. The hydraulic flow rate for
both columns was 0.625 m/d with EBCT of 12 hours.

4.5.1 Effect of temperature on removal of organic mattenn soil columns

After columns had ripened under room temperatur22G, columns were set under
different temperatures using a cooling liquid iohaller to get the required temperature. Once
the temperature was changed, DOC measurementsmariéored for about three weeks to
allow microbes to get used to a new environmertt vaspect to the operating temperature.

I- Removal of organic matter at 25°C

Figure 4-22 shows the DOC degradation with timessithe column operating at°Z5 for
both PE and SE under aerobic conditions.

1.0
O AN
0.8 \/ \l e —— |—— {1
=—¢—SE
o)
5] 0.6 == PE
S —
M ¢ ¢ ¢
0.4
0.2
0.0 T T T T T T T 1
5 7 9 11 13 15 17 19 21

Ripening period (Days)

Figure 4-22: DOC degradation with time in column at°25(Influent: PE and SE after 1-2
hours settling, HLR = 0.625 m/d, column depth = @.,3media size = 0.8-1.25 mm, aerobic
conditions)
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The average influent concentration of DOC in SEeaur25 C was 13.73+0.81 mg/L and the
residual DOC concentration of the effluent exititge column was 10.80+0.68 mg/L
accounting to a removal of 21.27+£3.39 % during mipg. After ripening the DOC removal
was 22.66+0.22 %. Also the average influent come¢ioh of DOC in PE for 2%& was
29.89+3.27 mg/L and the residual DOC concentratibthe effluent exiting the column was
13.64+0.91 mg/L accounting to a removal of 54.0643% during ripening. After ripening
the DOC removal was 54.52+0.44 %. The dependendengberature on DOC removal for
this case is not very visible as removals achiefegt ripening at 20C are quite comparable.
The DOC removal ranged from 17.65 to 20.61% in 8& temperature of 20-22 and from
44.94 to 52.02% in PE at same temperature. UV254rphon decreased by 25% in PE and
9.2% in SE showing substances with aromatic humitfalvic structures are less reduced in
SE than in PE.

Ii- Removal of organic matter at 20°C

This operating temperature was terme8Q@®ut it was actually the room temperature where
the columns were ripening under. The range of rdemperature was 20-22. DOC
attenuation after ripening in PE under aerobic @t after ripening period was 46.35+2.04
and 50.40+1.65 % for PE-C1 and PE-C2 respectitgkgwise for C2 DOC attenuation after
ripening in SE was 18.80+0.79 and 18.74+1.11 %SBrC1 and SE-C2 respectively. The
UVA decreased from 0.515 ¢hto 0.356 crit for PE under aerobic conditions and from
0.370 cnt* to 0.320 crit in SE under aerobic conditions whereas related Sdvanges are
shown in Table 4-3

ii- Removal of organic matter at 15°C

Figure 4-23 shows the DOC degradation with timeait column at a temperature of°C5
The average influent concentration of DOC in SEtémnperature 1€ was 13.88+1.34 mg/L
and the residual DOC concentration of the efflueating the column was 11.75£0.68 mg/L
accounting to a removal of 15.07+4.10 %. Also therage influent concentration of DOC in
PE for the temperature 45 was 31.29+3.57 mg/L and the residual DOC conatintr of the
effluent exiting the column was 17.65+1.65 mg/Lagatting to a removal of 42.93+8.27 %.
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Figure 4-23: DOC degradation with time in column at°C5(Influent: PE and SE after 1-2
hours settling, HLR = 0.625 m/d, column depth = @.,3media size = 0.8-1.25 mm, aerobic
conditions)

The performance of SAT for seasonal variationsmditinotably affect DOC removal, which
entails that the removal of bulk organic mattenasmally a result of aerobic and anaerobic
microbial activity which function even in tempenss as low as °%&. The results are
consistent with observation reported by Hoppe-Jehak( 2010) in the study for attenuation
of total organic carbon and unregulated trace acganemicals in U.S. riverbank filtration
systems and Akratos and Tsihrintzis (2007) in astéor effect of temperature, HRT,
vegetation and porous media on removal efficiercgilot-scale horizontal subsurface flow
constructed wetlands.

V- SUVA changes in laboratory-scale soil columns at fierent temperatures

Figure 4-24 shows the SUVA changes across theshimns at temperatures®3 20C and
25°C. Increase of SUVA values justifies the removal exfsy biodegradable aliphatic
compounds available in influent water and it sh@ndirect correlation where lower SUVA
values correlated with higher DOC values at bothperatures. SAT in laboratory-scale soill
columns reduced the concentration of DOC preseninfluent water and increased its
aromaticity. SUVA changes increased significanttyoas the SAT columns over the course
of the study. The influent SUVA values in PE randexm 1.76 to 1.92 L/ (mg-m) at both
temperatures, and SUVA values exiting the soil moiun PE were 2.67 to 2.96 L/(mg-m)
higher than influent levels in both temperaturdse percentage increase in SUVA values in
PE for temperatures 16, 20°C and 25C is 39.1%, 48.1% and 68.2% respectively.

Similarly in SE, the influent SUVA values rangearfr 2.87 to 3.45 L/ (mg-m) at both
temperatures, and SUVA values exiting the soil moiun SE were 3.22 to 4.05 L/(mg-m)
higher than influent levels in both temperaturdse percentage increase in SUVA values in
SE for temperatures 1€, 20 C and 25C is 9.9%, 12.2% and 17.4% respectively.
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Figure 4-24. Influent and effluent SUVA changes in laboratoryalsc soil columns at
temperatures 2&, 20°C and 18C. (Influent: PE and SE after 1-2 hours settlind,RH=
0.625 m/d, column depth = 0.3 m, media size = 028-Inm, aerobic conditions)

The above results indicate that easily biodegradalphatic compounds are better removed
at higher temperatures than lower temperaturesghtanohfluent water for PE has higher easily
biodegradable compounds than in SE. Increased Stifes across the soil columns may be
attributed to preferential removal of non-aromatenpounds during soil infiltration.

V- Fluorescence EEM of soil columns at P&, 20°C and 25C

The results of FEEM analysis and reduction of isii#s of different peaks from PE and SE
are tabulated in Table 4-13 and Table 4-14. F-Elpbtsa of PE are shown in Figures 4-25
and 4-26. Details of F- EEM spectra plot is prodide Appendices C4 and C5 for both PE
and SE. Three peaks were identified namely, huaiigé-like, humic-like and protein-like
peaks related to maximum excitation and maximunssion.
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Table 4-13Fluorescence EEM analysis of influent and efflugfrgoil columns with PE at
different temperatures under aerobic conditions

Peak 1 Humic/Fulvic-like Excitation Emission Intensity Reduction

organic matter fractions (nm) (nm) in Intensity
(%)
PE-soil Influent 330 420 4.00 274
column 18C  Effluent 330 420 2.91
PE-soil Influent 330 430 1.59 8.6
column 26C  Effluent 330 430 1.46 '
PE-soil Influent 330 424 3.79 5.3
column 28C  Effluent 330 424 3.59 '

Peak 2 Humic-like organic matter factions

PE-soil Influent 260 454 5.72 35.4
column 18C  Effluent 260 454 3.69

PE-soil Influent 250 434 2.28 28
column 26C  Effluent 250 434 2.10 '
PE-soil Influent 240 436 5.27 12.0
column 28C  Effluent 240 436 4.64

Peak 3 Protein-like organic matter fractions

PE-soil Influent 270 308 1.77 33.0
column 18C  Effluent 270 308 1.19

PE-soil Influent 270 312 0.75 26.9
column 26C  Effluent 270 312 0.55

PE-soil Influent 270 308 3.96 50.1
column 28C  Effluent 270 308 1.98

The peaks reductions were higher at temperatui€ tdmpared to other temperatures in PE
which means rise in temperature led to reducedrdko®ence peak intensity. These results
support the hypothesis that fluorescence intensityghly dependent on temperature. A rise
in temperature increases the likelihood that antedkelectron will return to its ground state
by radiationless decay, leading to reduced flu@ese intensity. For example, fluorescence
intensity can increase by 1% with aCldecrease in temperature, within the range 16645
for tryptophan-like, humic-like and fulvic-like sstances depending on colloid size and
fluorophores (Hendersaat al., 2009).
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Figure 4-25: F-EEM spectra for influent (a), and effluent (b)dail columns at 1% (b);
(Influent: PE after 1-2 hours settling, HLR = 0.62%d, column depth = 0.3 m, media size =
0.8-1.25 mm, aerobic conditions)
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Figure 4-26: F-EEM spectra for influent (a), and effluent (b)dail columns at %€, (b);
(Influent: PE after 1-2 hours settling, HLR = 0.62%d, column depth = 0.3 m, media size =
0.8-1.25 mm, aerobic conditions)

Peak 1 was reduced by 27.4%, 8.6% and 5.3% %@, Z8’C and 25C respectively. Peak 2

was reduced by 35.4%, 7.8% and 12.0% aC120C and 25C respectively. Peak 3 was
reduced by 33%, 27% and 50% at’@520C and 258C respectively. The results shows
protein like substances were better removed inigtielh temperature. Additionally, peak 1
and peak 2 were better reduced at low temperainueating that fluorescence intensity is
dependent on temperature.
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Table 4-14Fluorescence EEM analysis of influent and efflugfrgoil columns with SE at
different temperatures

Peak 1 Humic/Fulvic-like Excitation Emission Intensity Reduction

organic matter fractions  (nm) (nm) in
Intensity
(%)

SE-soil column Influent 340 430 3.57

15°C Effluent 340 430 3.10 131

SE-soil column Influent 350 480 0.51 8.6

20°C Effluent 350 480 0.37 '

SE-soil column Influent 330 420 4.19

25°C Effluent 330 420 3.67 12.4

Peak 2 Humic-like organic matter fractions

SE-soil column Influent 250 434 4.75

15°C Effluent 250 434 4.31 24

SE-soil column Influent 250 480 0.72

20°C Effluent 250 480 0.56 219

SE-soil column Influent 240 436 8.18

25°C Effluent 240 436 4.75 419

Peak 3 Protein-like organic matter fractions

SE-soil column Influent 270 308 1.32

15°C Effluent 270 308 1.66 253

SE-soil column Influent 270 342 0.04

20°C Effluent 270 342 0.02 38.2

SE-soil column Influent 270 308 2.60

25°C Effluent 270 308 2.90 L3

On the other hand, soil columns studies were coeantly conducted with SE where in this
case the peaks response to temperature was quitergoas a case with PE. In this case
protein-like peaks and humic/fulvic peaks were meduced at a temperature®@0 Humic-
like peaks were reduced better at a temperatuf€.25o0me samples showed increase in
protein-like peaks at temperature’@5and 25C possibly due to formation of new fluorescing
material associated with DOC biodegradation. Detaiflthese results are shown in appendix
C5 and Table 4-14
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4.5.2 Effect of temperature on nitrogen removal in soil olumns

The effect of temperature on removal on nitrogemindu soil passage was studied at
laboratory-scale soil columns for various tempeeguThe soil column tests were carried out
to ascertain dependence of nitrification processtemmperature in removing nitrogen and
other contaminants during SAT and establish oveeatioval efficiency of SAT at low and
high temperatures.

I- Removal of nitrogen at 25°C

Figure 4-27 shows the reduction in concentrationaofmonium nitrogen and nitrate at
operating temperature of 26.

M Influent M Effluent

40

NH4-N/NO3-N (mg/L)

-

PE-C2 SE-C2 PE-C2 SE-C2

Ammonium Nitrate

Figure 4-27: Change in ammonium and nitrate concentrations ih gdumns at 28C
(Influent: PE and SE after 1-2 hours settling, HER.625 m/d, column depth = 0.3 m, media
size = 0.8-1.25 mm, aerobic conditions)

The average ammonium nitrogen influent concentmaitioPE and SE was 29.69+3.93 mg/L
and 0.21+0.03 mg/L respectively. The effluent amimonnitrogen concentration exiting the
columns for both PE and SE was zero with efflueiitate concentration going up to
23.26%£1.12 mg/L in PE. This implies that the remafaammonium nitrogen was 100% and
the effect of temperature change is evident atmpégature of 25C compared to temperature
20° C and 15C.

ii- Removal of nitrogen at 20°C

Figure 4-12 and Figure 4-13 shows the changes mecerdration of ammonium nitrogen in
soil columns (PE-C1, PE-C2, SE-C1 and SE-C2) diC2€mperature under aerobic
conditions.lt is obvious from this work that temperature isignificant aspect in nitrification
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process and thus nitrogen removal from SAT systdrhe.ammonium nitrogen removal for
PE-C1 and PE-C2 was 95.9 and 99.5% respectividgwise for SE-C1 and SE-C2 the
ammonium removal was 53.9 and 69.2% respectively.

ii- Removal of nitrogen at 15°C

Figure 4-28 shows change in ammonium nitrogen aimdt@ concentrations in soil columns
at 25'C.

H Influent M Effluent

NH4-N/NO3-N (mg/L)

—

PE-C2 SE-C2 PE-C2 SE-C2

Figure 4-28 Change in ammonium and nitrate concentrationsdih columns at 25C
(Influent: PE and SE after 1-2 hours settling, HER.625 m/d, column depth = 0.3 m, media
size = 0.8-1.25 mm, aerobic conditions)

Ammonium nitrogen oxidation was visibly affected teynperature in case with PE and SE.
At a temperature of 28 the ammonium nitrogen was fully oxidized to rigrand at 2%C the
oxidation of ammonia in PE was 95.5% for PE- C1 88% for PE- C2. Likewise in SE at
20°C the removal of ammonium nitrogen was 53.9 and2%9for SE-C1 and SE-C2
respectively. At 1%C the ammonium nitrogen oxidation in PE was 89.6#% the removal
of ammonium nitrogen in SE was 100% possibly duevéoy low concentration in the
influent. These results reinforce the findings dgf&akis et al (2011) in the research for
effect of wastewater step-feeding on removal edficiy of pilot-scale horizontal subsurface
flow constructed wetlands. Details showed thatrtheroorganisms responsible for nitrogen
retention function optimally at temperatures abd@®C and consistent with results by
Akratos and Tsihrintzis (2007).

84
Y N Malolo



Msc thesis: Effect of temperature and redox conditions on removal of contaminants during soil aquifer treatment

4.5.3 Effect of temperature on phosphorus removal in soitolumns

The effect of temperature in removal of phosphordusng soil passage was conducted in
laboratory-scale soil columns with PE and SE ameated below.

I- Removal of phosphorus at 25°C

Figure 4-29 shows the change in concentration ogphorous for influent and effluent water
in PE and SE at a working temperature 625

M Influent ™ Effluent

PO4-P (mg/L)

PE-C2 SE-C2

Figure 4-29: Change in phosphorous concentrations in soil cotuatr25C (Influent: PE and
SE after 1-2 hours settling, HLR = 0.625 m/d, catudepth = 0.3 m, media size = 0.8-1.25
mm, aerobic conditions)

The phosphorous concentration of influent watePm| was 5.53+0.77 mg/L and the final
effluent concentration was 3.79+0.52 mg/L accountma removal of 31.49+1.22%. On the
other hand, the phosphorous concentration of inflweater in SE was 2.87+0.15 mg/L and
the final effluent concentration was 2.28+0.14 mgdécounting to a removal of 20.61+0.76%.

Ii- Removal of phosphorus at 20°C

Figure 4-18 shows the change in phosphorous comtiemt in soil columns experiments for
both PE and SE at 20. Influent phosphorous concentration in PE was 3.955Mg/L and
concentration exiting the soil columns in the tvail solumns PE-C1 and PE-C2 operating
under aerobic conditions was 2.84+0.63 and 3.14:0n@/L corresponding to 31.09+2.54
and 23.16x4.71% removal. Similarly, the influentopphorous concentration in SE was
3.01+0.2 mg/L and the concentration exiting thé soilumns in the two soil columns SE-C1
and SE-C2 operating under aerobic conditions w&9+P.1 mg/L and 2.65+0.1 mg/L
corresponding to 10.46+£3.87 and 11.00+4.33% resadygt The above results indicate even
very low efficiency of phosphorus removal in salunns than in batch reactors most likely
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due to short hydraulic retention time in columnggma type and size.

ii- Removal of phosphorus at 15°C.

Figure 4-30 shows the change in phosphorous coratiemis in soil columns at 16.

M Influent ™ Effluent

PO4-P (mg/L)

PE-C2 SE-C2

Figure 4-30: Change in phosphorous concentrations in soil cotuatri5C (Influent: PE and
SE after 1-2 hours settling, HLR = 0.625 m/d, cahsndepth = 0.3 m, media size = 0.8-1.25
mm, aerobic conditions)

Phosphorous concentration of influent water wag8)41 mg/L whereas the final effluent
concentration was 5.47+0.47 mg/L in PE accounting temoval of 11.37+2.27%. Likewise
for SE, the concentration of phosphorous in theiarft water was 4.87+0.18 mg/L while the
final effluent concentration was 4.47+0.19 mg/L@aating to a removal of 8.10+0.84%.

The considerable less removal of phosphorous % Ifidicates that phosphorous removal
efficiencies proved to have dependence on temper#ttough the overall removal efficiency
at both temperatures was very low.

4.5.4 Effect of temperature on removal of pathogens in socolumns

Figure 4-29 shows the log removalsitoli andtotal coliform at various temperatures as
indicated belowE-coli andtotal coliforms were monitored at different temperatures from the
laboratory-scale soil columnB:coli removal in PE at temperatures’@520C and 25C was
2.5, 3.1 and 3.07 log removals respectiveiyoli removal in SE at temperatures’@520C
and 25C was 2.0, 2.4 and 2.2 log removals respectivetyal coliform removal in PE at
temperatures &, 20C and 258C was 2.7, 2.9 and 3.3 log removals respectivietal
coliform removal in SE at temperatures®C5 20C and 25C was 2.0, 2.1 and 2.2 log
removals respectively
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Figure 4-31 E-coli and total coliformlog removal in soil columns at different temperagur
(Influent: PE and SE after 1-2 hours settling, HER.625 m/d, column depth = 0.3 m, media
size = 0.8-1.25 mm, aerobic conditions)

The general trend is that log removalsotoli andtotal coliform at 25 C is slightly higher
than log removals at 6 and 26C in both PE and SE. In SE the removal of d&ttoli and
total coliform at both temperatures seem to be more or lessathe and this is attributed by
less pathogen in the effluent water as compar&EtaHowever there is no notable difference
in terms of log removal between D and 25C in PE and SE for botE- coli and total
coliform.

The above results suggest that adsorption of bacteas slightly greater at higher

temperatures. Hendricks et al (1979) suggestedattisdrption of bacteria was substantially
greater at higher temperatures in study on adswormf bacteria on soils. Also studies of
marine Pseudomonads showed that at a temperature JfC3the proportion of bacteria

attached to polystyrene was decreased comparédttatt26C

Table 4-14 shows the summarized results on renad\different parameters at different
temperature.
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Table 4-15 Summary table showing effect of temperature omoneal of different parameters
in soil column studies.

Influent Parameter Temperature
15°C 20°C 25°C
PE Organic matter 43% 46% 55%
Ammonium nitrogen 90% 96% 100%
Total nitrogen 18% 38-75% 22%
Phosphorous 11% 23% 32%
Pathogens E-coli 2.5 Log 3.1 Log 3.1 Log
Total coliform 2.7 Log 2.9 Log 3.3 Log
SE Organic matter 15% 19% 23%
Ammonium nitrogen 100% 69% 100%
Total nitrogen 8.9% 8.8% 27.6%
Phosphorous 8.1% 11% 21%
Pathogens E-coli 2.0 Log 2.4 Log 2.2 Log
Total coliform 2.0 Log 2.1 Log 2.2 Log

4.6 Practical implication of the study

e It is intended that SAT will become an importantheology in urban water
management that becomes standard practice wheteverable and cost-effective, as
it has potential to contribute to longer term-bé@sefin practice SAT process has an
enormous capacity for removing a wide range of ammants including organics,
nitrogen compounds, phosphorus and pathogens anglag an important role in a
multi-barrier, indirect potable reuse system.

* Experimental results showed that SAT is suitable tfeating PE with respect to
organic matter removal and other contaminants;etbez pretreatment of the raw
wastewater is necessary in preventing clogginghefupper part of the vadose zone
and producing pathogen free effluent during SATndéltration and settling of
applied effluent can be used as a pretreatmentédadafditration through onsite soil
layers to avoid clogging and UV disinfection astgosatment to producing pathogen-
free effluent.

e Soil column studies and batch experiments with R& SE verified that SAT can
remove up to 99-100 % dbtal coliforms and E-coli from PE and SE influent. In

practice, 4-6 log removal of microorganisms, susbngeric viruses, E-coli andtotal
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coliforms, have been reported to be removed in naturahtfitin through alluvial

aquifer sediments.

High removal efficiencies of DOC, nitrogen and pblosrous can be achieved under
aerobic and anoxic conditions. However adequatnten time is a very important
factor for contaminants removal during SAT. Addidly for pathogen removal, UV
disinfection if applied as post treatment will hétp produce pathogen-free effluent
during SAT.

Based on the results from this study redox conastiwere very sensitive with respect
to carbon, nitrogen and phosphorous removal thampéeature. This is because
change in redox conditions from aerobic to anoxid b substantial effect on removal
of these contaminants unlike for the case in teatpes.

Currently SAT renovated water is being used in U&hael, Australia and Europe,
however SAT is potential worldwide depending onlggy, soils and hydrology. A
limitation of MAR systems, like in cases of GAC, mgranes and advanced oxidation
Is that it's only limited barrier for certain comianants. Additionally, the results from
previous studies have evidence that MAR systemgareen barrier for microbes.
The other limitations of MAR systems are that thé&eno reliable transfer of

experiences to others and the possibility of reledd-e and/or Mn at some sites.
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5 CONCLUSIONS AND RECOMMENDATIONS

51 Conclusions

After the analysis and discussion of results aeguihrough short soil column and batch
experiments, DOC, nutrients and pathogens attemwat PE and SE, the following
conclusions can be made:

Batch experiments

1. DOC removal in soil batch tests with PE was ab&%b2nder aerobic conditions and
40% under anoxic conditions while in SE, DOC rentowas 25% under aerobic

conditions and 15% under anoxic conditions.

2. The SUVA values in PE increased from 1.78 L/mg 3.@8 L/mg m while that in SE
increased from 2.88 to 3.19 L/mg m across soilmoldor aerobic conditions. SUVA
values for anoxic conditions showed similar tretd78 to 2.75 L/mg.m in PE and
2.88 to 3.00 L/mg.m in SE) indicating that DOC mmisin wastewater was removed

in both aerobic and anoxic conditions.

3. Ammonium nitrogen removal in batch reactors in RH S8E under aerobic conditions
was above 99 %. About 12.1% of ammonium nitroges waioved in batch reactors
fed with PE under anoxic conditions. There was ndication for a significant
denitrification in the batch reactors. Total niteogremoval in batch reactors fed with
PE was 1.26% and 6.5% under aerobic and anoxicitcomsl respectively. Total
nitrogen in batch reactors with SE was removed B 4nder aerobic conditions and

was not removed under anoxic conditions.

4. The phosphorous removal was relatively low for bBth and SE. The phosphorous
removal in batch reactors for PE and SE were apmately 28 and 37% under

aerobic conditions 22% and 18% under anoxic camutrespectively.

5. The removal of pathogens in batch reactors wassabstantially affected by redox
conditions. There was a 2-3-log reductiorEedoli andtotal coliform for both aerobic

and anoxic conditions.

91
Y N Malolo



Msc thesis: Effect of temperature and redox conditions on removal of contaminants during soil aquifer treatment

Short soil column experiments

a. Redox conditions

6. DOC removal under aerobic conditions in two soluoans PE-C1 and PE-C2 was 46
and 50% respectively. Under anoxic conditions tl@CDremoval was 31% with PE.
Consequently in SE, DOC removal under aerobic ¢mmdi with two soil columns
SE-C1 and SE-C2 gave the same percent removal @it &9%. Under anoxic

conditions in SE the DOC removal was 13%.

7. The SUVA values in PE for the two columns increas&d to 2.24 L/mg m and from
1.97 to 2.52 L/mg m in PE-C1 and PE-C2 respectiMel\6E, SUVA increased from
2.78 to 3.31 L/mg m and from 2.81 to 3.26 L/mg.msail columns indicating that
during aerobic and anoxic soil passage aliphatibara sources are preferentially

used.

8. Soil column experiments showed that nitrificatioancremove up to 96 % of
ammonium nitrogen within a column of 0.3 m deptd afso some denitrification can
be achieved during soil passage. Total nitrogeroxain soil column with PE ranged
from 38 to 76% under aerobic conditions and 26%eurahoxic conditions. Total
nitrogen removal in soil column with SE was 8.8%lemnaerobic conditions and 30%

under anoxic conditions.

9. Phosphorous removal was generally very low (2318 3or PE and 10 to 11% for SE
under aerobic conditions) possibly due to shortraytic retention time, less media,
size and type of media used. Also phosphorus rehthwang SAT is not sustainable
since its removal mechanism is mainly adsorptiod Hrere breakthrough is most

likely when the soil adsorption capacity is excekde

10.The removal of pathogens in soil columns studieteumerobic and anoxic conditions
showed a range of 2.2 to 3 log removals. The resotticate that there is no redox

dependence on pathogens removal.
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b. Effects of temperature.

11.DOC removal in PE at temperatures €5 20 C and 28C was 43%, 50% and 55%
respectively. The DOC removal in SE at temperat@B€, 20°C and 258C was 15%,
19% and 23% respectively. The performance of SATs&asonal variations did not
remarkably affect DOC removal, which entails thregt temoval of bulk organic matter
is normally a result of aerobic and anaerobic ntibactivity which function even in

temperatures as low a5

12.The percent increase in SUVA values in PE at teatpegs 18C, 20°C and 25C is
39%, 48% and 68% respectively. SUVA changes in IS& iacreased by 10%, 12%
and 17% at temperatures®°C5 20C and 258C respectively. The results indicate that
easily biodegradable aliphatic compounds are bett®ioved at higher temperatures

than lower temperatures.

13. Ammonium nitrogen oxidation showed to have gregpetelence in temperature
despite the low hydraulic retention time in thd solumns. Conversion of ammonium
nitrogen was above 95% at a temperature dC29he maximum total nitrogen
removal in soil columns observed was 76% with P& t@mperature of 2G.

14.Phosphorous removal in soil columns with PE at emjpres 1%, 20°C and 25C
was 11%, 23% and 32% respectively. Phosphorousvanmo soil columns with SE
at temperatures 26, 20C and 28C was 8%, 11% and 21% respectively.

15. Soil columns were effective in removiriigjcoli and total coliforms removal and can
produce product water to the level of public acaepé in PE and SE. The log
removal ofE-coli andtotal coliform PE and SE at temperatureS@520C and 25C
ranged from 2 to 3.5 log removals. However the terature effect on removal of

pathogens was very little.

93
Y N Malolo



Msc thesis: Effect of temperature and redox conditions on removal of contaminants during soil aquifer treatment

5.2 Recommendations

The following recommendation are made, based offitdengs of this study

1. Further study is required to analyze the effecteshperature on removal of DOC,
nitrogen, phosphorous and pathogens using longcstiimns, longer retention and
different media size and type to get a better wtdading on the effect of seasonal

variations in removing different contaminants.

2. Longer-term studies should be done on removal dfiphel contaminants during SAT
in PE. The findings could encourage developing testo apply SAT technology as

it is cheaper to treat wastewater to primary lgvedr to SAT.

3. Further study is also required to analyze the efftédow temperatures like°6 on
removal of DOC, nitrogen, phosphorous and pathagEnes effect of temperature on
removal of contaminants under anoxic conditionsukhde carried to understand its

influence on redox conditions during SAT.
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7 APPENDICES

Appendix A: Measurements in batch experiments.

Al: The average influent and effluent DOC concentratiohbatch reactors during ripening
period

A2: Changes in DOC, UVA-254 and SUVA values of batchcters with PE after ripening
period

A3: DOC, UVA and SUVA values for soil batch experirteein PE after ripening under
aerobic and anoxic conditions

A4: DOC, UVA and SUVA values for soil batch experirteein SE after ripening under
aerobic and anoxic conditions.

A5: (a)E-coli andtotal coliform removals in batch reactors under aerobic condition

A5: (b) Summary ofE-coli andtotal coliform removal under different redox conditions in
batch experiments

A6: Fluorescence EEM spectra plots in batch reactodemuaerobic and anoxic conditions in
SE

A7: Fluorescence EEM analysis of influent and efftuarbatch experiments fed with
SE under aerobic and anoxic conditions

A8: Measurements of Ammonium nitrogen and nitrate itchba@xperiments under aerobic
conditions

A9: Measurements of Ammonium nitrogen and nitrate itchba@xperiments under anoxic
conditions

Appendix B: Measurements in soil columns-Redox coritibns

B 1. DOC concentration of influent and Effluent duringening and after ripening for SE-C1
under aerobic conditions

B 2: DOC concentration of influent and Effluent duringening and after ripening for PE-C1
under aerobic conditions

B 3: DOC concentration of influent and Effluent durimgening and after ripening for PE-C1
and SE-C1 under anoxic conditions

B 4. Fluorescence EEM spectra plots in soil columnewrakrobic and anoxic conditions in
both PE and SE.

B5: (a) E-coli andtotal coliform removals in soil columns under anoxic conditions
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B5: (b) Summary oE-coli andtotal coliform removal under different redox conditions in soil
column experiments for both PE and SE

B6: Ammonium nitrogen measurements in soil columneeixpents under aerobic conditions
B7: Ammonium nitrogen measurements in soil columneeixpents under anoxic conditions

B8: Phosphorous measurements in soil column expetemerder aerobic conditions for both
PE and SE

Appendix C: Measurements in soil column-Temperaturesffect

C1: DOC removals in PE and SE at a temperatufeC2mH soil column studies under aerobic
conditions

C2: DOC removals in PE and SE at a temperatufeCl#H soil column studies under aerobic
conditions

C3: DOC, UVA and SUVA values for soil columns expeents at different temperature in
PE and SE after ripening and under aerobic comditio

C4: Fluorescence EEM spectra plots in soil columdifé¢rent temperatures in both PE & SE.
C5: Fluorescence EEM analysis of influent and efftuarbatch experiments fed with

SE under aerobic and anoxic conditions indicatedyction in different peaks

C6: E-coli and total coliform removal at differemiiperatures in soil column experiments

C7: Ammonium nitrogen and nitrate measurements ihcebimn experiments at temperature
25°C in both PE and SE

C8: Ammonium nitrogen and nitrate measurements ihcebimn experiments at temperature
15°C in both PE and SE

C9: Measurements of phosphorous in soil column erpanis at 2% with both PE and SE
C10: Measurements of phosphorous in soil column erpants at 28C with both PE and SE

C11: Measurements of phosphorous in soil column erpants at 1% with both PE and SE
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Al: The influent and effluent DOC concentrations atdh reactors during ripening period
(influent: SE after 1-2 hours settling, changingirdfuent at every 5 days, volume of batch
=500 ml, mass of sand media =100 g and sand si1=P5 mm

Days SE-Aerobic batch reactors
Influent Effluent Removal Cel/Co
(mg/L) (mg/L) (%)

10 12.30 11.93 3.01 0.97
15 14.73 13.64 7.40 0.93
20 12.71 10.99 13.53 0.86
25 12.69 10.51 17.18 0.83
30 14.55 13.23 9.07 0.91
35 14.89 12.90 13.36 0.87
40 15.57 12.17 21.84 0.78
45 12.14 9.65 20.51 0.79
50 12.57 9.52 24.26 0.76
55 12.86 9.65 24.96 0.75
60 14.87 11.12 25.22 0.75
65 15.50 11.64 24.90 0.75
70 13.69 10.44 23.74 0.76
75 14.97 11.27 24.72 0.75
80 14.21 10.71 24.63 0.75
85 16.86 12.73 24.50 0.76

AVG 14.07 11.38 18.93

STDEV 1.40 1.30 7.38
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A2: The influent and effluent DOC concentrations atdh reactors during ripening period
(Influent: PE after 1-2 hours settling, changingrdfuent at every 5 days, volume of batch
=500 ml, mass of sand media =100 g and sand si1=P5 mm

Days PE-Aerobic batch reactors
Influent (mg/L) Effluent Removal CelCo
(mg/L) (%)

10 42.38 17.60 58.47 0.42
15 39.02 18.77 51.90 0.48
20 31.69 20.23 36.16 0.64
25 31.53 15.22 51.73 0.48
30 41.52 15.94 61.61 0.38
35 33.06 19.22 41.86 0.58
40 34.68 16.86 51.38 0.49
45 30.48 14.51 52.40 0.48
50 28.41 13.83 51.32 0.49
55 26.01 12.38 52.40 0.48
60 30.03 14.07 53.15 0.47
65 26.46 12.24 53.74 0.46
70 29.82 13.84 53.59 0.46
75 32.53 14.89 54.23 0.46
80 33.99 15.39 54.72 0.45
85 33.22 15.03 54.76 0.45

AVG 32.80 15.63 52.09

STDEV 4.78 2.35 5.86
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A3: DOC, UVA and SUVA values for soil batch experirteem PE after ripening under
aerobic and anoxic conditions

PE batch DOC Avg.DOC UVA-254 Avg.UVA SUVA
Reactors (mg/L) (mg/L) (cm-1) (cm-1) (L/mg-cm)
Influent 32.74 32.74 0.584 0.584 1.78
R1- Aerobic 15.07 0.479
R2 -Aerobic 15.77 0.485
Effluent R3-Aerot?ic 14.19 15.01 0.424 0.463 3.08
R1-Anoxic 18.47 0.559
R2-Anoxic 20.66 0.541
R3-Anoxic 20.81 19.98 0.549 0.550 2.75

A4:. DOC, UVA and SUVA values for soil batch experingem SE after ripening under
aerobic and anoxic conditions

SE batch DOC Avg.DOC UVA-254 Avg.UVA SUVA

Reactors (mg/L) (mg/L) (cm-1) (cm-1) (L/mg-cm)
Influent 14.57 14.57 0.419 0.419 2.88

R1- Aerobic 11.37 0.338

R2 -Aerobic 11.23 0.353

R3-Aerobic 10.25 10.95 0.357 0.349 3.19
Effluent _

R1-Anoxic 11.88 0.378

R2-Anoxic 11.74 0.361

R3-Anoxic 13.67 12.43 0.381 0.373 3.00
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A5: (a) E-coli andtotal coliform removals in batch reactors under aerobic condit{mfluent:
PE and SE after 1-2 hours settling, changing duémft at every 5 days, volume of batch
=500 ml, mass of sand media: 100 g and sand siget.25 mm)

i. E-coli removal from aerobic batch reactors with PE

Date Influent Effluent (CFU/mL) Log Removal
(CFU/mL) Aerobic Mean STDEV Aerobic Mean STDEV
reactors reactors
01/02/11 45,000 0 40 O 14 23 4.7 3.1 47 4.1 0.9
03/02/11 40,000 40 30 10 27 15 3.0 3.1 36 3.2 0.3
28/02/11 28,000 10 0 60 24 32 34 44 27 3.5 0.9

ii. E-coli removal from aerobic batch reactors with SE

Date Influent Effluent (CFU/mL) Log Removal
(CFU/mL) Aerobic Mean STDEV Aerobic Mean STDEV
reactors reactors

01/02/11 0O 0 O 0 0 22 22 22 22 0.0
160

03/02/11 0O 0 O 0 0 23 23 23 23 0.0
220

28/02/11 0O 0 O 0 0 23 23 23 23 0.0
200

iil. Total coliformremoval from aerobic batch reactors with PE

Date Influent Effluent (CFU/mL) Log Removal
(CFU/mL) Aerobic Mean STDEV Aerobic Mean STDEV
reactors reactors
01/02/11 238,000 240 190 130 187 50 3.0 31 33 3.1 0.1
03/02/11 218,000 230 230 220 227 6 3.0 3.0 3.0 30 0.0
28/02/11 202,000 340 440 330 370 61 28 2.7 28 27 0.1
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iv.  Total coliformremoval from aerobic batch reactors with SE
Date Influent Effluent (CFU/mL) Log Removal
(CFU/mL) Aerobic Mean STDEV Aerobic Mean STDEV
reactors reactors
01/02/11 830 0 0 O 0 0 29 29 29 2.9 0.0
03/02/11 1110 0 0 O 0 0 3.0 3.0 3.0 3.0 0.0
28/03/11 1680 0 20 O 7 11 3.2 19 32 2.8 0.8

A5: (b) Summary oE-coli andtotal coliform removal under different redox conditions in

batch experiments

Log removal in batch experiments under aerobic conitions

Category Plate1 Plate2 Plate3  Average STDEV

E-coli in PE 4.1 3.2 3.5 3.60 0.46
E-coli in SE 2.2 2.3 2.3 2.27 0.06
Total coliformin PE 3.1 3.0 2.7 2.93 0.21
Total coliformin SE 2.9 2.8 3.0 2.90 0.10

Log removal in batch experiments under anoxic coritlons

Plate1 Plate2 Plate3  Average STDEV

E-coli in PE 2.8 2.4 3.0 2.73 0.31
E-coli in SE 2.4 2.1 2.3 2.27 0.15
Total coliformin PE 2.1 1.9 2.3 2.10 0.20
Total coliformin SE 3 2.3 3.0 2.77 0.40
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A6: Fluorescence EEM spectra plots in batch reactalsmuaerobicandanoxicconditions in
SE
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A7: Fluorescence EEM analysis of influent and efftuarbatch experiments fed with

SE under aerobic and anoxic conditions indicatedyction in different peaks

Peak 1 Humic/Fulvic-like Excitation Emissi Intensity Reduction
organic matter fractions (nm) on in Intensity
(nm) (%)
SE-aerobic batch Influent 340 430 2.26 12.1
Effluent 340 430 1.99
SE-anoxic batch  Influent 340 430 2.26 11.0
Effluent 340 430 2.01

Peak 2 Humic-like organic matter fractions

SE-aerobic batch Influent 250 430 3.22 10.9
Effluent 250 430 2.87

SE-anoxic batch  Influent 250 430 3.22 7.2
Effluent 250 430 2.99

Peak 3 Protein-like organic matter fractions

SE-aerobic batch Influent 270 310 1.36 32.6
Effluent 270 310 0.92
SE-anoxic batch  Influent 270 310 1.36 24.7
Effluent 270 310 1.03
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A8: Measurements of Ammonium nitrogen and nitrate iclbaxperiments under aerobic
conditions

1°-reading 2“-reading 3“-reading AVG STDEV

PE influents (NH-N) 31.97 26.92 36.3 31.73 4.69
PE effluents (NEN) 0.10 0.00 0.00 0.03 0.06
PE influents (N@-N) 1.91 1.88 182 1.87 0.05
PE effluents (N@N) 36.49 37.53 34.11 36.04 1.75
SE influents (NH-N) 0.59 0.02 0.45 0.35 0.30
SE effluents (N&N) 0.00 0.00 0.00 0.00 0.00
SE influents (N@N) 4.54 7.53 5.82 5.96 1.50
SE effluents (N@N) 10.01 4.02 6.71 6.91 3.00

A9: Measurements of Ammonium nitrogen and nitrate tichbaxperiments under anoxic
conditions

1reading 2“-reading 3-reading AVG STDEV

PE influents (NH-N) 31.97 26.92 36.3 31.73 4.69
PE effluents (N&-N) 29.28 25.89 28.51 27.89 1.78
PE influents (NG-N) 1.91 1.88 1.82 1.87 0.05
PE effluents (N@N) 3.63 5.10 5.72 4.82 1.07
SE influents (NH-N) 0.59 0.02 0.45 0.35 0.30
SE effluents (NI#N) 0.00 0.00 0.00 0.00 0.00
SE influents (N@N) 4.54 7.53 5.82 5.96 1.50
SE effluents (N@N) 9.48 9.39 9.44 9.44 0.05
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B1: DOC concentration of influent and Effluent duringening and after ripening for SE-C1
under aerobic conditions

SE-C1
Days Influent Effluent Removal Ce/Co
(mg/L) (mg/L) (%)

16 12.30 12.01 2.36 0.98
20 11.62 11.34 2.41 0.98
22 13.57 11.98 11.72 0.88
24 12.69 10.15 20.02 0.80
28 14.52 12.74 12.26 0.88
31 14.55 13.52 7.08 0.93
34 16.54 15.09 8.77 0.91
35 15.34 14.55 5.15 0.95
37 14.89 13.50 9.34 0.91
39 14.28 13.01 8.89 0.91
41 15.40 12.33 19.94 0.80
43 15.57 13.17 15.41 0.85
45 13.12 12.42 5.34 0.95
52 12.38 9.81 20.76 0.79
59 10.73 8.99 16.22 0.84
62 14.19 11.29 20.44 0.80
64 14.55 11.87 18.42 0.82
66 15.18 12.20 19.63 0.80
68 14.36 11.40 20.61 0.79
70 15.83 12.81 19.08 0.81
72 13.37 10.84 18.92 0.81
74 13.14 10.74 18.26 0.82
76 13.40 10.89 18.73 0.81
78 12.76 10.40 18.50 0.82
80 12.03 9.83 18.29 0.82
82 13.15 10.69 18.71 0.81
84 11.90 9.80 17.65 0.82

AVG 13.75 11.75 14.55

STDEV 1.44 1.51 6.11

AVG after 13.61 11.04 18.80

ripening

STDEV after 1.25 0.95 0.79

ripening
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B2: DOC concentration of influent and Effluent duringening and after ripening for PE-C1
under aerobic conditions

PE-C 1
Days Influent (mg/L) Effluent (mg/L) Removal (%) Ce/Co
16 44.38 32.53 26.70 0.73
20 38.04 24.22 36.33 0.64
22 35.43 21.86 38.30 0.62
24 31.53 18.11 42.56 0.57
28 42.27 16.49 60.99 0.39
31 41.52 21.98 47.06 0.53
34 52.92 24.66 53.40 0.47
35 39.84 23.28 41.57 0.58
37 33.06 18.36 44.46 0.56
39 36.69 21.56 41.24 0.59
41 32.70 21.04 35.66 0.64
43 34.04 27.76 18.45 0.82
45 28.17 26.26 6.78 0.93
52 35.13 16.85 52.04 0.48
59 31.41 17.01 45.85 0.54
62 36.39 19.69 45.89 0.54
64 29.70 15.09 49.19 0.51
66 35.64 17.34 51.35 0.49
68 29.65 16.10 45.70 0.54
70 29.40 15.91 45.88 0.54
72 32.53 18.03 44.57 0.55
74 30.34 16.45 45.78 0.54
76 31.55 17.37 44.94 0.55
78 32.58 17.58 46.04 0.54
80 29.13 15.91 45.38 0.55
82 26.17 14.34 45.20 0.55
84 25.86 14.01 45.82 0.54
AVG 34.30 19.62 42.49
STDEV 6.01 4.51 10.76
AVG after 30.23 16.19 46.35
ripening
STDEV after 2.83 1.33 2.04
ripening
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B3: DOC concentration of influent and Effluent duringening and after ripening for PE-C1
and SE-C1 under anoxic conditions

Days SE C 1 Anoxic PE C 1 Anoxic
Influent Effluent Removal Influent effluent(img/L) Removal
(mg/L) (mg/L) (%) (mg/L) (%)
4 12.65 11.61 8.22 30.26 21.83 27.86
6 12.05 11.07 8.13 29.11 20.70 28.89
8 12.55 10.16 19.04 28.92 19.70 31.88
10 12.42 10.56 14.98 27.02 14.62 45.89
12 13.21 11.77 10.90 27.02 13.97 48.30
14 15.43 13.46 12.77 31.52 19.35 38.61
16 15.32 13.31 13.12 32.45 22.14 31.77
18 14.54 12.64 13.07 32.49 22.35 31.21
20 14.91 12.97 13.01 25.13 17.32 31.08
22 14.01 12.12 13.49 25.46 17.55 31.07
AV 13.71 11.97 12.67 28.94 18.95 34.66
STDEV 1.29 1.14 3.17 2.74 3.02 7.16
AV after 14.84 12.90 13.09 29.41 19.74 31.28
ripening
STDEYV after 0.58 0.54 0.26 3.78 2.42 0.33
ripening
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B4: Fluorescence EEM spectra plots in soil column urad@obicand anoxi conditions in
both PE and SE.
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iv. SE-=soil column anoxic conditiol

Influent

B ol msodc TAOONT

Effluent

B 5: (a) E-coli andtotal coliform removals in soil columns under anogmndition: (Influent:

PE and SE after 1-2 howssttling, HLR=0.62 m/d, column depth = 043, media size = 0 .8-

1.25 mm, anoxic conditions)

i E-coli removal from soil short columns with -Anoxic

Date Influent Effluent (CFU/mL) Log Removal
(CFU/mL) Column : Mean STDEV Column : Mean STDEV
14/02/11 32,000 28C 310 300 297 15 21 2C 2.0 2.0 0.0
16/02/11 29,000 30 50 90 57 31 3.0 2¢& 25 2.8 0.2
18/02/11 30,000 12C 140 160 140 20 24 23 23 2.3 0.1
ii.  E-coli removal fromsoil short columns with S-Anoxic
Date Influent Effluent (CFU/mL) Log Removal
(CFU/mL) Column 1 Mean STDEV Column: Mean STDEV
14/02/11 120 0O O 0 0 0 2.1 21 2.1 2.1 0.0
16/02/11 370 0 O 0 0 0 2.6 2€ 26 2.6 0.0
18/02/11 240 0 O 0 0 0 2.4 24 2.4 2.4 0.0
iii.  Total coliformremoval fron soil short columns with PE-Anoxic
Date Influent Effluent (CFU/mL) Log Removal
(CFU/mL) Column 2 Mean STDEV Column : Mean STDEV
14/02/11 320,000 58C 560 590 577 15 27 28 27 2.7 0.0
16/02/11 361,000 40C 370 330 367 35 3.0 3.C 30 3.0 0.0
18/02/11 350,000 17C 190 190 183 12 33 32 33 3.3 0.0
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iv.  Total coliformremoval from soil short columns with SE-Anoxic
Date Influent Effluent (CFU/mL) Log Removal
(CFU/mL) Column 2 Mean STDEV Column 2 Mean STDEV
14/02/11 2,070 30 20 20 23 6 18 20 20 2.0 0.1
16/02/11 1,470 0 10 O 4 5 32 22 32 2.8 0.6
18/02/11 1,890 10 10 20 13 6 23 23 20 2.2 0.2

B5: (b) Summary oE-coli andtotal coliform removal under different redox conditions in soil
column experiments for both PE and SE

Log removal in soil column experiments under aerolw conditions

Category Plate1 Plate2 Plate3 Average STDEV
E-coli in PE 2.9 2.9 2.7 2.83 0.12
E-coli in SE 2.1 2.4 2.3 2.27 0.15
Total coliformin PE 2.4 2.9 3.1 2.80 0.36
Total coliformin SE 2.4 3.0 3.1 2.83 0.38
Log removal in soil column experiments under anoxic conditions
Category Plate1 Plate2 Plate3  Average STDEV
E-coli in PE 2.0 2.8 2.3 2.40 0.57
E-coli in SE 2.1 2.6 2.4 2.35 0.35
Total coliformin PE 2.7 3.0 3.3 2.85 0.21
Total coliformin SE 2.0 2.8 2.2 2.40 0.57
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B6: Ammonium nitrogen and nitrate measurements ihcedumn experiments under aerobic
conditions for PE and SE

15t 2% reading 3“-reading AVG STDEV

reading
PE (NH-N)  Influent 36.3 34.27 28.88 33.15 3.83
PE-C1 effl 3.79 0.14 0.17 1.37 2.10
PE-C2 effl 0.14 0.17 0.16 0.16 0.02
PE (NG-N)  Influent 0.17 0.16 020 018  0.02
PE-C1 effl 4.56 7.9 7.77 6.74 1.89
PE-C2 effl 19.54 21.93 19.60 20.36 1.36
SE (NH-N) Influent 0.15 0.14 010 013  0.03
SE-C1 effl 0.06 0.06 0.05 0.06 0.01
SE-C2 effl 0.04 0.04 0.05 0.04 0.01
SE (NQ-N) Influent 3.39 3.30 3.45 3.38 0.08
SE-C1 effl 3.63 3.8 3.78 3.74 0.09
SE-C2 effl 3.65 3.83 3.85 3.78 0.11

B7: Ammonium nitrogen and nitrate measurements incediimn experiments under anoxic
conditions for both PE and SE

1“reading 2%-reading 3-reading AVG STDEV

PE-C1 influents (N&+N) 31.97 26.92 38.71 32.53 5.92
PE-C1 effluents (NEN) 10.12 9.03 8.74 9.30 0.73
PE-C1 influents (N@N) 1.91 1.88 1.82 1.87 0.05
PE-Cleffluents (N@N) 13.23 17.19 18.38 16.27 2.70
SE-C1 influents (Nk&N) 0.59 0.02 0.47 0.36 0.30
SE-C1 effluents (N&tN) 0.00 0.00 0.00 0.00 0.00
SE-C1 influents (N@N) 6.25 4.70 454 5.16 0.94
SE-C1 effluents (N@N) 4.67 3.22 3.77 3.89 0.73
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B8: Phosphorous measurements in soil column expetesmaer aerobic conditions for both
PE and SE

1. 2" 3. 4" AVG  STDEV
reading reading reading reading
Influents (PQ-P) 4.83 3.96 3.28 3.79 3.97 0.65
PE C1 effluents  3.74 2.81 2.31 2.50 2.84 0.63
PE C2 effluents  3.97 3.05 2.37 3.15 3.14 0.66
Influents (PQ-P) 2.95 3.30 2.93 2.85 3.01 0.20
SE C1 effluents 2.72 2.78 2.61 2.64 2.69 0.08
SE C2 effluents 2.66 2.73 2.64 2.58 2.65 0.06

C1: DOC removals in PE and SE at a temperatufeC2& soil column studies under aerobic
conditions

Days SE C 2-28C PE C2-25C
Influent  Effluent Removal Influent Effluent(mg/L) Removal
(mg/L)  (mg/L) (%) (mg/L) (%)
6 12.98 10.68 17.72 24.24 12.48 48.51
8 12.47 10.12 18.85 25.71 13.04 49.28
10 13.75 10.08 26.69 30.82 12.55 59.28
12 14.17 11.86 16.30 33.14 14.14 57.33
14 13.00 10.05 22.69 31.02 13.97 54.96
16 14.52 11.24 22.59 32.07 14.73 54.07
18 14.43 11.12 22.94  29.41 13.46 54.23
20 14.54 11.28 22.42 32.70 14.77 54.83
AVG 13.73 10.80 21.27 29.89 13.64 54.06
STDEV 0.81 0.68 3.39 3.27 0.91 3.64
AVG 14.12 10.92 22.66 31.30 14.23 54.52
after
ripening
STDEV 0.75 0.59 0.22 1.44 0.63 0.44
after
ripening
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C2: DOC removals in PE and SE at a temperatufeCli soil column studies under aerobic
conditions

Days SE C 2-18C PE C2-15C
Influent  Effluent Removal Influent Effluent Removal
(mg/L)  (mg/L) (%) (mg/L)  (mg/L) (%)

8 16.65 13.18 20.84 36.37 18.34 49.57
10 15.37 12.56 18.28 35.71 18.30 48.75
12 12.96 11.28 12.96 31.82 15.55 51.13
14 14.17 11.06 21.95 33.14 16.14 51.30
16 13.64 12.05 11.66 31.02 15.97 48.52
18 13.52 11.84 12.43 32.07 20.89 34.86
20 13.41 11.67 12.98 26.37 17.30 34.40
22 12.69 11.12 12.37 27.37 18.03 34.12
24 12.54 11.02 12.12 27.70 18.37 33.68
AVG 13.88 11.75 15.07 31.29 17.65 42.93
STDEV 1.34 0.74 4.10 3.57 1.65 8.27
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C3: DOC, UVA and SUVA values for soil columns expeeints at different temperature in
PE and SE after ripening and under aerobic comditio

Influent DOC (mg/L) Avg.DOC (mg/L) | UVA-254 (cm-1) | Avg.UVA (cm-1) | SUVA (L/mg-cm)

water | Temp [Influent |Effluent [Influent |Effluent |InfluentiEffluent [Influent|Effluent [Influent|Effluent
32.07 14.73 0.581 0.425

PE-C2 | 25°C 33.99 14.77| 31.82 14.32 0.644 0.452| 0.562 0.424 1.76 2.96
29.41 13.46 0.460 0.396
14.52 11.24 0.508 0.419

SE-C2 | 25°C 14.43| 11.12| 1450 | 11.21 0.504| 0.479| 0.500 | 0.454 | 3.45 | 4.05
14.54 11.28 0.488 0.464
29.13 14.81 0.490 0.358

PE-C2 | 20°C 26.17 13.46| 27.05 13.85 0.515 0.396| 0.488 | 0.371 1.81 2.68
25.86 13.29 0.460 0.360
12.03 9.79 0.335 0.324

SE-C2 | 20°C 13.15 10.68| 12.36 10.08 0.370 0.325| 0.354 0.325 2.87 3.22
11.90 9.78 0.358 0.325
26.37 17.30 0.457 0.509

PE-C2 | 15°C 27.37 18.03| 27.15 17.90 0.548 0.514| 0.520 0.478 1.92 2.67
27.70 18.37 0.556 0.412
13.41 11.67 0.406 0.382

SE-C2 | 15°C 12.69 11.12| 12.88 11.27 0.402 0.389| 0.403 | 0.387 3.13 3.44
12.54 11.02 0.400 0.391
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C4: Fluorescence EEM spectra plots in soil columditiérent temperatures in both PE and
SE under aerobic conditions
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iv.  SE-at atemperature of °C

L] L1 )

Influent Effluent

v. SE-at atemperature 20°C
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vi. SE- ata temperature of °C
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C5: Fluorescence EEM analysis of influent and efftuarbatch experiments fed with

SE under aerobic and anoxic conditions indicatedyction in different peaks

Peak 1 Humic/Fulvic-like Excitation Emission Intensity Reduction

organic matter fractions (nm) (nm) in
Intensity
(%)

SE-soil column Influent 340 430 3.57

15°C Effluent 340 430 3.10 131

SE-soil column Influent 350 480 0.51 8.6

20°C Effluent 350 480 0.37 '

SE-soil column Influent 330 420 4.19

25°C Effluent 330 420 3.67 12.4

Peak 2 Humic-like organic matter fractions

SE-soil column Influent 250 434 4.75

15°C Effluent 250 434 4.31 94

SE-soil column Influent 250 480 0.72

20°C Effluent 250 480 0.56 219

SE-soil column Influent 240 436 8.18

25°C Effluent 240 436 4.75 419

Peak 3 Protein-like organic matter fractions

SE-soil column Influent 270 308 1.32

15°C Effluent 270 308 1.66 253

SE-soil column Influent 270 342 0.04

20°C Effluent 270 342 0.02 38.2

SE-soil column Influent 270 308 2.60

25°C Effluent 270 308 2.90 L3
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c6: E-coli and total coliform removal at different temperatures in soil column

experiments

Log removal in soil columns at temperature 1%

Category Plate 1 Plate 2 Plate 3 Average STDEV
E-coli in PE 2.1 2.4 3.0 2.50 0.46
E-coli in SE 2.0 2.0 2.0 2.00 0.00
Total coliformin PE 2.8 2.8 24 2.67 0.23
Total coliformin SE 1.8 2.2 2.1 2.03 0.21
Log removal in soil columns at temperature 28C
Category Plate 1 Plate 2 Plate 3 Average STDEV
E-coli in PE 3.3 3.1 2.9 3.10 0.20
E-coli in SE 2.9 2.4 2.0 2.43 0.45
Total coliformin PE 2.7 2.9 3.1 2.90 0.20
Total coliformin SE 2.2 2.0 2.0 2.07 0.12
Log removal in soil columns at temperature 25C
Category Plate 1 Plate 2 Plate 3 Average STDEV
E-coli in PE 3.4 2.9 2.9 3.07 0.29
E-coli in SE 2.4 2.1 2.2 2.23 0.15
Total coliformin PE 3.4 3.4 3.2 3.33 0.12
Total coliformin SE 24 2.3 2.0 2.23 0.21

C7: Ammonium nitrogen and nitrate measurements ihcedumn experiments at temperature

25°C in both PE and SE

1%reading 2“-reading 3“-reading AVG STDEV

PE influents (NH-N) 31.05 32.76 25.26 29.69 3.93
PE effluents (NEN) 0.00 0.00 0.00 0.00 0.00
PE influents (N@-N) 0.19 0.24 0.22 0.22 0.03
PE effluents (N@N) 22.08 24.31 234 23.26 1.12
SE influents (NH-N) 0.25 0.20 0.19 0.21  0.03
SE effluents (N&N) 0.01 0.00 0.00 0.00 0.00
SE influents (N@N) 3.53 3.55 3.14 3.41 0.23
SE effluents (N@N) 4.69 4.67 4.50 4.62 0.10
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C8: Ammonium nitrogen and nitrate measurements ihcedumn experiments at temperature
15°C in both PE and SE

1%reading 2“-reading 3“-reading AVG STDEV

PE influents (NH-N) 31.97 26.92 38.71 3253 5.92
PE effluents (NEN) 3.80 2.07 421 3.36 1.14
PE influents (N@-N) 1.91 1.88 2.05 195 0.09
PE effluents (N@N) 28.10 24.54 22.30 2498 292
SE influents (NH-N) 0.59 0.02 0.47 0.36 0.30
SE effluents (N&N) 0.00 0.00 0.00 0.00 0.00
SE influents (N@N) 7.53 5.06 4.85 581 149
SE effluents (N@N) 7.40 6.10 5.92 6.47 0.81

C9: Measurements of phosphorous in soil column erpanis at 2% with both PE and SE

1%reading 2%-reading 3“-reading AVG STDEV

PE influents (PQP) 5.76 4.68 6.16 5.53 0.77
PE effluents (PQP) 4.02 3.20 4.15 3.79 0.52
Removal (%) 30.21 31.62 32.63 31.49 1.22
SE influents (P@P) 3.04 2.81 2.75 2.87 0.15
SE effluents (P@P) 2.44 2.22 2.17 2.28 0.14
Removal (%) 19.74 21.00 21.09 2061 0.76

C10: Measurements of phosphorous in soil column erpants at 28 with both PE and SE

1. 2" 3. 4" AVG  STDEV
reading reading reading reading
Influents (PQ-P) 4.83 3.96 3.28 3.79 3.97 0.65
PE C1 effluents  3.74 2.81 2.31 2.50 2.84 0.63
PE C2 effluents  3.97 3.05 2.37 3.15 3.14 0.66
Influents (PQ-P) 2.95 3.30 2.93 2.85 3.01 0.20
SE C1 effluents 2.72 2.78 2.61 2.64 2.69 0.08
SE C2 effluents 2.66 2.73 2.64 2.58 2.65 0.06
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C11: Measurements of phosphorous in soil column erpants at 1% with both PE and SE

1%reading 2%reading 3“-reading AVG STDEV

PE influents (P@P) 6.24 5.73 6.53 6.17 0.41

PE effluents (P@P) 5.66 494 5.81 5.47 0.47

Removal (%) 9.29 13.79 11.03 11.37 2.27

SE influents (P@QP) 4.75 4.78 5.07 4.87 0.18

SE effluents (PQP) 4.32 441 4.69 4.47 0.19

Removal (%) 9.05 7.74 7.50 8.10 0.84
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