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Abstract

Wastewater contains high levels of nutrients likieogen and phosphorus depending on industrialcesrwate
conservation, or whether a detergent ban is inepl&xcessive release of these to the environmenieza to ¢
buildup of nutrients, calledutrophication, which can in turn lead to the ovewgh of weeds and algae. Chrol
symptoms of oveenrichment include low dissolved oxygen, fish kilsurky water, and depletion of desirable fl
and fauna. In addition, the increase in algae aruldity increases the need to chlorinate drinking watdnich, in
turn, leads to higher levels of disinfection-products that have been shown to increase theofiglancer. Thi
removal of organics and nutrients from wastewasereiquired by many reguliay agencies based on issues
toxicity, oxygen demand, and eutrophication effédany wastewater treatment plants have been design
upgraded to remove nitrogen and phosphorus by didband chemical means. To achieve lower effluiamts,
facilities have to look beyond conventional treatmentneldygies. To control eutrophication in receivingter:
bodies, biological nutrient removal (BNR) of nitesgand phosphorus has been widely used in wastetred¢men
practice, both for the upgrade ofiging wastewater treatment facilities and the glesif new facilities. Howeve
implementation of BNRAS systems presents challengesto the technical complexity of balancing iefit COD
for both biological phosphorus and nitrogen remo8hlidge agand aerated/unaerated mass fractions are ider
as key parameters for process optimization. Emgrgomcerns about process sustainability and thectioh of
carbon footprint are introducing additional chagies in that influent COD, N and P arereasingly being seen
resources that should be recovered, not simply verh

In light of this emerging paradigm of “sustainatyiliwhich includes environmental, social and ecoimposts a
factors determining process selection, it is ustdulindertand the relevant factors which differentiate cotimge
BNR technologies. To address this need, this paperviews key factors in BNR technologies which &of
operational cost, greenhouse gas (GHG) emissiambdn footprint reduction) and the abilto recover nutrients ¢
fertilizer.
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I ntroduction

Wastewater may contain high levels of the nutri
nitrogen and phosphorus. Excessive release tc
environment can lead to a build up of nutrie
called eutrophication, which can in turn encour
the overgrowth of weeds, algae, and cyanobac
(bluegreen algae). This may cause an algal bloo
rapid growth in the population of algae. The al
numbers are unsustainable and eventually mo:
them die. The decomposition of the algae by bax
uses up so much of oxygen in the water that mo
all of the animals die, which creates more orgi
matter for the bacteria to decompose. In additm
causing deoxygenation, some algal species prc
toxins that contaminate drinking water suppl
Different treatment processes are required to rer
nitrogen and phosphorus.
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Phosphorus: Total phosphorus (TP) in dome
wastewater typically ranges between 4 and 8 n
but can be higher depending on industrial soul
water conservation, or whether a detergent ban
place. Sources of phosphorus varied. Some
phosphorus is present in all biological material,ite
is an essential nutrient and part of a cell's ey
cycle. Phosphorus is used in fertilizers, detergy
and cleaning agents and is present in human
animal waste.
Phosphorus in wéswater is in one of three forn

 Phosphate (also called Orthophospt

PO43-)

* Polyphosphate, or

e Organically bound phosphor
The orthophosphate fraction is soluble and camt
one of several forms (e.g., phosphoric a
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phosphate ion) depending on the solution pH.
Polyphosphates are  higimergy, condensed
phosphates such as pyrophosphate and
trimetaphosphate. They are also soluble but witl no
be precipitated out of wastewater by metal salts or
lime. They can be converted to phosphate through
hydrolysis, which is very slow, or by biological
activity. Organically bound phosphorus can either b
in the form of soluble colloids or particulate.cian
also be divided into biodegradable and
nonbiodegradable fractions. Particulate organically
bound phosphorus is generally precipitated out and
removed with the sludge. Soluble organically bound
biodegradable phosphorus can be hydrolyzed into
orthophosphate during the treatment process. Solubl
organically bound nobiodegradable phosphorus
will pass through a wastewater treatment plant. A
typical wastewater contains 3 to 4 mg/L phosphorus
as phosphate, 2 to 3 mg/L as polyphosphate, and 1
mg/L as organically bound phosphorus [12].
Phosphorus content in wastewater can be measured
as

e Orthophosphate

» Dissolved orthophosphate

* Total phosphorus

» Total dissolved phosphorus (i.e., all forms

except particulate organic phosphorus).

Phosphorus removal is important as it is a limiting
nutrient for algae growth in many fresh water
systems. It is also particularly important for wate
reuse systems where high phosphorus concentrations
may lead to fouling of downstream equipment such
as reverse osmosis. EPA classifies advanced
treatment as “a level of treatment that is more
stringent than secondary or produces a significant
reduction in conventional, neconventional, or toxic
pollutants present in the wastewater” [13].

Removal Of Phosphorus

Phosphorus can be removed biologically in a process
called enhanced biological phosphorus removal. In
this process, specific bacteria, called polyphospha
accumulating organisms (PAOs), are selectively
enriched and accumulate large quantities of
phosphorus within their cells (up to 20 percent of
their mass). When the biomass enriched in these
bacteria is separated from the treated water, these
biosolids have a high fertilizer value.

Phosphorus removal can also be achieved by
chemical precipitation, usually with salts of ir@ng.
ferric chloride), aluminum (e.g. alum), or lime [1]
This may lead to excessive sludge production as
hydroxides precipitates and the added chemicals can
be expensive. Chemical phosphorus removal requires
significantly smaller equipment footprint than
biological removal, is easier to operate and igroft
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more reliable than biological phosphorus removal.
Another method for phosphorus removal is to use
granular laterite.
Once removed, phosphorus, in the form of a
phosphate-rich sludge, may be stored in a lanafill
resold for use in fertilizer.
Barriers to Implementing Nutrient Removal:
There are a number of barriers that may impact
forward progress in implementing nutrient removal
processes and achieving reductions in aquatic
ecosystems beyond that which is currently being
achieved, including:

* Costs

» Limitations on physical expansion

» State resources

* Increased carbon footprint

» Advanced operations and control
Nutrient removal comes at a cost to municipal
wastewater treatment facilities and their ratepsyar
second factor affecting the cost of nutrient renh@ta
wastewater facilities is limitations on physical
expansion of wastewater treatment facilities. Some
plants are located in urban areas and do not hayve a
way to obtain the physical space necessary to ekxpan
Space limitations can severely limit the type of
approaches that can be used to reduce nutrients. Tw
potentially negative environmental impacts of
employing advanced technologies to remove
nutrients from wastewater are the increase in the
carbon footprint and quantity of bio-solids requiyi
disposal. The increased carbon footprint will résul
not only from the nitrogen removal process but also
from the increased energy usage necessary to power
the technology needed to achieve the proposed
nutrient reduction levels. The level of processtan
is much greater than for BQ@and TSS removal. In
addition, these processes are susceptible to wet
weather, cold weather, and inhibitory substances
entering the plants. Despite the challenges agsacia
with nutrient removal, new research and information
are steadily becoming available.
Chemical: Deep-bed down-flow two-media filters
were used in pilot plant studies with filtration of
secondary settled wastewater. FeRUD FeC} was
applied as a precipitation agent and NaAgQkas
chosen as a carbon source when denitrification was
desired. The concentration of PP in the filtrate
from the pilot plant study never exceeded 0.05 mg
PO,-P/l when iron salts were dosed. The total
nitrogen reduction over the filter bed increasexrir
an average of 2.3 mg (NENO,-N/I at the
beginning of each experiment to an average of 4.3
mg (NG;+NO,)-N/I towards the end of the test.
When only secondary settled wastewater, suspended
solids, primary settled wastewater, iron salts, or
sodium acetate was added, at a hydraulic load of 10
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m/h, the time before clogging became 100 h, 10 h,
10 — 15 h, 20 — 40 h, and 20 — 40 h, respectively.
Almost the entire pressure drop was located on the
surface of the filter bed and 0.25 metre down i th
expanded clay layer. [4]. The enhanced biological
phosphorus removal (EBPR) method is widely
adopted for phosphorus removal from waste-water,
yet little is known about its microbiological and
molecular mechanisms. Therefore, it is difficult to
predict and control the deterioration of the EBPR
process in a large-scale municipal sewage treatment
plant. In this study authors used a novel strain
isolated in the laboratoryPseudomonas putida,
which had a high phosphate accumulating ability and
could recover rapidly from the  deterioratedteys

and enhance the capability of phosphorus removal in
activated sludge. Strain GM6 marked wifip gene,
which was called GMTR, was delivered into a
bench-scale sequencing batch reactor (SBR) of low
efficiency, to investigate the colonization of GMTR
and removal of phosphorus. After 21 days, the
proportion of GMTR in the total bacteria of the
sludge reached 9.2%, whereas the phosphorus
removal rate was 96%, with an effluent
concentration of about 0.2 mg'{5]. A series of jar
tests using iron (lll) chloride were carried out to
identify factors affecting phosphorus removal.
Mixing conditions and the extent of iron hydrolysis
prior to reaction with phosphate ions were explored
using crude sewage as a medium. Total phosphorus
removal of 80% was achieved at a dose of 1.48:1
molar ratio Fe:P. When a mixture of pre-hydrolysed
iron and iron chloride was added, 80% total
phosphorus removal was achievable at a dose of
1.86:1 molar ratio Fe:P. Metal hydroxides have the
capability to remove phosphorus by absorption but
less efficiently [6].

Wollastonite, a calcium metasilicate mineral mimed
upstate New York, is an ideal substrate for
constructed wetland ecosystems for removing soluble
phosphorus from secondary wastewater. Design
parameters, required for designing a full-scale
constructed wetland, were measured in vertical
upflow columns with hydraulic residence times
varying from 15 to 180 h. Secondary wastewater was
pumped vertically upward through eleven soil
columns, 1.5 m in length and 15 cm in diameter and
influent and effluent concentrations of soluble
phosphorus were monitored for up to 411 days.
Greater than 80% soluble phosphorus removal (up to
96%) was observed in nine out of 11 columns and
effluent concentrations of ranged from 0.14 to 0.50
mg/l (averaging 0.28 mg/l) when the residence time
was >40 h. [7]

Column experiments were conducted to examine the
removal of phosphorus and nitrogen from sewage
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effluent by passage through sand amended with
bauxite refining residue (red mud). Red mud was
neutralized with 5% gypsum. An average of 24%
nitrogen removal was obtained with 30% red mud,
9% removal with 20% red mud and very little
removal with 10% red mud. An average of 91%
phosphorus removal was obtained with 30% red mud,
63% removal with 20% red mud and 50% removal
with 10% red mud. The decrease in phosphorus and
nitrogen removal with decreasing red mud content
was caused by a decrease in the adsorption capacity
of the soil and an increase in the infiltratiorerfg].

The choice of chemical dose used depends on the
stability of process required, which increases with
increasing dose, capital available and the EC dimit
imposed on the effluent to be discharged. T. Clark
(1997) investigated the following:

1. Chemical dosing onto a BAF using ferrous
sulphate heptahydrate is a highly effective
method for the removal of phosphorus from
wastewater, and it required a very low
chemical consumption.

2. To meet EU phosphate discharge standards,
the optimum dose of iron (Il) is 1:1.25
(weight ratio of P: Fe).

3. Nitrification appeared to be significantly
affected by the presence of the chemicals.

Chemical Dose And Phosphorus Removal

Efficiency
In all observations on chemical removal of
phosphorus, the percent phosphorus removal

increases and effluent phosphorus concentration
decreases as the molar chemical dose for metal salt
increases, but the incremental removal diminishes
with increased dosages (Sedlak 1991, Szabo et al.
2008, WEF and ASCE 2009). Smith et al. (2007)
found that for typical influent phosphorus
concentrations, ferric doses above 1.5 to 2.0
Medose/Pini ratios are sufficient to remove 80 & 9
percent of soluble phosphorus. Reaching very low
effluent TP concentrations, i.e. below 0.10 mg/L,
requires significantly higher ratios of about 6 or
Medose/Pini . A similar dose was reported for 75 to
95 percent phosphorus removal from wastewater
using alum (WEF and ASCE 2009). For similar
phosphorus removal efficiencies using
prepolymerized salts such as PACI or sodium
aluminate, a higher dose is needed. Factors that
influence dose and removal efficiency may include

pH, alkalinity, competing substances in the
wastewater, initial mixing  conditions and
flocculation.
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Mixing at dosage point: Mixing at the dosage poil
is necessary to ensure that the metal and phos
molecules react. Mixing tensity can be represent
by the velocity gradient, G, in units of secc-1.
Smith et al. (2007) reported that the reactions
phosphates at the surface of the hydrous ferrides
depend highly on the mixing conditions. Ra
mixing means that the dace sites are availabl
whereas with slower mixing, many of the me
oxides would form in the absence of phosphate
render internal oxygen atoms unavailable for bigc
Benchscale kinetic experiments by Szabo et
(2008) revealed that a majorityf phosphate wil
react with iron in the first 10 to 20 seconds ur
ideal mixing conditions (G = 425 secc¢-1). The
authors recommend that plants attempt to achie
very high mixing intensity at the dosage po
Mixing time, at high energy are gendy in the
range of 10 to 30 seconds.

After the initial rapid kinetics, phosphorus remb
can continue with slow reaction kinetics betweesn
phosphate and iron over many hours and even
Flocculation: After rapid mixing at the dosage poi
gentle mixing is needed to form flocs that can
settled or removed through a solids separal
process. This is critical for meeting low efflue
phosphorus requirements. Often, movement of
wastewater through the treatment plant is suffic
for floc formaion (USEPA 2008b). Flocculation ci
be limited by insufficient time or conditions tr
disrupt floc formation such as pumping and aerz
pH and Alkalinity: The highest removal efficienc
for chemical precipitation is within a pH range5b
to 7.0 (Sabo et al. 2008). Between pH 7 and
phosphorus removal efficiency declines because
surfaces of metal hydroxides are more negati
charged, and soluble iron hydroxides begin to fc
At low pH values, the solubility of the precipitaist
reduced, ad at extremely low pH values, me
hydroxide precipitation is limited. Szabo et al0(38)
reported similar relationships between phosph
removal efficiency and pH for both alum and fel
chloride.

COD and TSSin Raw Wastewater: The efficiency
of metal salt addition in the primary treatment s
can be affected by the wastewater characteri:
Based on the results of jar tests using munic
wastewater, Szabo et al. (2008) observec
relationship between organic content and efficie
of phosphorusemoval using metal salts. Betwe
chemical oxygen demand (COD) values of 30(
700 mg/L, the phosphate removal efficiel
decreased with increasing COD. Similar results v
observed for total suspended solids (TSS), withek
phosphorus removal effiency at higher TS
concentrations. In addition to reduced efficie
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during primary treatment, organic content can rec
the efficiency of metal salt removal of phosphoiru
activated sludge reactors. Iron and aluminum
can react with humic and fultviacid substances
form insoluble complexes with the metal ions
their mineral oxides, thereby blocking the reac
sites for phosphate precipitation (WERF 20

When to remove P: The removal of carbona
alkalinity and phosphorus by lime prior tiological
treatment can have a negative impact on nitrifice
processes (WEF and ASCE, 1998). Previous sti
showed that the hydroxide alkalinity can be balar
by the hydrogen ions produced during nitrificati
Sludge recalcification can be used achieve high
removal efficiencies using lime in tertiary treatrh
One potential advantage to adding chemicals dt
primary treatment instead of tertiary treatmen
reduced capital costs and space requirements
result of removing additional BOD d TSS and
reducing the load to downstream processes, the
reducing the size of the subsequent activated sl
basins and the amount of oxygen transfer nee
Benchscale and pilot scale tests are often use
determine the correct mixing rate for even
composition of wastewater and chemicals u
including polymer (USEPA, 1999a).Direct additi
of metal salts to activated sludge processes feltt
by conventional clarification can typically remove
to effluent levels between 0.5 and 1.0 mg/L t et
al., 2007).

Conclusion

To meet the water crises and to increase the pat
for water reuse nutrient removal is necessan
increase the categories of reuse. Biological noit
removal is an established technology and has
widely and successfully used in practice. Hoer to
overcome the disadvantages, chemical methoc
remove phosphorus is an attractive method -
optimum dose of coagulant and tin
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