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Phosphorus (P) contamination in wastewater is a major topic of discussion in the North
American greenhouse industry. This study evaluated chemical treatment methods including
precipitation of P as calcium phosphate and P-sorbing material filters for removing high, variable
P concentrations, and provided treatment recommendations specific to greenhouse wastewater
treatment. Precipitation via lime addition achieved 99% P removal at a lime : P ratio of 1.5 and a
pH of 8.6-9.0. Efficiency of separation of the precipitate was improved via flocculation using
guar gum or cationic starch. Material columns incorporating steel slag or concrete waste removed
>99% over repeated applications, and demonstrated high phosphate retention. Both methods also
removed some micronutrient contaminants, and recovered P and other nutrients in forms that
could be re-used as a nutrient source for plants. Overall, this research demonstrated that these
treatment methods are worthy of further research on application to a full-sized system.
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Chapter 1: Introduction

1.1 The issue of pollution from greenhouse wastewater
With increasing pressure being placed on water resources worldwide, treatment of
nutrient-contaminated wastewater is currently a major issue facing the North American
greenhouse industry. Greenhouse and nursery facilities produce large amounts of wastewater
with high concentrations of nutrient contaminants (Saxena and Bassi, 2013; Taylor et al., 2006).
Resource management within greenhouse and nursery plant production systems is a high-impact
issue in Ontario, given the combined $1.5 billion economic value of these industries (Statistics
Canada, 2012). Recent discussions on including the greenhouse vegetable and floriculture
sectors under the Nutrient Management Act for Ontario suggest stricter control will soon be
legislated for the management of nutrient-laden wastewater (Flowers Canada Inc., 2012; Ontario
Greenhouse Vegetable Growers, 2012).

1.2 Nutrient contaminants in greenhouse wastewater
Greenhouse and nursery facilities produce several types of wastewater from various
sources, including sanitary sewage, storm water, and process water (Attema and Ashbee, n.d.).
Process water is the excess fertigation solution that is not taken up by plants, and is the main
source of high-nutrient wastewater in greenhouse and nursery facilities. Depending on facility
size and whether recirculation technologies are applied, greenhouses can produce around 4.5 L to
12.6 L of waste nutrient solution per m2 of production area per day at peak use, and nurseries 3.9
L/m2/d to 22.6 L/m2/d (White, 2013). Nutrient concentrations tend to vary greatly between
greenhouse systems and throughout the year. Of the plant nutrients present in waste nutrient
1

solution, nitrogen and phosphorus, present in far higher concentrations than in surface water
(Ontario Ministry of the Environment (OME), 2012), are the major contaminant concerns
(Taylor et al., 2006).

1.2.1 Phosphorus
Phosphorus (P) in greenhouse/nursery wastewater is present mainly as the soluble
inorganic ion phosphate (PO43-). In greenhouse wastewater, concentrations of P can range from
0.85 to 370 mg/L P derived from PO4 (PO4-P; Prystay and Lo, 2001; Saxena and Bassi, 2013; Yi
et al., 2005), although a study of greenhouses in the Leamington, Ontario area reported an
average of 33.6 mg/L PO4-P (Gagnon et al., 2010; Ontario Ministry of the Environment (OME),
2012; Prystay and Lo, 2001). Concentration in nursery wastewater is typically around 0.01 to 20
mg/L PO4-P (Taylor et al. 2006; White, 2013). Organic P concentration is typically very low
due to low organic matter content of greenhouse/nursery wastewater (Prystay and Lo, 2001).

P is the major nutrient limiting algal growth in freshwater aquatic systems (Daniel et al.,
1998). Release of PO4 to surface water may promote excessive algal blooms (a condition
referred to as “eutrophication”, or accelerated eutrophication; Daniel et al., 1998; Vitousek et al.,
1997). When these algal blooms die they consume large amounts of oxygen (Anderson, 2002)
which depletes dissolved oxygen in the surface water potentially creating anoxic conditions fatal
to the majority of aquatic organisms that require oxygen. In addition, these algal blooms reduce
water transparency which can kill submerged plants (Anderson, 2002), destroying habitat for
other aquatic species. In these ways, release of P-laden wastewater to surface water contributes
to degradation and loss of diversity in aquatic ecosystems. To prevent damage to aquatic
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systems, total P in surface water should be below 0.03 mg/L (Canadian Council of Ministers of
the Environment (CCME), 2004). In Ontario, a total P limit of 1.0 mg/L is usually imposed on
industries discharging to surface water, to prevent damage to aquatic ecosystems (OME, 1994).

1.2.1 Nitrogen
Nitrate (NO3) is the most common form of nitrogen present in greenhouse/nursery
wastewater, and can occur at concentrations of 7.5 to 460 mg/L NO3-N (nitrate-derived nitrogen;
Saxena and Bassi, 2012, White, 2013) in greenhouse effluent (Prystay and Lo, 2001, Saxena and
Bassi, 2013), with an average of 90.3 mg/L reported in discharge from greenhouses in the
Leamington area (OME, 2012). Concentrations in nursery effluent tend to be 0.1 to 135 mg/L
NO3-N (White, 2013). Concentrations of Ammonium (NH4) tend to be low compared to other
types of wastewater (Prystay and Lo, 2001), and are around 0.9 to 47 mg/L in greenhouse
effluent (White, 2013).

Like P, release of nitrogen to surface water may promote eutrophication, damaging
aquatic ecosystems (Vitousek et al., 1997). N is generally considered to be the main nutrient
limiting algal growth in saltwater aquatic systems (Anderson, 2002). To prevent damage to
aquatic systems, NO3 concentration in all discharged wastewater in Ontario should be below 3
mg/L (OME, 2012). In addition to its contribution to eutrophication, N in the form of NO3 can
be toxic to humans if present in drinking water at concentrations >10 mg/L (Vitousek et al.,
1997).

3

1.3 Current approaches in wastewater nutrient management
Considering the very high concentrations of nutrient contaminants in greenhouse
wastewater, taking steps to reduce release of N and P to surface water from these systems is
necessary. The main methods that are currently being considered and investigated for use with
greenhouses/nurseries include continuous recirculation of irrigation solution and discharging to
constructed wetlands or other vegetated areas for nutrient reduction.

1.3.1 Potential for recirculation
Continuous recirculation of all wastewater back into the greenhouse system would be the
ideal solution to pollution concerns, as it would prevent release of nutrients while also reducing
water use. However, continuous recirculation raises the concentration of potentially harmful
salts such as NaCl and SO4 in the fertigation solution which can limit production and quality.
These “limiters” are costly to remove and produce saline waste that may be difficult to dispose of
(Gagnon et al., 2010; van der Velde et al., 2008). Other obstacles such as pathogen spread,
contamination by pesticides and growth hormones, and changing relative nutrient concentrations
further complicate continuous recirculation (Richard et al., 2006; van der Velde et al., 2008).
Regardless of what wastewater treatment methods are employed in recirculating systems, in most
cases eventually the water will be of sufficiently low quality to be unusable for greenhouse
production and must be discharged into the environment, at which point nutrient removal would
be desirable and possibly mandatory.

4

1.3.2 Current nutrient removal methods
Strategies that have been investigated or proposed for nutrient reduction in
greenhouse/nursery wastewater mainly involve application of effluent to vegetated areas,
allowing for nutrient removal through reactions in the soil and plant uptake (Attema and Ashbee,
n.d.; White et al., 2011). These potential treatment methods include constructed wetlands
(Taylor et al., 2006; White et al., 2011), application of wastewater to a secondary crop (Attema
and Ashbee, n.d.), denitrification walls, and vegetated buffer strips or ditches (White, 2013). Of
these methods, constructed wetlands are the most promising and heavily-researched technology.

In addition to some uptake by wetland vegetation, NO3 removal in constructed wetlands
occurs mainly through denitrification, which involves the conversion of NO3 to N gas by soil
microorganisms. Reported N removal by surface and subsurface flow constructed wetlands
treating greenhouse and nursery wastewater varies from 53 to 99% (Headley et al., 2001;
Lévesque et al., 2011; Taylor et al., 2006; White, 2013), and wetlands can be designed to
encourage consistent removal via denitrification. Subsurface-flow constructed wetlands, in
which wastewater flows through a saturated soil/substrate, provide the anaerobic conditions
needed for microorganisms to denitrify NO3 (Vymazal, 2007).

Constructed wetlands can remove P through plant and microorganism uptake, sorption
(attachment) to the substrate/soil surface, and creation of decay-resistant biomass (peat/soil
creation; White, 2013). Most removal by plant and microorganism uptake does not provide a
stable sink, however, as any P that is converted into organic matter will eventually largely be rereleased upon decomposition (Vymazal, 2007). Sorption to the wetland soil/substrate can
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provide a more stable sink, but the capacity of the substrate to sorb P is finite and will become
saturated over time. As most constructed wetlands use largely inert substrate material with a low
capacity for P sorption (ie. gravel), removal via this mechanism is typically low and quickly
saturated (Vymazal, 2007). Creation of decay-resistant biomass is the better mechanism by
which P can be consistently removed in the long term, but it is only a large source of removal in
certain wetlands with very high biomass production (Vymazal, 2007). As such, current reports
of P removal by conventional CWs are mixed (Ballantine and Tanner, 2010), with some surfaceflow wetlands showing a net export of P (Taylor et al., 2006), and subsurface-flow wetlands
showing removal from 33-100% (Headley et al., 2001; Lévesque et al., 2011; White, 2013). As
many studies are only a few months in length, reported removal rates may be based on the period
where P sorption capacity of the substrate is not yet exhausted, and the ability of the wetland to
remove P over its lifetime may be even lower. Generally, conventional constructed wetlands,
while capable of consistent N removal over their lifetime, provide low P removal (Ballantine and
Tanner, 2010; Vymazal, 2007). As such, alternative technologies for treating high P levels in
greenhouse wastewater are needed.

1.4 Alternative technology for P removal from greenhouse wastewater

1.4.1 Mechanisms of P removal
There are three major mechanisms by which PO4-P can be removed from wastewater.

Adsorption involves the attachment of P to soil/organic/sediment particle surfaces,
typically through specific adsorption of PO4 ions to hydroxyl sites on iron and aluminum
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minerals (ex. alumino-silicate clays and metal oxides) via ligand exchange (Baker et al., 1999),
represented by the following reaction:
H+ +PO43-+ L-OH -> H2O + L-PO43-

Precipitation is the process by which soluble P reacts with a metal ion (namely Ca, Mg,
Fe, or Al) to form a solid, insoluble mineral precipitate. For example, the precipitation of
amorphous calcium phosphate, a common precipitate formed in high Ca, high pH conditions can
be represented as follows:
3Ca2+ + 2PO43− → Ca3(PO4)2
Precipitation can occur on material surfaces or spontaneously in the water column.

Biological uptake, primarily by microorganisms (ex. algae/phytoplankton or bacteria), is
another means by which soluble P can be removed from solution via conversion to organic
matter.

A number of P removal technologies employing these removal mechanisms have been
investigated for treatment of other wastewater types, but have so far received little attention in
the treatment of greenhouse wastewater.

1.4.2 Precipitation
Precipitation (or “chemical dosing”) is the most basic method of P removal, and the main
method employed commercially (de Bashan and Bashan. 2004; Donnert and Salecker, 1999). In
this process soluble iron, aluminum, or calcium salts such as ferric chloride, aluminum sulphate,
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or calcium hydroxide are added to wastewater resulting in the release of metal cations that react
with soluble phosphorus to form an insoluble precipitate (Pratt et al., 2011). While precipitation
removes P from its soluble form and is simple and low cost, the precipitate that forms is typically
very fine, and therefore potentially difficult to separate from the water (Giesen, 1999; Pratt et al.,
2011).

1.4.3 Crystallization
Crystallization employs the same processes as precipitation, but with modifications to
provide a better precipitation product (Donnert and Salecker, 1999; Giesen, 1999).
Crystallization uses addition of an alkaline chemical along with a “seeding material” in
controlled conditions to encourage the growth of large calcium or magnesium phosphate crystals
(Donnert and Salecker, 1999), as opposed to spontaneous nucleation of fine precipitate, as occurs
in the precipitation method (Valsami-Jones, 2001). The alkaline chemical (such as NaOH,
Ca(OH)2, or Mg(OH)2) is used to induce the high pH (usually from 8-10.5) needed for Ca or MgP precipitation (de Bashan and Bashan, 2004). This process results in P precipitate with a larger
grain size, which is more easily separated from wastewater and is more manageable for re-use as
a fertiliser (Giesen, 1999). Application of this method typically employs large fluidized bed
reactors (such as Crystalactor® and Ostara Pearl®), which are highly controlled to promote
conditions optimal for crystal growth, and as a result typically high cost and suited to municipal
and industrial plants treating hundreds to thousands of cubic metres of water per day (Woods et
al., 1998) compared to greenhouse operations which tend to produce well under a hundred cubic
metres of wastewater per day (Canadian Ornamental Horticulture Alliance, 2009).
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1.4.4 P-sorbing material filters
Granular materials that remove phosphorus through a combination of adsorption and
precipitation are another important P removal technology for use in systems producing relatively
small amounts of wastewater. Within soil and sediment materials it is often difficult to
differentiate between P removal via adsorption and P removal via precipitation (Cucarella and
Renman, 2009). As such, this combination of adsorption and precipitation is often referred to as
“sorption”. These materials can be incorporated as the growing substrate in a constructed
wetland, or contained in a separate media filter. Wastewater flows through the P sorbing
substrate and P is adsorbed to the material or precipitated on the particle surface, permanently
removing it from solution. Effective materials usually have high iron, aluminum, and/or calcium
content, and may be natural materials, waste products, or specially engineered to maximize P
retention. Examples include steel slag, red mud, oyster shells, fly ash, and limestone (Cucarella
and Renman, 2009). While the defining characteristic of these materials is the ability to retain a
large amount of P, removal will eventually decrease as the material becomes saturated with P
(Pratt et al., 2011). Material will need to be replaced when it is no longer effective, which can be
a labour-intensive process.

1.4.5 Biological removal methods
In addition to the chemical methods mentioned above, biological methods of P removal,
in which microorganisms such as bacteria and microalgae remove soluble P via uptake into
biomass (ie. conversion to an organic form), also exist (de Bashan and Bashan, 2004). Removal
via biological methods generally occurs in specially designed bioreactors, for which various
species of bacteria have been isolated and investigated for P treatment (Pratt et al., 2011; de
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Bashan and Bashan, 2004). Ponds incorporating microalgae have also been investigated for
removal of P along with N (de Bashan and Bashan, 2004; Moutin et al., 1992). Cultivated algae
can be harvested as biofuel or for other purposes such as a feed supplement. Algal growth may
also encourage P precipitation by increasing water pH via photosynthesis and respiration, and
has been used to encourage P removal in “high rate pond” treatment systems (Moutin et al.,
1992). P removal via biological uptake is typically slow (residence time of > 1 day), and cannot
maintain as low effluent [P] as chemical removal methods (de Bashan and Bashan, 2004; Pratt et
al., 2011).

1.4.6 Potential for P recovery
An ideal P treatment method for use with greenhouse wastewater would not only remove
P but recover it in a form that can be re-used, preferably as a nutrient source for growing plants.
Agricultural fertilizers consume 85% of the world’s phosphorus resources (Yi, 2003). Phosphate
in commercial fertilizers is obtained from “phosphate rock”, a non-renewable resource mined
from reserves found mainly in the United States, China, Morocco, and South Africa (Driver et
al., 1999; White et al., 2011). It is estimated that reserves may be depleted within 75-100 years
if current usage rates continue (Driver et al., 1999). Chemical treatment methods are promising
for P recovery, as Ca and Mg P precipitates formed by crystallization and precipitation methods
have the potential to be re-used as P fertilizer if separated from wastewater and dried (Bauer et
al., 2007). As well, depending on composition, P sorbing materials also have the potential to be
re-used as a nutrient source once they have reached P saturation (Bauer et al., 2007; Bird and
Drizo, 2009).
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1.5 Application of P removal technologies to greenhouse wastewater treatment
The P removal methods listed above have been effectively tested for treatment of other
wastewater types, including municipal, industrial, animal agriculture, and field agriculture
runoff. However, treating greenhouse wastewater poses a unique challenge because of
potentially very high phosphate concentrations in the solution and the tendency of phosphate
concentrations to vary greatly between greenhouse systems and throughout the year. This will
affect technical and economic viability of employing various P treatment methods for this
specific application. Therefore, an evaluation of P treatment technologies specifically targeted
towards greenhouse wastewater treatment is required, and treatment recommendations specific to
this application must be developed

An ideal P removal method would be simple, low cost, and easily implemented in
combination with a constructed wetland for complete removal of all nutrients. Taking into
consideration the potentially very high P concentration, and the projected need for consistent
removal (considering the 1 mg/L P limit set for other wastewaters in Ontario; OME, 1994),
chemical P removal methods are likely the most promising option since biological treatment
methods provide lower removal and require a longer treatment time. As well, unlike biological
methods, chemical methods allow for potential recovery of P in a form that could be re-used as a
nutrient source for plants. Chemical treatment using calcium-based materials (compared to Mg,
Fe, or Al-based) is among the most promising for high efficiency treatment of greenhouse
wastewater as these materials are typically low cost and contain CaO (lime), dissolution of which
can provide rapid, high efficiency removal of P through precipitation of calcium phosphate (CaP) minerals, particularly in wastewater of high P concentration (Cucarella and Renman, 2009;
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Vohla et al., 2011). Due to cost constraints, highly-controlled crystallization reactors are likely
not a viable option for most individual greenhouses. However, P precipitation and filtration
using P sorbing materials both constitute low-tech, low-cost methods that also have the potential
to provide consistent, effective P treatment.

The overarching aim of this research was to examine the viability of applying chemical
treatment methods employing calcium-based materials for P removal from greenhouse
wastewater. Firstly, the potential for efficient, low cost P removal using precipitation via
hydrated lime addition was investigated. Following promising results from this research, other
Ca-based materials that were industrial waste products were investigated for application in a P
sorbing filter as a more economical and low-maintenance treatment option. Ability of each of
these methods to effectively remove P in wastewater of varying composition was evaluated,
along with economic viability. The form in which P was removed, and its potential for re-use
was a major consideration in comparing viability of these methods. This research also
investigated whether these chemical treatment methods could provide any removal or recovery
of other nutrient contaminants present in greenhouse wastewater. Ultimately, guidelines and
recommendations for maximizing effectiveness of these P removal technologies in a system
treating greenhouse wastewater were developed.

Note: The following three experimental chapters have been prepared in the style of
standalone research articles for publication in peer-reviewed scientific journals. As of
publication of this thesis, Chapter 2, “Removal of phosphate from greenhouse wastewater using
hydrated lime”, is in press for publication in Environmental Technology; Chapter 4, “Use of
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phosphorus-sorbing materials to remove phosphate from greenhouse wastewater”, was
submitted to the same journal on July 14, 2014. Both chapters have been modified from
publication format to conform to this thesis format.
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Chapter 2: Removal of phosphate from greenhouse
wastewater using hydrated lime
2.1 Introduction

Precipitation of P as insoluble minerals is the most basic P removal method, and has been
extensively investigated for treating animal agriculture (Harris et al., 2008; Vanotti et al., 2007),
municipal, and industrial (Donnert and Salecker, 1999) wastewater. Chemical precipitation
could provide an inexpensive method for achieving the high P removal efficiency (PRE; the
percent of inflowing PO4-P that is removed from effluent by treatment) required to meet
impending environmental discharge standards. However, research specifically targeted towards
greenhouse wastewater is needed.

Due to the high Ca2+ (>200 mg/L) and low Mg2+ (<100 mg/L) and NH4+ (<20 mg/L)
concentration in greenhouse wastewater, calcium phosphate minerals are likely to be the main
precipitates formed (Yi and Lo, 2003). Calcium phosphate precipitation involves inducing
alkaline conditions (i.e. pH 7-10.5) using chemical additives in order to precipitate calcium
phosphates, namely hydroxyapatite (HAP; Ca5(PO4)3OH) and amorphous calcium phosphate
(ACP; Ca3(PO4)2) (Yi et al., 2005; Montastruc et al., 2003). Ca-P precipitates retrieved from
wastewater treatment have shown promise as a P source for plants (Bauer et al., 2007). P
precipitation from greenhouse wastewater has been investigated using NaOH addition to raise
pH with no supplementary Ca addition (Saxena and Bassi, 2012; Yi et al., 2005). However,
NaOH is expensive and fluctuating Ca and P concentrations throughout the year may affect PRE
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(Montastruc et al., 2003). Hydrated lime (Ca(OH)2, or a combination of Ca(OH)2 and Mg(OH)2)
is < 1/3 the price of NaOH (ICIS, 2008) would allow for simultaneous pH increase and calcium
addition, and has been shown to be effective for P precipitation from other wastewaters (Donnert
and Salecker, 1999; Vanotti et al., 2007). A simple reactor where lime is dosed into mixing
wastewater could provide a basic P removal step for a greenhouse system. Efficacy, reactor
design parameters, and operating protocols for achieving target PRE need to be investigated.

Firstly, as [P] will impact lime requirements due to the buffering capacity of phosphoric
acid, lime addition requirements for optimal PRE in wastewaters of varying [P] must be
estimated to provide guidelines for greenhouse operators and evaluate affordability. The
potential use of reactor pH as a simple monitoring gauge to ensure sufficient P removal over a
range of conditions should also be investigated, as P removal as calcium phosphate is known to
be dependent on and correlated with solution pH (Yi and Lo, 2003).

Chemical modelling of the wastewater-lime system could be used to predict the effects of
a variety of interacting system parameters on lime and pH requirements without the need for
numerous batch experiments. Most notably, concentrations of Ca2+, as well as the Ca : P ratio,
affect PRE (Montastruc et al., 2003; Yi et al., 2005). Concentration of non-component ions, such
as Mg2+ and CO3-, may inhibit HAP formation and reduce PRE, as will presence of organic
matter (Cao and Harris, 2008). Chemical models have been used to accurately model P removal
in other wastewater systems (Çelen et al., 2007; Montastruc et al., 2003; Seckler et al., 1996;
Song et al., 2002).
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P precipitation would ideally be implemented in conjunction with a constructed wetland
to provide total nutrient contaminant removal, so the contribution of the P precipitation process
to removal of other nutrient contaminants such as Mg2+, NH4+, and micronutrients is of interest
(Yi et al., 2005; Saxena and Bassi, 2012).

This study aimed to determine lime addition and pH requirements for a lime-based Pprecipitation reactor treating greenhouse wastewater of varying [P] using batch experiments. For
situations diverging from those investigated in batch experiments, the potential to use chemical
equilibrium modelling to predict the effects of changes in various lime-wastewater system
parameters on PRE was evaluated. Finally, removal of other nutrient ions by P precipitation was
investigated. Potential challenges related to designing a P precipitation reactor for a greenhouse
system were addressed.

2.2 Materials and Methods

2.2.1 PO4 removal by hydrated lime addition
Batch experiments were used to determine the amount of powdered hydrated lime
required (Graymont Dolomitic Spray Lime; CAS #39445-23-3; Graymont Dolime, (OH) Inc.,
Genoa, OH; Table 2.1) and optimum pH required for treating artificial wastewater solutions
containing four PO4-P concentrations: 20, 50, 90, and 190 mg/L. These concentrations were
chosen to represent the common P concentration range in greenhouse wastewater (OME, 2012;
Prystay and Lo, 2001; Saxena and Bassi, 2012; Taylor et al., 2006; Yi and Lo, 2003). The
solutions also contained all required plant micro and macro nutrients (Table 2.2) at
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concentrations representing the typical greenhouse vegetable feeding nutrient solution. Solutions
were made by dissolving KH2PO4 (for P) and Plantex® 14-0-14 Cal Mag Fertilizer (for other
nutrients; Plant Products Co. Ltd., Brampton, ON, Canada) in deionized water. Drop-wise
addition of 1M KOH was used to bring the solutions to a starting pH of 5.75±0.1, typical of
greenhouse nutrient solutions (Ontario Ministry of Agriculture and Food, 2005). Although this
raised K concentration beyond that typical of greenhouse wastewater, K was expected to have
little impact on P precipitation as it does not tend to precipitate out with P minerals (Yi and Lo,
2003). Each P solution was poured into six or eight glass jars (depending on P treatment) to a
volume of 450 ± 5 mL. Excluding the control jars, increasing amounts of hydrated lime (±0.001
g, based on a pre-trial) were added to each jar. Amounts of lime added ranged from 0.01 to 0.07
g per 450 mL for the 20 mg/L P treatment, 0.025 to 0.25 g per 450 mL for the 50 mg/L
treatment, 0.05 to 0.3 g per 450mL for the 90 mg/L treatment, and 0.1 to 1 g per 450 mL for the
190 mg/L treatment. Each lime addition rate for each P treatment was replicated 3 times.
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Table 2.1. Properties of hydrated lime material as indicated on label.
Chemical Characteristics
Chemical formula

CaMg(OH)4

Molecular weight

132.41

% CaOH

61.1

% MgOH

37.1

Calcium Carbonate Equivalent (CCE)

140

Physical Characteristics
Bulk density (g/cm3)

0.56

Surface area (cm2/g)

28,000

Size
Greater than 297 microns (%)

Trace

Greater than 149 microns (%)

5

Greater than 44 microns (%)

9.7

Immediately after lime addition, jars were shaken at 175 rpm and 25°C for 10 minutes.
Preliminary experiments determined a shaking time of four minutes was sufficient for
completion of the reaction. Afterwards the jars were left to sit for 20 h, to allow the fine
precipitate to settle. Following settling 25 mL samples of the supernatant in each jar were taken,
and total [P] and pH were measured using the methods described in section 2.2.4. PRE in each
jar was determined as:
PRE= (1-Pj/Pc)*100%

(1)

Where Pj is the final concentration of PO4-P in each jar and Pc is the initial PO4-P concentration
(measured as the PO4-P concentration in the control jars of each P treatment). PRE vs. lime : P
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ratio (molar ratio of CaMg(OH)4 added: PO4-P in initial solution) and PRE vs. pH were plotted
for each solution.
Table 2.2. Concentrations of nutrient ions in starting treatment solutions.
Nutrient
Treatment 1
Total PO43- - P
NO3- - N

Concentrationa (mg/L in deionized water)
Treatment 2
Treatment 3

Treatment 4

19.2±0.36

50.8±0.93

87.2±0.99

193.0±0.64

413.8

413.8

413.8

413.8

37.0
37.0
37.0
37.0
NH4+ - N
397.7
444.0
524.2
656.3
K
190.0
190.0
190.0
190.0
Ca
93.4
93.4
93.4
93.4
Mg
0.6
0.6
0.6
0.6
Boron
1.6
1.6
1.6
1.6
Copper
3.2
3.2
3.2
3.2
Iron
1.6
1.6
1.6
1.6
Manganese
0.5
0.5
0.5
0.5
Molybdenum
1.6
1.6
1.6
1.6
Zinc
a
PO4-P (phosphate-derived phosphorus) concentration was measured according to the methods
listed in section 2.2.4; concentrations of other nutrients were estimated from fertilizer
composition and addition rate

2.2.2 Precipitation model of the solution-lime system
A chemical equilibrium model was used to simulate reactions occurring in the nutrient
solution-hydrated lime system, to predict the effects of changing system parameters (e.g. nutrient
ion concentration, lime composition, and pH) on overall PRE. The model was compiled using
Visual MINTEQ version 3.0, a free chemical equilibrium software that uses the MINTEQA2
model developed by the US Environmental Protection Agency (Gustafsson, 2005). Data
obtained in the batch experiments was used to validate the model.
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The model simulated the conditions present in the batch experiment. Modelled nutrient
solution consisted of PO43-, Ca2+, Mg2+, K+, NO3--N, and NH4+-N in the concentrations shown
in Table 2.2, entered as model inputs. Micronutrients were excluded as preliminary modelling
revealed they had little effect on output PRE. Activity coefficients were determined using the
Debye-Huckel equation, which has been used previously (Çelen et al., 2007). Ionic strength was
calculated by the model.

Test-runs of the model at varying pH revealed several Ca-P and Mg-P minerals would be
supersaturated in solution at pH > 7, and therefore had potential to precipitate. Most of these
minerals were excluded due to little influence on modeled P removal or slow kinetics. Calcium
carbonates such as aragonite and vaterite were excluded because their formation is suppressed by
presence of phosphates, and they were unlikely to have much impact in the low-alkalinity (low
CO3 concentration) conditions of this experiment (Çelen et al., 2007). Magnesium minerals
including magnesite (MgCO3), huntite (Mg3Ca(CO3)4), and dolomite (CaMg(CO3)2) were
excluded as preliminary modelling revealed they had little influence on P removal. Most
notably, hydroxyapatite was omitted because its crystallization has slow kinetics (Ferguson and
McCarty, 1971) not accounted for by Visual MINTEQ, which caused large inaccuracy in the
model when hydroxyapatite was included. Octacalcium phosphate precipitation was excluded
because it is only a transient stage formed as ACP recrystallizes to HAP (Valsami-Jones, 2001).

Ultimately, the model was set so that only ACP was allowed to precipitate. This is in
agreement with Moutin et al. (1992) who reported that removal of soluble P in a precipitation
pond treating high-Ca wastewater was largely due to precipitation of an amorphous Ca-P
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mineral, with no significant formation of HAP and Mg-P minerals. The solubility product
constant (pKsp) for ACP of 25.5, which is the default value in the MINTEQ database was
changed to 25.7 which was more representative of the range in pKsp values for ACP reported in
the literature (Combes and Rey, 2010; Montastruc et al., 2003).

In Visual MINTEQ, final pH (which determined PRE) was calculated by the model as the
mass balances of H+ and CO32- in solution, which were entered as inputs. H+ and CO32concentrations in the solution before lime addition were estimated by running the model with the
starting nutrient concentrations and experimentally measured nutrient solution starting pH as
inputs, which gave balanced H+ and CO32- concentration as output. Actual measurement of
alkalinity in the solution prior to lime addition may have increased accuracy, but it was assumed
to be largely insignificant, based on the fertilizer formulation and water quality, compared to the
CO3 concentration after the lime addition. In order to simulate the effects of lime addition, the
CCE (calcium carbonate equivalent, as indicated on the label) of the lime material was used to
obtain a CO32- concentration input, representative of the magnitude of acid neutralization
provided by each lime addition rate. All P concentrations used in the batch experiment were
modelled at each level of lime addition, and input CO32-, Ca2+, and Mg2+ concentration were
increased accordingly, while H+ concentration was left at its starting value (based on starting
pH).

2.2.3 Removal of other nutrients
Further batch experiments were used to examine the effects of lime addition on other
plant nutrients, using simulated wastewater containing a nutrient composition representative of
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greenhouse wastewater reported in the literature (Table 2.3; OME, 2012; Prystay and Lo, 2001;
Saxena and Bassi, 2012; Taylor et al., 2006; Yi and Lo, 2003).

Three Erlenmeyer flasks were filled with 1 L of solution and 280 mg of lime was added
to each, to give three replicates. This was the minimum amount of lime required to obtain PRE
of 95%, as determined by equation (2). The flasks were shaken for 30 minutes at 175 rpm.
Concentration of P (total and soluble) and other macro and micronutrients (as well as pH and
alkalinity) in the starting solution and in the supernatant, after 20 hours of settling, were
determined according to section 2.2.4.

Table 2.3. Concentration of nutrient ions in a simulated greenhouse wastewater solution, before
and after treatment with hydrated lime.
Initial concentration (mg/L)
Concentration after lime addition (mg/L)
Total PO4 – P

60.2 ± 0.81a

0.2 ± 0.01b

Soluble PO4 – P
NO3- -N

0.6 ± 0.01*

204.4 ± 0.30

203.7 ± 0.70

20.5 ± 0.27
20.3 ± 0.29
NH4+
345.2 ± 6.05
351.0 ± 0.71
K
205.1 ± 7.23
187.8 ± 0.76
Ca
48.6
±
1.17
49.6 ± 0.77
Mg
SO4
37.99 ± 1.74
30.37 ± 2.73
B
0.67 ± 0.011
0.53 ± 0.041*
Cu
0.15 ± 0.007
0.11 ± 0.007*
Fe
0.49 ± 0.009
0.13 ± 0.009*
Mn
0.19 ± 0.003
<0.1 *
Zn
0.40 ± 0.007
0.20 ± 0.024*
20.3 ± 0.27
40.7 ± 0.54*
Alkalinity (as CaCO3)
5.98
±
0.00
9.42 ± 0.02*
pH
*Indicates significant difference between initial and final concentration.
a
Data are mean +/-se (n = 3).
b
Soluble PO4 - P was assumed to be equal to total PO4-P in the initial solution, as no precipitate
was likely to form or appeared to form.
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2.2.4 Analytical methods
For determination of total PO4-P and concentration of other nutrients, samples were
acidified to pH ~2 using H2SO4 (for experiment 2.1) or HCl (for experiment 2.3) and filtered
through a 0.45µm syringe filter (09-719F, Thermo Fisher Scientific Inc., Waltham, MA, USA).
Acidification dissolved any fine precipitate that had not yet settled and allowed for measurement
of the already dissolved nutrient as well as that contained in fine precipitate. Samples for
determination of soluble PO4-P only were not acidified before filtration. [P] was measured using
a UV-1201 Shimazdu spectrophotometer (Shimadzu corporation, Kyoto, Japan) using the
ascorbic acid method (APHA, 1998). Concentrations of macro nutrients (NO3, K, Ca, Mg, SO4,
NH4) were measured using a Shimadzu high-performance liquid chromatography system
(Shimadzu corporation, Kyoto, Japan). Micronutrient concentrations were measured using a
Varian Vista-Pro inductively coupled plasma optical emission spectrometry system (Varian
Medical Systems, Inc., Palo Alto, CA, USA). pH was measured using an Oakton 300 Series
Handheld pH and Conductivity Meter (Model number 35631-00; Oakton Instruments, Vernon
Hills, IL, USA). Calcium carbonate alkalinity was measured using Hach Alkalinity Test Kit
Model AL-DT (Hach Company, Mississauga, ON, Canada).

2.2.5 Statistical analysis
Nonlinear regression and interpolation was performed using GraphPad Prism® 6
(GraphPad Software Inc., La Jolla, CA, USA). PROC T-TEST in SAS® version 9.3 (SAS
institute Inc., Cary, NC, USA) was used to compare initial and final concentrations of nutrients
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for experiment 2.3. Significance was determined at a type I error rate of 5% (P=0.05) for all
statistical tests.

2.3 Results and Discussion
2.3.1 Phosphorus removal by hydrated lime
PRE increased with lime : P molar ratio (molar ratio of CaMg(OH)4 : PO4-P) at a similar
rate for all initial P concentrations (Figure 2.1a). Regressing the relationship between PRE and
lime : P for all of the P treatments in the batch trial gave the following equation (R2=0.96):
PRE=100.5-170.7e-3.14(lime:P ratio)

(2)

This suggests the required lime : P ratio for a given PRE can be estimated using equation (2),
regardless of the [P] in the starting solution. For example, a ratio of 1.50 achieves 99% PRE.
Although this estimation worked as a general guideline for lime requirement based on a required
PRE (particularly when <90%), the equation overestimated lime required to meet the low limit of
1 mg/L PO4-P required in industrial and municipal wastewaters. Plotting PO4-P remaining in
solution against lime : P ratio revealed that the ratio required to reduce [PO4-P] below 1mg/L
ranged from about 1-1.5 (Figure 2.1b).
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Figure 2.1. Effect of lime : P ratio (molar ratio of CaMg(OH)4 : PO4-P) on (a) Phosphorus
removal efficiency and (b) PO4-P concentration remaining in solution. Data points are mean ± se
(symbols without visible error bars indicate se range was smaller than symbol; n = 3). Lines
were fitted with nonlinear regression (all R2 values > 0.96). For (b), only data points where
remaining PO4-P was < 10 mg/L were used in the regressions.

25

The consistent proportionality of PRE to lime : P ratio between initial P concentrations
likely occurred because the ability of the solution to buffer the lime-induced pH increase
required to precipitate Ca-P was mainly a function of phosphoric acid concentration. As such,
while more lime will be required to reach a given pH in a higher concentration solution than in a
lower concentration solution, the amount of lime required will be in a similar proportion (ratio)
to [P]. The increase in optimal lime : P ratio to 1.5 for the 20 mg/L treatment (Figure 2.1b) may
have been due to non-P factors having a proportionately greater influence on buffering pH
increase in comparison to [P] when P was low. CO3 in solution, for instance, likely had some
influence on buffering pH increase (Kim et al., 2006), the effects of which on lime requirement
would have been more apparent at low P concentrations where there was less buffering of pH
increase by [P].

A previous study using Ca(OH)2 found that a lime : P molar ratio of about 1.77 resulted
in P reduction of 94% in a reactor treating swine wastewater ([PO4-P] of 134 mg/L; Vanotti et
al., 2007), while another study also investigating swine wastewater treatment using Ca(OH)2
reported a lime : P molar ratio of 2.1 to achieve 96% P removal (Fernandes et al., 2012). The
ratio requirements calculated for CaMg(OH)4 using equation (2) can be converted to a predicted
lime : P ratio for Ca(OH)2 using the following conversion:
(3)
Where R is lime : P molar ratio (mol/L lime: mol/L P), M is molar mass (g/mol), and CCE is
calcium carbonate equivalent (unitless). Assuming a CCE of 135 for Ca(OH)2, this would give a
lime : P molar ratio of 1.92 and 2.15 for 94% and 96% removal, respectively, which are close to
the reported lime requirements. This suggests equation (2) can provide a reasonable estimate of
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lime requirements, and that equation (3) based on CCE (a measure of the lime’s practical ability
to raise pH, often indicated on the label) may provide a means of adapting estimates to lime that
varies in composition from the lime used in this study.

While equation (3) suggests lime : P ratio requirements for more conventional calcitic
lime (Ca(OH)2) will be higher than for the CaMg(OH)4 used in these trials, effectiveness of high
Ca lime may also be improved due to increased Ca release (Yi et al., 2005), suggesting
predictions of Ca(OH)2 requirements may be overestimated. Certain types of lime may also be
less effective due to lower solubility, in which case CCE may provide the best means of
estimating a particular lime’s effectiveness.

High requirements of Ca(OH)2 reported in the literature may also be due to higher
alkalinity in these wastewaters (Fernandes et al., 2012; Vanotti et al., 2007). As deionized water
was used to produce nutrient solutions in this study, alkalinity (Table 2.3) was lower than that
typical of actual greenhouse wastewater. A report by the OME (2012) showed alkalinity of
greenhouse wastewater in Leamington, Ontario ranged from 50-250 mg/L CaCO3. It has
previously been shown that within an alkalinity range of 50-200 mg/L, there is little variation in
the inhibiting effect of alkalinity on P removal (Kim et al., 2006). As the alkalinity of solution in
the current study was not far below this range that closely matches the common range for
greenhouse wastewater, greenhouse wastewater alkalinity should not greatly affect the accuracy
of the lime addition guidelines provided here.
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A number of other high pH, Ca-based materials, such as steel slag, have shown high
(>99% in some cases) PRE when used as constructed wetland substrates or in media filters
treating wastewater (Vohla et al., 2011). Many of these are waste products and therefore
attractive for cost reasons. However, for the stirred reactor application investigated in this study,
hydrated lime, composed entirely of highly-reactive Ca and Mg hydroxide, is likely to achieve
more rapid precipitation at a lower addition rate than these waste products that are composed of a
variety of minerals, some of which dissolve slowly or do not contribute to P removal (Vohla et
al., 2011). P-sorbing constructed wetlands or material filters and stirred lime reactors are both
viable options for P treatment. As capacity for P removal by a constructed wetland becomes
saturated over time and material replacement is labour-intensive, for systems where [P] in
wastewater is typically high or a low P limit is enforced, a lime reactor is likely most suited, as
high PRE can be consistently maintained. Overall, a cost analysis using optimal lime : P ratios
derived from Figure 2.1b indicates that lime addition could provide a cost-effective means of
reducing [P] in discharged wastewater to below 1 mg/L (Table 2.4).

Table 2.4. Estimated lime addition and cost required to reduce total P to 1 mg/L in wastewaters
containing different P concentrations.
Initial PO4-P concentration
Lime required for removal
Estimated cost ($/m3(water
3
a
b
(mg/L)
(g/m (water treated))
treated))
20
133
0.07

a

50

232

0.12

90

464

0.24

190

759

0.40

Based on the molecular weight of the lime used in this study
Based on cost of $12(CAD)/23 kg bag of lime obtained from local supplier.

b
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Most phosphate precipitation studies have targeted treating wastewater with a fairly
consistent chemical composition (Çelen et al., 2007; Donnert and Salecker, 1999). Few have
looked at how chemical addition requirements change over a range of P concentrations.
Greenhouse facilities require this information to estimate the operation requirements and cost of
treating their variable wastewater throughout the year. The consistent relationship of PRE to
lime : P ratio revealed in this study, as well as the estimated costs for treatment, may give
greenhouse operators a means of determining whether this P removal method is feasible for their
facility, and can be used as a simple starting guideline for determining required lime addition.
Solution pH after lime addition can be used as a further indicator of whether the amount of lime
being added is appropriate.

2.3.2 PRE relationship to pH
PRE in each P treatment increased nonlinearly with increasing pH (Figure 2.2a). The pH
at which [PO4-P] dropped below 1 mg/L (optimal pH) increased slightly with increasing initial P
concentration (Figure 2.2b). The amount of P remaining in solution depended on precipitate
solubility, Ca concentration, PO4 concentration, and pH of the solution:
Ksp= [Ca2+]3 [PO43-]2

(4)

This suggests the pH at which [PO4-P]= 1 mg/L should be consistent between the 25, 50, 100
and 250 mg/L P concentration treatments if Ksp and [Ca] are constant. Therefore, the increase in
optimal pH with increasing initial [P] treatment was likely a result of Ca : P ratio in the starting
solution decreasing as treatment P concentration increased (initial Ca concentration was kept
constant between treatments), as Ca : P ratio has been found to affect P removal at a given pH
(Montastruc et al., 2003; Song et al., 2002; Yi et al., 2003). However, in a typical greenhouse
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situation, when [P] in wastewater increases Ca concentration does not tend to increase in
proportion, so a lower Ca : P ratio will likely occur when [P] spikes (Yi et al., 2005). An
alternative explanation for different optimal pH between experimental treatments is that, since
precipitation occurs when component species in solution are supersaturated (ie. present in
concentrations higher than may be dissolved at equilibrium according to equation (4)), and
increase in solution ionic strength decreases supersaturation (Song et al., 2002), highconcentration P treatments with higher ionic strength may require a higher pH to reach a similar
level of supersaturation as those with a lower ionic strength.
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Figure 2.2. Relationship between pH induced by lime addition and (a) Phosphorus removal
efficiency and (b) PO4-P concentration remaining in solution for 4 starting P concentrations.
Lines were fitted using nonlinear regression (all R2 values > 0.99). For (b), only data points
where remaining PO4-P was < 10 mg/L were used in the regressions.
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An optimal pH range of 7-9.5 for P precipitation in industrial and municipal wastewaters
of various composition has been widely reported in the literature (Montastruc et al., 2003;
Seckler et al., 1996; Yi and Lo, 2003), which is in accordance with the range of 8.6-9.0
determined here. However, the findings of this study that pH required to maintain a strict
effluent P limit may increase when incoming P concentration spikes are particularly relevant to
greenhouse wastewater treatment. It may be advisable for greenhouse operations to maintain a
slightly higher pH in a lime-based reactor during periods of suspected high P levels, compared to
periods with lower P levels. Overall, the results suggest that monitoring pH during or
immediately after lime addition could be used to ensure consistent PRE, or pH-controlled lime
dosing could be used for greater control. In Ontario, the Canadian Environmental Protection Act
imposes a maximum wastewater pH of 9.5 for effluents from most sectors (Canadian
Environmental Protection Act, 1995). Although pH requirements may vary based on system
conditions, this limit is likely higher than would be required for optimal P removal from any
greenhouse wastewater. Therefore, greenhouse operators could attain environmental compliance
for threshold [P] in discharged water while remaining under the maximum pH. Wastewater pH
may also decrease if it is left open to the atmosphere while the precipitate is allowed to settle,
due the absorption of acidifying atmospheric CO2 (Vanotti et al., 2007).

2.3.3 Precipitation modelling

The above recommendations allow greenhouse operators to roughly evaluate cost and
viability of P precipitation via lime addition, and help maintain consistent operation through pH
monitoring. Modelling can be used to predict whether these recommendations will be sufficient
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in situations (i.e. systems or times of year) when parameters (e.g. temperature, wastewater
composition) diverge significantly from those used in batch experiments.

Modelling of solutions containing 50 and 190 mg/L PO4-P tended to fit the experimental
data fairly well, while modelling of the 20 and 90 mg/L treatments under and over predicted
PRE, respectively (Figure 2.3). Divergence from the experimental data may be due to omission
of some chemical species from the model (as described in section 2.2.2) that may have
precipitated in batch experiments, but attempts to add other precipitates to the model (data not
shown) did not improve model fit. Although pH increase is actually caused by release of OH
from the lime material, addition of alkaline material in the model was simulated by increasing
CO3 concentration, as it resulted in a closer fit between the model and the experimental data.
This supported the earlier suggestion that CCE provides a better estimate of a particular lime
formulation’s ability to raise pH and remove P than OH content. This is likely because CCE is a
measure of the practical (i.e. demonstrated) capacity of a lime material to neutralize acidity,
while OH content reflects a theoretical total content that may not all dissolve.

33

100

P re m o v a l (% )

P re m o v a l (% )

100

75

50

E x p e r im e n ta l v a lu e s

75

50

M odel
25

25

0

0
0

(a )

1

2

3

0

(b )

L im e : P m o la r r a tio

75

50

25

3

75

50

25

0

0
0

(c )

2

L im e : P m o la r r a tio

100

P re m o v a l (% )

P re m o v a l (% )

100

1

1

2

L im e : P m o la r r a tio

3

0

(d )

1

2

3

L im e : P m o la r r a tio

Figure 2.3. Comparison of phosphorus removal as determined by model to experimental values
for solutions containing (a) 20 mg/L, (b) 50 mg/L, (c) 90 mg/L, and (d) 190 mg/L PO4-P
respectively. Model lines shown were fitted to model data points (not shown) using linear
regression (all R2 values > 0.99). Experimental values are means ± se (n=3; from section 2.2.1).

The reasonably close fit of the model to the experimental data supports the assumption
that lime addition leads to Ca and PO4 precipitating largely as ACP (Montastruc et al., 2003;
Seckler et al., 1996). Mg present in the nutrient solution and lime may have suppressed ACP
recrystallization to HAP (Cao and Harris, 2003; Moutin et al., 2002). ACP is often reported as
the major precipitate in Ca-P precipitation studies of real wastewater (Fernandes et al., 2012;
Harris et al., 2008; Moutin et al., 1992; Seckler et al., 1996), and chemical models of P
precipitation that assume ACP as the major precipitate have shown close fit to experimental data
in a number of wastewater studies (Combes and Rey, 2010; Montastruc et al., 2003; Seckler et
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al., 1996). Previous studies of P removal from greenhouse wastewater using NaOH revealed Mg
made up less than 5% of the final precipitate, and this proportion decreased as Ca:Mg ratio
increased (Yi et al., 2005; Yi and Lo, 2003). This suggests that Mg precipitation is not
substantial enough to significantly impact the model. CaCO3 precipitation, which has a tendency
to occur at high pH (Yi et al., 2005), likely did not occur to a significant extent due to low
alkalinity in experimental conditions. While it could occur in a real greenhouse system, it has
been shown to only affect precipitate composition and not inhibit P removal (Yi et al., 2005),
likely because a high enough Mg concentration for precipitation of MgCO3 cancels out the
inhibitory effect of CO3 at high pH (Cao and Harris, 2008). Although no conclusions about the
main precipitate formed in this experiment can be derived from the model, the closeness of the
model to the experimental data suggests it was accurate enough to make PRE predictions for
practical application. Previous research found that a Visual MINTEQ model could accurately
predict NaOH and Mg inputs required to remove P as struvite from liquid swine manure (Çelen
et al., 2007).

The model was used to predict the effect of changing wastewater nutrient composition on
required lime addition. Increasing starting Ca concentration from 190 mg/L to 400 mg/L in a 50
mg/L P solution (Ca:P ratio of 6.2 compared to the ratio of 2.9 previously modelled) increased
PRE for each lime addition rate (Figure 2.4a). The model’s prediction that P removal will
increase with increased starting Ca concentration has been shown previously in batch
experiments using NaOH to precipitate P in greenhouse wastewater (Yi and Lo, 2003), and the
ability of a chemical model to accurately predict this effect in a P crystallization reactor has been
demonstrated (Seckler et al., 1996). Since Ca concentration in greenhouse wastewater is
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typically around 200-500 mg/L (Gagnon et al., 2010; Saxena and Bassi, 2012; Yi et al., 2005)
compared to the 190 mg/L concentration used in this study, the lime requirements predicted by
batch experiments in this study are likely conservative.
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Figure 2.4. Effect of changing system parameters on phosphorus removal curve of a 50 mg/L P
solution as determined by modeling. Parameters altered were (a) starting solution Ca
concentration, from 190 to 400 mg/L, (b) starting solution pH (increased from 5.75), and (c)
environmental temperature (decreased from 25°C). Experimental data are means ± se (n=3; from
section 2.2.1).

The Ontario Ministry of the Environment showed pH of greenhouse wastewater may vary
from 4.5 to 10 (OME, 2012). While the data make it apparent that wastewater with a high pH
tends to have lower soluble [P] (OME, 2012), the effect of slightly increasing wastewater pH on
lime requirement was modelled. Higher initial solution pH decreased amount of lime required to
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meet PRE < 90% but had little effect on lime required to meet higher PRE, which are likely
necessary to meet discharge standards in most greenhouse applications (Figure 2.4b). This
suggests the lime recommendations determined in this study are still applicable for wastewaters
that vary from the 5.75 pH used in this study.

The experiments in this study were performed in the ambient temperature range of 2025°C. The model showed a temperature decrease (to 5°C), which may be experienced in
greenhouse wastewater stored outdoors during winter months in temperate climates (Gagnon et
al., 2010), decreased PRE (Figure 2.4c). The tendency of low temperatures to slow down and
have an inhibitory effect on calcium phosphate precipitation has been suggested previously (Kim
et al., 2006; Song et al., 2002. Further research is needed to confirm the magnitude of this
temperature effect on ACP precipitation, so that it may be taken into consideration when
designing a P removal system.

This lime-based model did not accurately predict solution pH after lime addition,
particularly at high lime addition rates. This suggests the model cannot be used to predict how
operating pH requirements will change with system factors such as Ca concentration,
temperature, etc. As such, a pH-based alternative model was developed where H+ and CO32concentration were left to be determined by the model and a pre-determined pH (mean pH after
lime addition obtained in experimental results) was entered. This differed from the previous
model where CO32- concentration (based on lime addition) was input and pH determined by the
model. The new model suggested that an increase in initial Ca concentration would reduce pH
requirements (Figure 2.5). Management of P precipitation in a greenhouse wastewater treatment
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system would likely rely on monitoring and control of both system pH and lime addition,
suggesting it is necessary to investigate how both of these controls will be impacted by changes
in the wastewater solution.
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Figure 2.5. P removal with increasing pH for a 50 mg/L PO4-P solution: comparison of pHbased Visual MINTEQ model to experimental values, and effect of changing starting solution Ca
concentrations on P removal. Experimental data is from experiment 2.2.1.

Overall, the MINTEQ models fit fairly closely to the experimental data, suggesting
MINTEQ modelling can estimate lime and pH requirements for varying systems. While lime
and pH recommendations given in batch experiments above would provide sufficient removal in
many situations, modelling could allow operators to predict how lime addition, or particularly set
pH, will need to be adjusted in the event of major foreseen system changes (such as temperature
or fertilizer changes). This would allow them to minimize unexpected drop in PRE and the need
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for new batch experiments. However, further experimental validation is needed to confirm the
predictions made by the models.

2.3.4 Removal of other nutrients

Lime addition decreased concentrations of all micronutrients, although the decrease was
not as large as the decrease in PO4-P (Table 2.3). Micronutrient removal was also demonstrated
in a study using NaOH to remove P from greenhouse wastewater (Saxena and Bassi, 2012). The
removed micronutrients may have been taken up in the precipitate, which may improve its
usefulness as a fertilizer. Non-P macronutrients were unaffected. This was expected in the case
of NO3 and K (Saxena and Bassi, 2012). While some removal of NH4 was expected as struvite,
pH >7.5 has been shown to suppress NH4 removal as struvite in greenhouse wastewater, and Ca
release from lime may have further discouraged struvite formation (Yi et al., 2005). Lack of
change in Ca and Mg concentration despite the addition from the lime suggests that Ca and Mg
released from lime dissolution were taken up in phosphate precipitate. A decrease in Ca
concentration of wastewater following lime addition for P precipitation was reported in a
previous study (Fernandes et al., 2012). End pH and PRE were higher than would be expected
with this amount of lime addition (based on section 2.3.1 and 2.3.2), which may be the result of a
slightly higher starting pH than in experiment 2.2.1 and the tendency of equation (2) to
overestimate lime requirements. Although hydrated lime addition did not significantly reduce
concentrations of NO3, NH4, or K, a constructed wetland could be employed in conjunction with
lime addition for the reduction of these important nutrient contaminants. However, the potential
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effects of organic matter (i.e. high BOD; Valsami-Jones, 2001) from the constructed wetland on
P precipitation would need to be considered.

Incorporating a P removal step into a water treatment regime will require a method of
recovering the precipitate. Preliminary trials revealed that when only 5 h was allowed for
settling, significant amounts of fine Ca-P precipitate were still suspended in the supernatant (data
not shown), and a comparison of total and soluble P suggested some fine precipitate remained
suspended even after 20 h (Table 2.3). If adequate settling time was not allowed, these fines
would be washed into the environment where they could eventually release P (Seckler et al.,
1996). A number of studies report production of a sludge made of water and fine Ca-P
precipitate, usually managed by allowing time for settling, filtration, and drying (Fernandes et
al., 2012; Vanotti et al., 2003). The recirculating nature of most vegetable greenhouse fertigation
systems means that wastewater is discharged into the environment intermittently. It may
therefore be possible for a P removal system to be designed to allow for an extended settling
time. Alternatively, particle size of precipitate could be increased. Typical P crystallization
reactors encourage crystal growth on nuclei (e.g. sand grains) by closely regulating Ca-P
supersaturation to keep it low, as nucleation of fines is induced at high supersaturation (ValsamiJones, 2001). However, low supersaturation often decreases overall PRE (Seckler et al., 1996)
which may prevent stringent P limits from being met. It is possible that Ca-P crystals may
accumulate on settled fine precipitate. It has been reported that Ca-P crystal growth occurred on
a steel slag material when settling was allowed, despite highly supersaturated conditions
(Claveau-Mallet et al., 2012). Overall, further research concerning precipitate physical
characteristics (size, settling rate), composition, and use as a fertilizer, is needed. This will help
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with designing systems that maximize precipitate usefulness as a fertilizer source and minimize
loss, without incurring prohibitive costs from increasing system complexity or sacrificing PRE.

2.4 Conclusions
Precipitation of aqueous P in greenhouse wastewater using hydrated lime may provide a
simple means of meeting P discharge limits, and this study aimed to elucidate viability and
operating guidelines for treating greenhouse wastewater of variable composition. Using batch
experiments and chemical equilibrium modelling, this study made the following conclusions:
(1) Hydrated lime could effectively remove high concentrations of phosphate from greenhouse
wastewater at lime addition rates that would be of low cost to the greenhouse operator.
(2) The amount of lime required for treatment can be easily approximated using the relationship
of PRE to lime : P molar ratio determined in this study.
(3) PRE was proportional to final solution pH, suggesting pH can be used to monitor consistent
PRE or control lime dosing for precise control of PRE.
(4) The close fit of the chemical equilibrium model to the experimental data suggests Visual
MINTEQ modelling may be used for predicting changes to required lime addition and pH when
system conditions diverge widely from those examined in batch experiments.
(5) Lime and pH requirements will decrease with increasing wastewater Ca concentration, and a
significant decrease in temperature will likely decrease P removal.
(6) Hydrated lime addition to simulated wastewater did not contribute to removal of other major
nutrient contaminants, but did provide some micronutrient removal.
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(7) Lime addition to simulated greenhouse wastewater resulted in precipitation of a powder-fine
calcium phosphate precipitate, which may create engineering challenges related to precipitate
recovery.
Overall, P precipitation using hydrated lime is a low-tech method of removing P from
greenhouse wastewater that provided high PRE and can be monitored and controlled using
parameters such as pH and lime addition. It could be implemented in conjunction with a
constructed wetland for treatment of the major elemental contaminants of environmental concern
that are typically present in greenhouse wastewater. The results of this study can be used by
greenhouse operators and regulatory bodies as guidelines to assist in the development of
operational protocols for implementing lime-based systems for removing P from greenhouse
wastewater prior to discharge into the environment. Further research is needed to investigate the
feasibility of practical application of this technology while maximizing the potential for recovery
and reuse of the precipitate as a fertilizer.
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Chapter 3: Combined precipitation/flocculation method
for nutrient recovery from greenhouse wastewater
3.1 Introduction
As demonstrated in Chapter 2, phosphate precipitation using lime addition has the
potential to provide a viable, low cost method for P removal in greenhouse wastewater, capable
of reducing high soluble P to less than the low limit of 1 mg/L typically enforced for wastewater
in Ontario (OME, 1994). One major drawback of this method is that fine grain size of the
calcium phosphate precipitate can complicate separation and recovery of this phosphorus
precipitate (de Bashan and Bashan, 2004; Giesen, 1999; Valsami-Jones, 2001; Pratt, 2012),
which is currently a major research interest as phosphorus is a valuable non-renewable resource
(Valsami-Jones, 2001). In other wastewater types such as animal agriculture, municipal, and
industrial this fine precipitate is difficult to separate from the high organic matter content of
these wastewaters (Giesen, 1999), creating a P-rich sludge that is less easily re-used due to
heterogeneous composition and potential presence of harmful components (de Bashan and
Bashan, 2004). The typically low organic content of greenhouse wastewater (Prystay and Lo,
2001; Gagnon et al., 2010; Saxena and Bassi, 2012) compared to animal agriculture (Fernandes
et al., 2012; Vanotti et al., 2007) and municipal (Hussain et al., 2011; Woods et al., 2010) and
very high nutrient concentrations means there is potential to recover large amounts of P as
largely pure Ca-P precipitate that has great potential to be re-used as fertilizer. Because of the
lack of need for organic removal, this could be done inexpensively simply through lime dosing
and precipitate separation. This can be done without the need for more advanced systems such
as fluidized bed crystallization reactors that increase particle size of precipitate and are used to
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create a more marketable product for large-scale wastewater facilities, but are typically not
economically viable for facilities producing small volumes of wastewater (Woods et al., 1998).

However, as suggested by preliminary findings in Chapter 2, in greenhouse wastewater
fine precipitate may still create separation challenges that will need to be overcome if P removal
and recovery is to be optimized. Slow settling of fine precipitate will impede timely separation
of precipitate from wastewater which may lead to fines escaping to the environment where they
can be re-released as soluble P, reducing P removal efficiency and potentially affecting ability of
this method to meet low P limits (ie. 1 mg/L; OME, 1994). Depending on separation rate of fine
precipitate, which may be impacted by wastewater composition (such as carbonate and
magnesium content; Valsami-Jones, 2001), accommodating extended settling time required for
full separation may not be efficient. As such, potential issues with fine Ca-P precipitate
separation and solutions to these issues in a low organic, high P wastewater such as greenhouse
wastewater need to be investigated.

A combined method of precipitation followed by a flocculation step to speed up settling
of fines could aid in streamlining the separation and recovery process so that it can efficiently
meet low P limits. Flocculation is employed in wastewater treatment to facilitate separation of
fine particles from wastewater. In this process a flocculant, typically a long-chain polymer, is
added and reacts with and forms bridges between fine particles, collecting them into larger,
faster-settling flocs (Tripathy and Ranjan, 2006). Since Ca-P precipitate is to be re-used as a
nutrient source for plants, and wastewater released to surface water, a prospective flocculant
must be readily biodegradable and not pose environmental hazard, while also being affordable.
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While commonly used artificial flocculants such as polyacrylamide are non-biodegradable and of
questionable environmental safety (Renault et al., 2009; Sharma et al., 2006; Wen et al., 2010),
natural flocculant alternatives that are easily biodegradable and non-hazardous are available.
These include common, low cost biopolymers such as starch (derived from various sources,
often given positive charge through chemical treatment; Vandamme et al., 2009), chitosan
(produced by chemically treating chitin extracted from shellfish waste; Roussy et al., 2004), guar
gum and other types of gum (derived from endosperm of guar plant or other species; Gupta and
Ako, 2005), and alginate (derived from algae; Renault et al., 2009).

Since the goal is recovery of P, as opposed to solely removal, composition (nutrient
content, nutrient availability) of the calcium phosphate precipitate product recovered from this
process must be analyzed to evaluate its potential usefulness as a plant nutrient source.
Composition of precipitate recovered from greenhouse wastewater is of particular interest as
greenhouse wastewater contains high concentrations of all plant nutrients, suggesting nutrient
ions other than Ca and P may be retained in precipitate through substitution in the Ca-P mineral
structure and formation of other precipitates (Saxena and Bassi, 2012; Yi et al., 2005).

A combined precipitation/flocculation separation process employing lime and a low cost,
biodegradable flocculant must be investigated as a potential optimized P recovery method
specifically suited to greenhouse wastewater. An optimal separation process should reduce total
P in wastewater to low levels (< 1mg/L) required to prevent environmental damage, minimize P
separation time, and retrieve a product with a nutrient composition that makes it valuable as a
fertilizer. This study aimed to evaluate the capacity of different lime/flocculant combinations to
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meet these criteria. Precipitation and separation of P following lime addition was examined in
model wastewater to determine separation challenges. The ability of the flocculants chitosan,
guar gum, and a cationic starch to facilitate this separation was tested. The effectiveness of this
combined method was examined in real greenhouse wastewaters of varying composition to
determine its suitability in different treatment situations. Finally, nutrient composition and [P]
availability of the retrieved precipitate was analyzed to determine viability for re-use.

3.2 Methods
3.2.1 Materials
Hydrated lime (Graymont Dolomitic Spray Lime, CAS #39445-23-3; Graymont Dolime,
(OH) Inc., Genoa, OH, USA; see Table 2.1) was used to induce Ca-P precipitation. Flocculation
materials investigated were chitosan (448877, Sigma-Aldrich Canada Co., Oakville, ON,
Canada), guar gum (PPN4000, Rantec Corporation, Ranchester, WY, USA), and a cationic
starch flocculant (Charge +110, Cargill Inc., Cedar Rapids, IA, USA), all in solid form.
Properties of these flocculants are given in table 3.1. Flocculants were prepared as 1% solutions
prior to addition to wastewater. To create these solutions chitosan was dissolved by mixing for
12 hours in 1% acetic acid, starch was dissolved in water by mixing for 30 min at 80°C, and guar
gum was dissolved in water at room temperature.

Table 3.1. Properties of flocculants
Flocculant
Molecular weight (kDa)
Chitosan
190 – 310
Guar gum
1000 – 1500
Cationic Starch
1000 – 2000

Estimated cost ($/kg)
13 (Chi and Cheng, 2006)
4.38
0.70
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3.2.2 Ca-P precipitation/separation and impact of flocculants

The effectiveness of lime precipitation for P separation in simulated wastewater of low
and high alkalinity, and the effect of flocculants on separation, was investigated. High and low
alkalinity wastewater solution containing 100 mg/L PO4-P and all required plant micro and
macro nutrients in the concentrations listed in table 3.2 were made up by dissolving KH2PO4 and
Plantex® 14-0-14 Cal Mag Fertilizer (for other nutrients; Plant Products Co. Ltd., Brampton,
ON, Canada) in deionized water (low alkalinity) or tap water (high alkalinity). P concentration
was chosen to represent a medium to high wastewater P concentration based on the range
reported in the literature (White, 2013), and other nutrient concentrations to represent the typical
greenhouse vegetable feeding nutrient solution. Alkalinity of high and low alkalinity solutions,
as determined according to section 3.2.5, were 78 and 220 mg/L CaCO3, respectively,
representing the extremes of the range of alkalinity reported in greenhouse wastewater (about 50
to 250 mg/L CaCO3; OME, 2012). Where necessary, drop-wise addition of 1M KOH was used
to bring the solutions to a starting pH of 6.5±0.1, representative of a low pH greenhouse
wastewater (OME, 2012).
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Table 3.2. Estimated nutrient concentration in simulated wastewater
Nutrient

K
Ca
Mg
Boron
Copper
Iron
Manganese
Molybdenum
Zinc

Concentration (mg/L)
Low
High Alkalinity
alkalinity
374
421
190
167
93.4
82.2
0.64
0.67
1.61
1.40
3.22
2.90
1.61
1.52
0.48
0.47
1.61
1.44

Treatments consisting of a control (lime addition with no flocculant), and chitosan, guar
gum, and cationic starch treatments where flocculant was added along with lime, were
investigated in low and high alkalinity simulated wastewater. For each treatment, 500 mL of
solution was poured into a 600 mL beaker and lime was added under continuous stirring using a
jar test apparatus (PB-700 Jartester; Phipps & Bird, Richmond, VA, USA). Lime addition rate
was 0.3 g/L and 0.55 g/L for low and high alkalinity wastewater, respectively, and was chosen as
the amount of lime required to obtain a pH of around 9.5, as determined in pre-experiments.
After lime addition, solution was mixed at 160 rpm for 7 min to allow for dissolution of lime and
dispersion of flocculant, followed by 20 min slow mixing at 60 rpm to encourage flocculation
(Roussy et al., 2005). Guar gum and cationic starch flocculants were added 4 minutes after lime
addition whereas for chitosan treatments, flocculant was added 3 minutes prior to lime addition,
to allow for 3 minutes dispersion at a pH optimal for chitosan interaction, as chitosan is insoluble
at high pH (Bratskaya et al., 2004). pH of the solution/lime/flocculant mixtures was measured
during the slow mixing period. There were three replicates for each treatment.
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A flocculant addition rate of 12 mg/L was investigated for each flocculant in low
alkalinity solution. Based on separation results, addition rates of 2 and 6 mg/L for guar gum and
24 mg/L and 60 mg/L for starch were also tested to determine optimal dose to maximize
effectiveness while minimizing cost. Addition rates for high alkalinity treatments were based on
optimal dose in low alkalinity solution, and were 12 mg/L for chitosan and guar gum and 24
mg/L for cationic starch.

After mixing, precipitate was allowed to settle and 20 mL samples of the supernatant
were taken after 2 min, 10 min, 30 min, as well as 1 h for treatments in which unsettled
precipitate was still clearly visible after 30 min. Total P (soluble P + unseparated precipitate) in
these supernatant samples was measured according to section 3.2.5 to determine separation of P
precipitate over time.

3.2.3 Application of P separation to varied greenhouse wastewater

Effectiveness of precipitation/flocculation for P separation in real greenhouse
wastewaters of varying composition was evaluated. Greenhouse wastewater samples were
collected from three different greenhouses in South-Western Ontario. Wastewater was obtained
from a potted begonia greenhouse with a subirrigation system that did not recycle nutrient
solution; a campanula greenhouse that continuously recycled nutrient solution; and a sweet
pepper and eggplant greenhouse that continuously recycled nutrient solution. pH, EC, and
alkalinity of these wastewaters were determined according to section 3.2.5. Concentrations of
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major nutrients were determined according to section 3.2.5 in wastewater samples filtered at 0.45
µm.

Separation experiments were conducted on campanula and pepper/eggplant wastewater
using the methods in experiment 3.2.2, using a lime addition rate required to reach pH 9.0 in
each wastewater (determined in pre-experiments) and optimal flocculant concentrations
determined in experiment 3.2.2. This pH was chosen as it was shown to provide high removal in
Chapter 2, while also being safely below the 9.5 limit enforced for most industrial wastewaters in
Ontario (Canadian Environmental Protection Act, 1995).

3.2.4 Analysis of retrieved precipitate
Precipitate was analyzed for nutrient composition to evaluate usefulness as a nutrient
source for plants. The separated precipitate from the pepper and eggplant wastewater (n= 3) was
dried at 50°C for 48 h and weighed. To determine total nutrient composition, the weighed
sample was pre-digested overnight in 3 mL HCl + 9 mL HNO3, both trace metal grade, then
digested in a teflon bomb at 120°C for 3 hours, an adaptation of EPA method 3050A (EPA,
1992). Digested solution was diluted to 50 mL and filtered with a #42 Watman filter, and
nutrient concentrations measured according to section 3.2.5. “Plant available P” (or “extractable
P”) in the precipitate was estimated using two methods commonly employed in fertilizer and soil
testing, 2% citric acid extraction and bicarbonate extraction, employing the methods in Faithfull
(2002) and Tiessen and Moir (1993), respectively. These extractions were intended to provide a
rough estimation of P availability to plants in acidic (citric acid extractable) and more alkaline
(bicarbonate) growing substrate/soil.

50

3.2.5 Analytical methods
For determination of total PO4-P and concentration of other nutrients in wastewater,
samples were acidified to pH ~2 using H2SO4 and filtered through a 0.45µm syringe filter (09719F, Thermo Fisher Scientific Inc., Waltham, MA, USA). Acidification dissolved any fine
precipitate that had not yet settled and allowed for measurement of the already dissolved nutrient
as well as that contained in fine precipitate. Samples for determination of soluble PO4-P only
were not acidified before filtration. [P] was measured using a UV-1201 Shimazdu
spectrophotometer (Shimadzu corporation, Kyoto, Japan) using the ascorbic acid method
(APHA, 1998). Concentrations of K, Ca, Mg, Fe, Zn, Mn, and Cu were measured using a flame
atomic absorption spectrometer (Varian Spectra AA 220; Varian Medical Systems, Inc., Palo
Alto, CA, USA). Solution pH was measured using an Oakton 300 Series Handheld pH and
Conductivity Meter (Model number 35631-00; Oakton Instruments, Vernon Hills, IL, USA).
Calcium carbonate alkalinity was measured using Hach Alkalinity Test Kit Model AL-DT (Hach
Company, Mississauga, ON, Canada).

3.2.6 Statistical analysis
Separation effectiveness of flocculation treatments was statistically compared by plotting
Total [P] in supernatant vs. time for each treatment and calculating area under the curve using
GraphPad Prism® 6 (GraphPad Software Inc., La Jolla, CA, USA). In this way area under the
curve provided a representation of the rate and magnitude of P separation for each treatment,
with a higher area approximately representing less efficient P separation. The [P] data point at 2
minutes was not included in the area under the curve calculation as settling in this short time
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period was of less interest and high concentrations at 2 minutes obscured effectiveness at later
time points. A variance analysis was performed using PROC MIXED in SAS® version 9.3
(SAS institute Inc., Cary, NC, USA), and mean area under the curve compared among treatments
using a Tukey’s multiple means comparison test. Where applicable, solution final pH was
included in the variance analysis as a covariate, to account for any effect of pH fluctuation
between treatments on P separation. Significance was determined at a type I error rate of 5%
(P=0.05) for all statistical tests.

3.3 Results and Discussion

3.3.1 Precipitation/separation of P and effect of flocculant
Precipitation is a simple method for greatly decreasing wastewater [P] to consistently meet low P
limits before discharge to the environment. However, challenges involved in separation of this fine
precipitate must be established and addressed. Lime addition and subsequent precipitate settling without
flocculant addition allowed total [P] in low-alkalinity model wastewater to reduce to 0.72 mg/L, slightly
below the limit of 1 mg/L enforced for wastewater in Ontario (OME, 1994), after an hour of settling
(Figure 3.1a), with rapid drop in P within the first 10 minutes attributed to faster settling of larger
precipitate particles/flocs, followed by slower decrease after 10 minutes as a result of settling of fines.
When alkalinity of the model wastewater was increased to a level on the higher end of the range found in
greenhouse wastewater, separation rate decreased and total [P] did not reach the 1 mg/L limit within an
hour of settling, suggesting potential separation issues are present, particularly at higher alkalinity. For
the low alkalinity model wastewater, concentration of soluble P over time remained at <0.15 mg/L
(Figure 3.1a), confirming residual P was made up of slow-settling fine precipitate. Significantly higher
presence of fine precipitate in high alkalinity wastewater may be due to carbonate interfering with growth
of Ca-P crystals to larger sizes, as has been demonstrated by Kapolos and Koutsoukos (1999). This
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suggests issues related to separation of fine precipitate may be greater in higher alkalinity wastewater.
High alkalinity wastewater also required greater lime addition to reach a pH of 9.5 than low alkalinity
wastewater (0.55 vs. 0.3 mg/L, respectively).
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Figure 3.1. Total P separation over settling time after lime addition with and without addition of
various flocculants in (a) low alkalinity simulate wastewater and (b) high alkalinity simulated
wastewater. Data are means ± se (n=3). Differences between letters following treatment labels in
the legend indicate that area under the curve values of these treatments were significantly
different at P < 0.05.

As fine precipitates remained suspended in wastewater for an extended period and impacted
potential of separation to meet low P limits in a manageable settling time, flocculants were investigated
for increasing separation efficiency. Addition of 12 mg/L chitosan slightly but significantly improved
settling rate in the low-alkalinity simulated wastewater (Figure 3.1a), but had no effect in the high
alkalinity wastewater (Figure 3.1b). While a higher addition rate could improve effectiveness, higher
concentrations were not attempted due to questionable economic viability owing to the high,
unpredictable cost of chitosan compared to other flocculants.

Guar gum, however, greatly increased settling of suspended P, reducing suspended P to 0.47
mg/L within 2 minutes, and 0.24 mg/L within 30 minutes in low alkalinity wastewater (Figure 3.1a),
achieving a minimum concentration three times lower than that reached by settling without flocculant
addition, in half the settling time. Guar gum addition was particularly effective for greatly reducing the
higher suspended P levels in high alkalinity wastewater, reducing suspended P to 0.31 mg/L after 30
minutes (Figure 3.1b), comparable to P levels achieved in the low alkalinity wastewater. Due to the high
effectiveness of guar gum at an addition rate of 12 mg/L, the potential to use lower addition rates to
reduce treatment costs was investigated. Effectiveness at a concentration of 2 mg/L was greatly reduced,
but a concentration of 6 mg/L provided effectiveness comparable to that of the 12 mg/L if 10 minutes of
settling was allowed (Figure 3.2a).
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Figure 3.2. Total P separation over settling time after lime addition at different flocculant
addition rates for (a) guar gum and (b) cationic starch. Data are means ± se (n= 3). Differences
between letters following treatment labels in the legend indicate that area under the curve values
of these treatments were significantly different at P < 0.05.
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Cationic starch at a concentration of 12 mg/L had a small but significant effect on P separation in
low alkalinity wastewater (Figure 3.1a). Its effectiveness at higher concentrations was investigated
because, unlike chitosan, cationic starch has a lower and clearly-defined cost, making investigation of
higher concentrations worthwhile. An addition rate of 60 mg/L reduced total [P] to as low as <0.15 mg/L
within 10 minutes of settling (Figure 3.2b). However, as a more economically feasible cationic starch
concentration of 24 mg/L reduced [P] to 0.31 mg/L after 30 min, comparable to effectiveness of guar
gum, this addition rate was designated as the “optimal” rate and used in later investigations. Addition of
24 mg/L cationic starch to high alkalinity wastewater provided P separation comparable to that of the guar
gum treatment (Figure 3.1b).

Effectiveness of guar gum and cationic starch for improving efficiency of P separation in model
wastewaters following Ca-P precipitation established that P separation issues were primarily due to fine
precipitate separation, and that flocculation provided a way of overcoming these issues. Long-chain
polysaccharide flocculants improve settling of fine particles, such as fine Ca-P precipitated from lime
addition, by adsorbing to the surface of more than one particle and forming polymer bridges between
them, gathering fine precipitate into larger agglomerations or “flocs” with improved settling speed
(Tripathy and Ranjan De, 2006). High effectiveness of guar gum despite its lack of charge compared to
chitosan and cationic starch suggested that, unlike in some treatment situations where particle charge
attracts an obstructive layer of oppositely charged ions (Renault et al., 2009), neutralization of charge on
the precipitate surface was not necessary to induce particles to make contact with each other and form
flocs. The high effectiveness of guar gum and cationic starch can therefore be attributed primarily to long
polymer chain length as indicated by high molecular weight (Tan et al., 2014; Chen et al., 2003),
compared to chitosan which typically has a MW <300 kDa (Tan et al., 2014), as well as potentially to
side branching on the polymer chain (Singh et al., 2000). Guar gum has more side-branching in its
structure than the amylose and amylopectin that make up the cationic starch, which may explain its
slightly improved effectiveness. Increasing concentration of cationic starch resulted in formation of a
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greater number of bridges between particles, collecting more fines into large flocs. Although chitosan has
been shown to be effective for flocculation of fine Ca-P precipitate previously (Kadouche et al., 2012), it
is likely its effectiveness was diminished at this high pH due to low solubility (Bratskaya et al., 2004),
despite attempts to induce flocculant interaction at a low pH prior to lime addition as successfully
employed by Lertsutthiwong et al. (2009). Despite identical lime addition rate, pH tended to vary among
flocculant treatments. However, this was accounted for in the variance analysis, and it was found that pH
variations did not significantly affect P separation.

Lime precipitation can provide efficient removal of very high P concentrations. However, these
results suggest slow settling precipitate can create issues with reducing total P in wastewater low enough
to meet low P limits, such as the 0.5-1 mg/L limits enforced for many point-source polluters in Canada
(OME, 1994), particularly in wastewater with high (>200mg/L CaCO3) alkalinity. While it is not yet
decided whether nutrient regulations put in place for greenhouse wastewater will be concentration-based,
P concentration in surface water should be as low as 0.03 mg/L to prevent damage to aquatic ecosystems
(OME, 2012; CCME, 2004), suggesting minimizing total P released to the environment is ideal. Using a
combined precipitation/flocculation process for P separation further reduces P released to the environment
in wastewater as it removes fine Ca-P precipitate that would otherwise remain suspended in discharged
wastewater, particularly in high alkalinity wastewater. Addition of a flocculation step also allows
maximum P separation to occur within a shorter time period (10-30 min settling), which would simplify
system design by removing the need to accommodate an extended settling time. However, variations in
greenhouse wastewater composition may affect this separation process, and its effectiveness must
therefore be tested in real greenhouse wastewater.
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3.3.2 Application to greenhouse wastewater
Effectiveness of combined precipitation/flocculation for P separation was tested in real
wastewater, as the highly variable nature of greenhouse wastewater may impact treatment
effectiveness. Compositions of the three greenhouse wastewaters sampled for this study
demonstrated this high variability in pH, alkalinity, and nutrient composition, with the vegetable
greenhouse wastewater showing the highest [P] (Table 3.3). [P] in the begonia wastewater was
already < 0.5 mg/L, suggesting additional P treatment would not be worthwhile. Alkalinity of
the wastewaters largely covered the range reported in southern Ontario greenhouses (OME,
2012). However, the campanula wastewater exhibited a very low pH and alkalinity, below the
expected range and the pH recommended for nutrient solution. All wastewaters contained very
little visible suspended material (low turbidity from suspended organic material), as is commonly
reported for greenhouse wastewater (Gagnon et al., 2010; Prystay and Lo, 2001). Despite high
variation in composition, overall, nutrient concentrations and other properties of these
wastewaters were within the ranges reported among southern Ontario greenhouses (OME, 2012),
suggesting these wastewaters provide a good representation of greenhouse wastewater
composition for testing treatment requirements.
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Table 3.3. Properties of sampled greenhouse wastewater. Data are means ± se (n=3) of three
representative samples of a larger sample container.
Nutrient
PO4 – P
K
Ca
Mg
Copper
Iron
Manganese
Zinc
pH
Alkalinity (as CaCO3)

Concentration (mg/L)
Begonia
Campanula
0.50±0.01
8.60±0.12
93.0±0.30
37.7±1.33
0.007±0.003
0.01±0.003
0.02±0.00
0.04±0.003
8.34
184±7.35

13.4±0.09
74.0±1.48
36.4±0.90
10.2±0.15
1.10±0.02
0.49±0.01
0.26±0.01
0.49±0.01
4.31
8.1

Pepper/Eggplant
50.7±0.69
185±7.72
119±7.79
28.5±1.18
0.04±0.00
1.22±0.04
0.04±0.00
0.35±0.02
6.31
42.3±2.34

Amount of lime required to obtain a pH of 9 in vegetable wastewater was 278 mg/L, as
determined via interpolation from a graph of lime addition vs. pH. Considering the molecular
weight of the lime used was 132.41 g/mol, this is a lime addition : [P] molar ratio of 1.3, which is
close to the guideline of 1.5 determined for precipitation in greenhouse wastewater in chapter 2.
At this lime addition rate, the precipitation step alone was able to reduce total [P] in the
vegetable wastewater to 0.81 mg/L after 1 hour of settling (Figure 3.3a). It should be noted that
this lime addition rate resulted in a wastewater pH closer to 9.5 when used in the main
experiment. Addition of flocculation with guar gum or cationic starch significantly reduced total
[P] remaining to < 0.3 mg/L, within a 10 min settling time. However, chitosan did not have
statistically significant effect on P separation.

Lime requirement for campanula wastewater was determined to be 63 mg/L. Lime
requirement for vegetable wastewater was about 4 times that of campanula, similar to the ratio of
[P] in the two wastewaters, and was therefore proportional to [P], as was demonstrated in chapter
2. Although precipitation at the determined lime addition rate greatly reduced [P] in campanula
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wastewater, it was not reduced below 1 mg/L (Figure 3.3b). Overall P separation in this
wastewater was not greatly improved by any of the flocculants investigated. Increasing lime
addition rate to a lime : [P] molar ratio of 1.4 (compared to 1.1), resulting in a pH of 9.25,
allowed total P to reduce to 0.95 mg/L after 1 h settling, but guar gum addition continued to have
no effect on reducing total [P] in wastewater (Figure 3.3b). Further P reduction with an increase
in lime addition and lack of effect of flocculants suggests relatively lower P separation
effectiveness compared to vegetable wastewater was likely not due to presence of fines (which
would likely be amended by flocculant addition) but due to higher soluble P levels remaining.
Lack of impact of flocculants suggests separation of fine precipitate was not an important
treatment issue in campanula wastewater.

The lack of effect of guar gum and cationic starch on separation in the campanula
wastewater, in contrast to effectiveness in the vegetable wastewater, is likely a result of the very
low alkalinity of the campanula wastewater causing decreased formation of slow-settling fine
precipitate. As evidenced by experiment 3.3.1, higher alkalinity contributes to greater presence
of fine, slow-settling Ca-P precipitate which flocculants help to separate. However, it should be
noted that the vegetable wastewater also demonstrated low alkalinity in comparison to the
roughly 50 to 250 mg/L CaCO3 range reported in greenhouses around Leamington, Ontario
(OME, 2012), suggesting that addition of a flocculant will have at least some benefit in most
wastewaters. High soluble P remaining in the campanula wastewater despite high lime addition
(Figure 3.3b) could likely be attributed to the slightly lower final pH after lime addition achieved
in the campanula wastewater compared to the vegetable wastewater.

60

S u s p e n d e d P ( m g /L )

100
75

C o n tr o l, A

50

C h ito s a n , A

15

G uar gum , B

5

S ta r c h , B

2

1

0
0

20

(a )

60

80

T im e ( m in )

100

S u s p e n d e d P ( m g /L )

40

75
50

C o n tr o l, A

S ta r c h , A

C h ito s a n , B

C o n tr o l 2 , C

G uar gum , A

G uar gum 2, C

15
5
2

1

0
0

(b )

20

40

60

80

T im e ( m in )

Figure 3.3. Total P separation over settling time after lime addition with and without addition of
various flocculants in (a) vegetable wastewater and (b) campanula wastewater. Data are means ±
se (n=3). Control 2 and Guar gum 2 indicate treatments where lime was added at a lime : P
molar ratio of 1.4, compared to 1.1 in the other treatments. Differences between letters
following treatment labels in the legend indicate that area under the curve values of these
treatments were significantly different at P < 0.05.
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The discrepancy between these wastewaters suggests that, due to the high variability seen
in greenhouse systems and as a result greenhouse wastewater, treatment needs will not be
consistent across systems. As demonstrated in the begonia wastewater, P separation and
recovery is not worthwhile for all greenhouse wastewater treatment system. However, for
systems where sampling indicates [P] is higher than regulatory objectives, precipitation via lime
addition to pH 9-9.5 was shown to be reasonably effective for both the campanula and vegetable
wastewaters despite highly divergent composition, although effectiveness for reaching low P
limits was highly dependent upon optimal lime addition rate being reached, which seemed to
require a pH closer to 9.5. Finally, these results demonstrated that while addition of a
flocculation step to precipitation can be beneficial for minimizing P levels released to the
environment in certain greenhouse wastewaters, it may be unnecessary when treating
wastewaters of very low alkalinity, and should only be introduced if abundance of slow-settling
precipitate appears to be an issue in the treatment system.

3.3.3 Nutrient composition of recovered precipitate
The precipitate recovered from the vegetable wastewater had high P content, as well as
high levels of other macronutrients including Ca, Mg, and K, and significant amounts of the
micronutrients Fe and Zn (Table 3.4). P content was not as high as that reported in some P
precipitates recovered from wastewater treatment (Bauer et al., 2007; Fernandes et al., 2012; Yi
et al., 2005). This may be due to a combination of lower P concentrations in the vegetable
wastewater compared to the wastewaters used in some of these studies, as well as the high pH
induced (>9) to encourage precipitation, as at very high pH other calcium compounds such as
62

calcium carbonate begin to form and will become a larger fraction of the precipitate (Yi et al.,
2005). It also unexpectedly contained much higher K and Mg levels than those reported for
other precipitates recovered from precipitation/crystallization treatment (Bauer et al., 2007;
Fernandes et al., 2012), even compared to Yi et al. (2005), the only other study to investigate
precipitate recovered from greenhouse wastewater treatment. High Mg composition can
potentially be partially attributed to the dolomitic lime used in precipitation, some of which may
have remained undissolved. However, high Mg content combined with high K content
suggested some formation of K-struvite (MgKPO4·6H2O), higher than that reported by Yi et al.
(2005) for precipitate obtained from greenhouse wastewater, although this study used NaOH as
opposed to dolomitic lime. The Ca : P molar ratio of 1.25 was lower than that of amorphous
calcium phosphate (Ca3(PO4)2), the most likely Ca-P product in this context (Fernandes et al.,
2012; Moutin et al., 1992), which is likely a result of substitution of other metals such as Mg in
the Ca-P structure (Cao and Harris, 2008), along with precipitation of other phosphate minerals
such as the K-struvite mentioned previously (Yi et al., 2005). Precipitate composition will vary
with wastewater composition, and it is likely that precipitate recovered from greenhouse
wastewater with higher [P] than this vegetable wastewater (as is often reported in greenhouse
systems; White, 2013) will exhibit higher P content (Yi et al., 2005).
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Table 3.4. Nutrient composition of precipitate recovered from vegetable greenhouse wastewater.
Data are means ± se (n=3)
Nutrient
P (total)
P (citric acid extract)
P (bicarbonate extract)
K
Ca
Mg
Fe
Mn
Zn
Cu

g/kg
57.4±3.39
52.1±1.33
36.4±0.70
52.9±3.44
92.7±5.07
57.6±1.56
1.70±0.10
0.05±0.001
0.18±0.01
0.03±0.001

High levels of a number of plant nutrients suggested that precipitate recovered from
greenhouse wastewater can be an important source of nutrients for a variety of potential
applications. A high proportion of total P was easily extracted using bicarbonate or, to a greater
extent, citric acid, suggesting much of the P will become available to plants and that the
precipitate is therefore promising for use as a fertilizer in its original form (Faithfull, 2002;
Tiessen and Moir, 1993). Such a precipitate could be of use for small-scale applications such as
container production, greenroofs, etc. Alternatively, it may have the potential to be re-used in
the production of other fertilizer products (Vanotti et al., 2003). Further research involving
application of precipitate products retrieved from greenhouse wastewater treatment to plant
production is needed, although this will first require large-scale testing of this recovery method.

3.3.4 Potential for large-scale application
Overall, precipitation via lime addition was effective for P removal in wastewaters of
disparate composition, and a combined precipitation/flocculation process could be used to
optimize this method for efficiently meeting low P limits while simultaneously recovering high
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concentrations of P in a re-useable form. At a lime cost of $0.50(CAD)/kg (as determined from
local supplier), cost of lime treatment of the vegetable wastewater and campanula wastewater
would be only $0.14(CAD)/m3 wastewater treated and $0.04(CAD)/m3, respectively. Adding
guar gum or cationic starch when deemed necessary would only increase cost of wastewater
treatment by $0.05(CAD)/m3 and $0.02(CAD)/m3, respectively. Both of these flocculants are
readily available and pose no environmental hazard. Although chitosan is attractive as a
flocculant as it makes use of a waste product, its lack of effectiveness at low concentrations and
inconsistent price due to lack of widespread production means it is not viable for this application.

This precipitation/flocculation P separation method would likely require a stirred reactor,
in order to distribute lime and encourage flocculation. However, the combined lime mixing,
flocculation, and precipitate settling process in this study required at least an hour, and different
mixing rates are required for each of these steps. For systems where a relatively large amount of
wastewater must be treated daily, a more advanced system than a single reactor (for example, a
multi-tank system like that used in a typical coagulation/flocculation process) would need to be
considered. Another potential issue is that biodegradable flocculants such as guar gum and
cationic starch degrade, and therefore lose effectiveness, rapidly in water, creating issues with
mixing and storing these flocculants prior to dosing (Tripathy and Ranjan, 2006). As such guar
gum may be the most viable option as it can be quickly dissolved in water from a solid state at
room temperature. Challenges with dewatering and drying of the precipitate “sludge” must also
be addressed, although the precipitate flocs formed from this process appeared dense and, by
qualitative observation, occupied around 10% of total wastewater volume (Figure 3.4),
suggesting the volume of sludge produced will be low, and separating much of the excess water
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from the dense flocs will be straightforward. However, research of application of this
technology at a full-scale in an actual greenhouse facility is needed in order to properly address
engineering questions.

Figure 3.4. Precipitate separation for control (lime), lime+chitosan, cationic starch+chitosan, and
guar gum+chitosan treatments, respectively, after 1 hour of settling.

Typical wastewater composition differs among greenhouse systems, and this variation
may be particularly noticeable between vegetable and floriculture greenhouses. While the
precipitation/flocculation method can effectively recover even very high P levels, it may not be
the best option for wastewaters containing P concentrations that are only slightly above
regulation (ie. < 10 mg P/L). It is possible another treatment option with lower technological and
monitoring requirements, such as a constructed wetland incorporating P-sorbing materials as
substrate (Chapter 1; White et al., 2011), could feasibly treat these low P levels.
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Because of likely variation in precipitation product between facilities, and the low
quantity of product produced compared to a typical wastewater treatment plant, it is unlikely the
precipitate could be marketed as a value-added product. However, as the main goal is high P
removal, potential for re-use of the product need only be an added benefit from a resourcemanagement standpoint (considering the status of P as a non-renewable resource), as well as a
means of easily off-loading a treatment “waste material”. Specific users for this recovered
precipitate would need to be identified upon introduction of this treatment at a full scale.

3.4 Conclusions
Precipitation using hydrated lime was shown to be effective for soluble P removal in
chapter 2. However, beyond this, it may provide a simple method for recovering nutrients in a
re-useable form while simultaneously meeting very low P limits. Because the fine grain size of
precipitate may complicate efficient separation, the aim of this study was to evaluate
precipitation for efficient P separation and ultimately nutrient recovery, and the potential to
optimize this process by adding a flocculation step. Through examining P separation in
greenhouse wastewater of varying composition, as well as recovered precipitate, this study made
the following conclusions:

(1) Fine precipitate created some issues with slow separation, particularly in wastewater with
high alkalinity, which would need to be overcome in order to maximize efficiency of P
separation and minimize release of P to the environment
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(2) Guar gum and cationic starch effectively flocculated fine precipitate and rapidly separated
suspended P at addition rates that would be of low cost
(3) Precipitation via lime addition was effective for reducing high P concentrations in
greenhouse wastewaters of differing composition to below 1mg/L, but an additional flocculation
step only improved P removal in the vegetable greenhouse wastewater
(4) The recovered precipitate contained 57.4g P/kg, the majority of which was easily
extractable, as well as significant amounts of Ca, K, Mg, Fe, and Zn, indicating it has promise
for re-use as a recycled nutrient source for plant production
(5) The high variation in composition between sampled greenhouse wastewaters, and the impact
of composition on P separation and flocculant effectiveness, suggests treatment needs will vary
between systems

Overall, findings of this study built on research questions posed at the end of chapter 2. A
precipitation/flocculation process could provide an optimized means of efficiently meeting very
low P limits while simultaneously recovering P and other nutrients in a precipitate with high
potential for re-use, and could effectively treat a range of wastewater compositions. However,
engineering challenges involved in implementation of a full-sized system still need to be
determined. Further application of this proposed technology at large-scale in a greenhouse
system is now warranted.
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Chapter 4: Use of phosphorus-sorbing materials to
remove phosphate from greenhouse wastewater
4.1 Introduction
Precipitation shows promise for greatly reducing P concentrations in greenhouse
wastewater by recovering soluble P as a potentially re-useable precipitate. However, it requires
repeated addition of lime and likely operation of a stirred reactor, meaning it will require some
level of automated control, or else continuous manual chemical addition. It would therefore be
of interest to investigate an alternative, lower maintenance technology that does not require dayto-day management as another potential option for P treatment of greenhouse wastewater.
Filtration using P-sorbing materials is a well-established, low-maintenance technology for
treating phosphate in situations where low volumes of wastewater are produced. This applies to
most greenhouse facilities, which tend to produce well under a hundred cubic metres of
wastewater per day, compared to hundreds to thousands of cubic metres produced by larger
municipal or industrial facilities (Woods et al., 1998). Commonly-investigated P-sorbing
materials include calcium-based minerals and rocks such as limestone (Shilton et al., 2005);
shells and shell sand (Søvik and Kløve, 2005); expanded clay materials designed specifically for
P retention such as Filtralite P (Ádám et al., 2006); and aluminum, iron, or calcium-rich
industrial waste products such as steel slag, fly ash, and red mud (Drizo et al., 2002; Liu et al.,
2011). To treat effluent, these media can be incorporated into constructed wetlands as substrate
material or used in a non-vegetated media filter (Ballantine and Tanner, 2010). Many materials
can also be re-used as a fertilizer source (Hylander and Simán, 2001; Lee et al., 2010), which
could prevent disposal costs and help to conserve phosphorus resources.
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P-sorbing materials have been shown to be effective for removing P from small-scale
rural municipal wastewater (i.e. small communities or single households; Shilton et al., 2006;
Søvik and Kløve, 2005), agricultural or urban runoff (Kirkkala et al., 2012), and dairy/piggery
wastewater (Lee et al., 2010). These materials have yet to be tested for treating greenhouse
wastewater. Seo et al. (2008) and White et al. (2011) found that constructed wetlands
incorporating various phosphate-sorbing materials successfully reduced P in plant nursery
effluent. However, the P concentration of effluent treated in these studies was low (max. 20
mg/L; White et al., 2011) compared to typical greenhouse effluent. Removing P from
greenhouse wastewater provides a unique challenge because of higher P concentration and the
tendency of P concentrations to vary greatly with the type of production system or time of year
(Prystay and lo, 2001; Yi et al., 2005), which may cause filter effectiveness to fluctuate (Agyei et
al., 2002). Therefore, an evaluation of P-sorbing filter technology specifically targeted towards
greenhouse wastewater treatment is required.

To effectively treat high P concentrations in greenhouse wastewater, ideal filter materials
must provide high phosphate removal efficiency (PRE; defined as the percent phosphate
removed from effluent) and the capacity to remove phosphate efficiently for an extended period,
i.e. high phosphate retention capacity (PRC; the maximum amount of phosphate, in g kg-1, that
can be retained by the material before PRE drops to a certain specified level). Capacity of
materials to remove other potential nutrient contaminants is also of interest (Saxena and Bassi,
2013). Studies suggest high-pH calcium-based materials are among the most effective, as they
can promote extensive P removal through Ca-P mineral precipitation, particularly in wastewater
of high P concentration (Chapter 2; Klimeski et al., 2012). In order to minimize costs, materials
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would be waste products and readily available in southern Ontario where a large proportion of
Canadian greenhouses are located. Thus characterization of P removal properties of locally
abundant materials is needed.

Filter operating parameters such as retention time (Claveau-Mallet, 2011), flow speed
(Claveau-Mallet, 2011), particle size (Johansson, 1999), and inflowing P concentration (Ádám et
al., 2005; Stoner et al., 2012) will affect P removal by a material. Recommendations for filter
construction and operation that address issues specific to greenhouse wastewater treatment must
be developed.

Prior to constructing a full-sized filter, research is needed to develop recommendations
for using P sorbing material filters incorporating various low-cost materials to treat greenhouse
wastewater. In the present study two calcium-based waste materials sourced in southern Ontario,
a basic oxygen furnace slag and an uninvestigated concrete waste material, were tested for
treating greenhouse wastewater. The ability of these prospective filter materials to remove P and
other nutrients in a greenhouse wastewater context was characterized using batch and column
experiments. Recommendations for greenhouse operators on constructing and operating a fullsized filter were developed by investigating projected lifetime of materials, effects of operating
conditions (HRT and influent P concentration) on filter performance, and means of monitoring
filter performance over its lifetime. Possible challenges to applying these results to design of a
full-sized filter are discussed throughout.
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4.2 Methods
4.2.1 Chemical and physical properties of materials
The concrete waste material (CW; Aberfoyle Concrete Ltd., Aberfoyle, Ontario)
examined in this study is material left over from mixed materials for different projects. The basic
oxygen furnace slag (BOS; ArcelorMittal Dofasco Inc., Hamilton, Ontario) is a high-pH byproduct of steel production. Coarse sand, presumed inert, was used as a control material and to
improve hydraulic conductivity in CW and BOS.

The particle size distribution of each material is listed in Table 4.1. The chemical
composition of each material was determined using wavelength dispersion X-ray fluorescence
(SGS laboratories, Lakefield, Ontario). Particle size distribution (Table 4.1) was obtained by
oven drying subsamples of each material at 105°C for 24 hours and subsequently separating
500g into different size fractions using 5 sieve sizes (replicated 3 times).

Table 4.1. Mean (n=3) particle size distribution characteristics of study materials, where d10 and
d60 are the particle diameters for which 10% and 60% of the sample is finer, respectively.
d10
d60
Uniformity coefficient
(mm)
(mm)
(d10/d60)
Sand
0.52
2.28
4.37
Basic oxygen slag
0.39
3.28
8.51
Concrete waste
0.18
5.43
31.0

4.2.2 Batch experiments
Determining optimal HRT (hydraulic retention time) for prospective materials, defined as
the contact time between material and solution required to maximize PRE, is necessary prior to
evaluating P removal abilities of these materials in column experiments. Batch experiments
were used to estimate this property for CW and BOS treating greenhouse wastewater of varying
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P concentration. 3g of 0.25-1mm CW or BOS were added to 300 mL of simulated greenhouse
nutrient solution containing 25, 50, 100 or 250 mg/L PO4-P (replicated 4 times). These
concentrations were chosen to represent the range of P concentration in greenhouse wastewater
reported in the literature (Gagnon et al., 2010; OME, 2012; Prystay and Lo, 2001; Saxena and
Bassi, 2003; Yi et al., 2005). Concentrations of other nutrients, representative of the typical
greenhouse vegetable feeding nutrient solution, remained constant between treatments and are
listed in table 4.2. The nutrient solution/material mixture was shaken continuously in a rotary
shaker at 25°C and 175 rpm. 23 mL samples of the supernatant were taken after 30 min, 3h, 9h,
24h, 50h, and 74h of shaking, as well as prior to CW or BOS addition. Soluble PO4-P
concentration of samples was determined via methods listed in section 4.2.4.

Table 4.2. Concentrations of non-P nutrients in simulated greenhouse nutrient wastewater.
Nutrient

NO3- - N
NH4+ - N
K
Ca
Mg
Boron
Copper
Iron
Manganese
Molybdenum
Zinc

Concentration (mg/L)
Batch
Column experiment
experiment
223
414
17.9

36.7

351
199
54.8
0.37
0.047
0.82
0.68
0.073
0.39

421
167
82.2
0.67
1.40
2.90
1.52
0.47
1.44
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4.2.3 P removal by filter columns
PVC columns (i.d. of 7.62 cm) were filled with 750 cm3 of material. Material treatments
consisted of a CW/sand mixture (40% unsieved CW/60% unsieved sand, w/w), a BOS/sand
mixture (40% unsieved BOS/60% unsieved sand), and pure sand as a control. Columns were
packed at a bulk density of 1.54 g cm-3 for CW mixture and 1.59 g cm-3 for BOS mixture, which
gave a porosity of 45% and 44%, respectively, as determined using the North Carolina porometer
method (Fonteno and Harden, 2003).

For the first column experiment, simulated greenhouse wastewater with a P concentration
of 60 mg/L, pH 6, and other nutrient concentrations as listed in table 4.2 was dosed intermittently
from above into CW, BOS, and sand columns (replicated 3 times) using a pump system on a
timer. 60 mg/L was chosen as a slightly above-average (according to the average of 33.6 mg/L P
reported by the Ontario Ministry of the Environment, 2012), but commonly-reported P
concentration for greenhouse wastewater (Gagnon et al., 2010; Yi et al., 2005). To maintain
saturation of the filter material, solution exited the column via flexible tubing that was kept at an
elevation slightly above that of the material. Solution was dosed in 1 minute intervals 4 times a
day to give an approximate dosing rate of 340 mL/day, equivalent to a hydraulic retention time
(HRT) of approximately 24 hours, which was chosen as a HRT that would allow maximum
removal by filter materials based on experiment 4.2.2 results, while still being significantly
shorter than HRT used in constructed wetlands for greenhouse treatment (Prystay and Lo, 2003;
Yi et al., 2005). All effluent was collected and volume measured around 3 times a week to
ensure dosing rate was maintained. Column effluent and influent was sampled weekly and
analyzed for total PO4-P and pH according to the methods listed in section 4.2.4.
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A second experiment was conducted to examine P removal capabilities of the materials at
a lower HRT that would allow filter size to be minimized, and to determine the effects of varying
wastewater P concentration. Columns were set up the same as in the first experiment, and
solution was dosed at 2 minute intervals 20 times a day for an approximate dosing rate of 2720
mL/day (volume sampled daily to confirm dosing rate), equivalent to a HRT of about 3 hours.
CW and BOS columns were treated with simulated greenhouse wastewater with P concentration
of 20 mg/L or 60 mg/L (pH 6, other nutrient concentrations the same as those in table 4.2), for a
total of 4 treatments (replicated 3 times). Column effluent and influent was sampled every 2-4
days and analyzed for total PO4-P and pH. Concentrations of other nutrients (Ca, Mg, K, NO3,
NH4, Fe, S, Mn, Zn, Cu, Mo, B) in influent and effluent of the 60 mg/L P CW and BOS
treatments were measured weekly.

P removal efficiency (PRE) was determined as follows:
PRE= (1-[PO4-P]effluent/ [PO4-P]influent)(100%)
Where [PO4-P]effluent and [PO4-P]influent are P concentration (mg/L) in column influent and
effluent.

Upon completion of the experiments, drained P sorbing material was emptied from the
columns and oven dried for 1 day at 105°C. To evaluate changes in P content of the treated
material, chemical composition of a representative sample from a single CW and BOS column
(from the 60 mg/L P, 3h HRT treatment) was determined using wavelength dispersion X-ray
fluorescence (SGS laboratories, Lakefield, Ontario).
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4.2.4 Analytical methods
To determine total PO4-P and concentration of other nutrients, samples were acidified to
pH ~2 using H2SO4 or HCl and filtered through a 0.45µm syringe filter (09-719F, Thermo Fisher
Scientific Inc., Waltham, MA, USA). Phosphorus concentration was measured using a UV-1201
Shimazdu spectrophotometer (Shimadzu corporation, Kyoto, Japan) using the ascorbic acid
method (APHA, 1989). Concentrations of Ca, Mg, K, S, Fe, Zn, Mn, Cu, Mo, and B were
measured using a Varian Vista-Pro axially viewed inductively coupled plasma optical emission
spectrometry system (Varian Medical Systems, Inc., Palo Alto, CA, USA), and concentrations of
NO3 and NH4 using an AAIII flow segmented colorimetric system (SEAL Analytical, Mequon,
WI, USA). pH was measured using an Oakton 300 Series Handheld pH and Conductivity Meter
(Model number 35631-00; Oakton Instruments, Vernon Hills, IL, USA).

4.2.5 Statistical analysis
Nonlinear regression, interpolation, and integration was performed using GraphPad
Prism® 6 (GraphPad Software Inc., La Jolla, CA, USA). For column experiments, variance
analysis of treatment PRC was performed using PROC MIXED in SAS® version 9.3 (SAS
institute Inc., Cary, NC, USA), and mean PRC compared using a Tukey’s multiple means
comparison test. For analysis of non-P nutrient removal, a repeated measures variance analysis
(using PROC MIXED) with a Tukey’s test was used to compare mean nutrient concentration in
influent and BOS and CW effluent at each time point. Significance was determined at a type I
error rate of 5% (P=0.05) for all statistical tests.
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4.3 Results and Discussion
4.3.1 Material composition
Locally-sourced, readily available waste materials are the most viable option for use in a
P-sorbing filter as they would minimize filter costs and take advantage of the potentially useful
properties of a material that would be otherwise disposed of. However, characterization of these
materials, starting with determining chemical composition, is necessary prior to use, particularly
for the concrete waste material that had not been previously analyzed. Both CW and BOS
contained large amounts of Ca (Table 4.3), a significant proportion of which is likely in the form
of CaO, which is a major form of calcium in concrete (Egemose et al., 2012), and has been
shown to be a significant component of slags including BOS (Baker et al., 1998; Bowden et al.,
2009; Claveau-Mallet et al., 2012). CaO is a key component among many of the most effective
P sorbing materials as its rapid dissolution increases solution [Ca] and pH, encouraging Ca-P
precipitation (Vohla et al., 2011). As is characteristic of this material, BOS also contained large
amounts of Fe, likely in the forms of iron oxides such as Fe2O3 and Fe3O4 (Baker et al., 1998),
which may also contribute to P removal via adsorption (Drizo et al., 2006).
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Table 4.3. Chemical composition of concrete waste (CW), Basic oxygen slag (BOS), and CW/sand and BOS/sand mixtures used in
column experiments (before and after use in experiment). Column mixture composition prior to experimental treatment was estimated
from pure waste material composition based on a 60% sand/40% BOS or CW mixture.
Oxides
SiO2
AlO3
Fe2O3
MgO
CaO
Na2O
K2O
TiO2
P2O5
MnO
Cr2O3
V2O5

Concrete
waste
28.1
3.94
1.56
9.22
26.0
0.73
0.79
0.20
0.07
0.07
0.01
0.01

Basic
oxygen slag
12.7
7.64
21.9
9.66
38.3
0.03
0.01
0.89
0.50
4.30
0.41
0.14

Sand
62.7
12.8
3.42
2.99
6.52
2.95
3.15
0.41
0.11
0.04
0.03
0.01

CW columnbefore treatment
48.9
9.26
2.68
5.48
14.3
2.06
2.21
0.33
0.09
0.05
0.02
0.01
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CW columnafter treatment
54.2
10.6
3.03
4.35
10.9
2.44
2.65
0.36
0.77
0.07
0.03
0.01

BOS columnbefore treatment
42.7
10.7
10.8
5.65
19.2
1.78
1.89
0.60
0.27
1.74
0.18
0.06

BOS columnafter treatment
40.8
10.5
12.2
5.86
19.4
1.72
1.86
0.60
0.84
1.83
0.19
0.07

4.3.2 Optimal filter hydraulic retention time
Filter retention time required to achieve adequate P removal is a necessary parameter that
must be determined in order to evaluate viability of and eventually construct and operate a full
scale filter. In batch experiment, complete removal of 25 and 50 mg/L P concentrations occurred
within <9 hours of mixing, while maximum removal took >24 h in the 100 and 250 mg/L
treatments (Figure 4.1). Retaining greenhouse wastewater in a P sorbing filter for a longer
period may allow for slower removal processes (i.e. removal process other than reaction with
fine, readily-dissolvable CaO) to take place (Claveau-Mallet et al., 2012). CW (Figure 4.1a)
reacted more rapidly than BOS (Figure 4.1b) and showed less P removal via slow processes,
likely because the main mechanism of P removal for concrete was rapid dissolution of CaO in
cement (Egemose et al., 2012), compared to slag materials, which have been shown to contain
more complex oxides with slower dissolution (Claveau et al., 2012). As optimal HRT is related
to inherent properties of a particular P-sorbing material, specific properties of BOS and CW
determined in this study would be useful for optimizing effectiveness of these materials in filters,
particularly for the CW material, which had not been previously investigated. Batch experiment
results suggested a HRT of < 9 hours would be adequate to maximize P removal by a CW or
BOS filter treating greenhouse wastewater containing <50mg/L P, and that a higher HRT may be
required to optimally treat very high P concentrations. This conclusion is uniquely relevant to
greenhouse wastewater, as wastewater types previously investigated in P-sorbing filter studies
tended to exhibit less variability in P concentration. However, as ratio of filter material : solution
is much higher in an actual filter than a batch experiment (Cucarella and Renman, 2009), HRT
required to achieve 100% P removal of these higher concentrations may be overestimated by
batch experiments.
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Figure 4.1. P removal by (a) Basic oxygen furnace slag and (b) Concrete waste over time in
solutions of varying P concentration. Data points are means ± se (n=4). Curves were fitted
using nonlinear regression (all R2 values > 0.90).
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4.3.3 P removal by BOS and CW over repeated application of wastewater
Ability of CW and BOS to consistently remove high P concentrations from repeated
applications of greenhouse wastewater in a situation resembling that of an actual filter must be
evaluated to determine if these materials, and similar P-sorbing materials, should be
recommended for application in a full-scale filter. Column experiments were used to evaluate
ability of CW and BOS materials to consistently remove P under varied operating conditions. At
an influent P concentration of 60 mg/L and HRT of 3h, CW and BOS provided >99% P removal
for 60 and 110 pore volumes of solution, respectively, after which PRE decreased steadily as
solution was added (Figure 4.2a). BOS treatments showed higher average PRE than CW over
the treatment period. The control column containing sand material provided negligible P
removal that decreased rapidly (data not shown), confirming P removal in the material columns
was due to properties of CW or BOS.
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Figure 4.2. P removal (solid lines) and effluent pH (dashes lines) vs. number of column pore volumes of solution applied for material
columns treating nutrient solution with (a) 60 mg/L P at hydraulic retention time of 3 hours (b) 60 mg/L P at HRT of 24 hours and (c)
20 mg/L P at hydraulic retention time of 3 hours. Outlined symbols are for steel slag columns and solid symbols are concrete waste.
Steel slag treatments for (c) were discarded due to clogging. Three replicates for each treatment are shown separately, differentiated
by symbol shape (▲/, ■/□, ●/○). Curves were fitted using nonlinear regression (all R2 > 0.87).
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Operating conditions, those that can be controlled and those that cannot, and some of
which will vary throughout the year and between greenhouse facilities, may influence treatment
effectiveness. Details on these effects in a filter treating greenhouse wastewater can aid
operators in optimizing filter design and operation. A 3h HRT was sufficient to achieve >99% P
removal (Figure 4.2a). However, BOS columns with a 24h HRT maintained >99% P removal
over a larger volume of solution treated (250 pore volumes) than those with a 3h HRT, an effect
which did not occur in CW columns (Figure 4.2b). This suggested slower P removal processes
that required a HRT of around 24h, as exhibited in batch experiment results (Figure 4.1),
occurred significantly in BOS filters, but not CW filters. This was likely because, as mentioned
previously, slag contains complex oxides that take longer to dissolve than freely-available CaO
(Claveau-Mallet et al., 2012). As such, aiming for a higher filter HRT may be worthwhile for a
BOS filter, but not for a filter incorporating CW.

Fluctuations in influent P concentration are a potential source of uncontrollable variation
in operating conditions throughout the year. Effective (>99% P removal) treatment of both 20
mg/L P (Figure 4.2c) and 60 mg/L P (Figure 4.2a) nutrient solutions was consistently obtained
early in the experiment. However, higher PRE was maintained over a larger volume of solution
treated when treating 20 mg/L vs. 60 mg/L wastewater, suggesting fluctuations in influent [P]
may affect filter treatment efficiency later into the filter lifetime when its capacity for P removal
has been depleted. Design features for maintaining effective removal of fluctuating
concentrations over the entire filter lifetime, such as use of multiple filters in series, may need to
be considered.
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The consistently high P removal provided by BOS and CW suggested there are low cost,
locally sourced materials available to greenhouse operators in Southern Ontario that could be
used to construct filters capable of providing consistent, >99% removal of high P concentrations
in greenhouse wastewater. pH of CW and BOS column effluent started at >11 and decreased
with volume of solution treated (Figure 4.2), further suggesting high P removal was due to Ca-P
precipitation at high material pH. Generally, previous studies have shown similar high-pH
materials that contain a large amount of highly-reactive CaO are capable of providing nearly
100% P removal from a large volume of water treated when treating various wastewater types
(Vohla et al., 2011). This suggests locally-sourced CaO-based materials, like CW and BOS in
Southern Ontario, are among the best options for consistently effective P treatment, and should
be further pursued for use in full-scale filters in greenhouse systems. Initial characterization of
the P removal abilities of such materials which had not been previously examined, in the case of
CW, or previously unexamined in the context of greenhouse wastewater treatment, in the case of
BOS, allows this next step to be taken.

4.3.4 Material removal of other nutrients
Unlike many other wastewater types, greenhouse wastewater contains a host of other
plant nutrients. The ability of P-sorbing materials to retain these nutrients has not been
previously investigated. Investigation into retention by BOS and CW is warranted as non-P
nutrients will also contribute to eutrophication if not removed prior to wastewater discharge, and
many micronutrients are also heavy metals that can be environmentally toxic if allowed to
accumulate. Alternatively, retention of these nutrients is also of interest in evaluating usefulness
of a P-sorbing material for re-use as fertilizer. BOS and CW columns showed high initial
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removal of macro (e.g. K, Mg and NH4) and micronutrients accompanied by a large outwash of
Ca (Figure 4.3). Saxena and Bassi (2013) demonstrated similar removal of K, NH4, and
micronutrients from greenhouse wastewater by increasing pH via NaOH addition. This initial
nutrient removal was likely a result of the precipitation of metal hydroxides at a very high initial
pH in the filter materials (Saxena and Bassi, 2013). After a week of treatment this effect had
largely disappeared, and only the micronutrients Fe, Zn, and Mn showed removal over the entire
treatment period, although extent of removal decreased over time (Figure 4.3). Nutrient removal
did not differ greatly between CW and BOS columns. CW columns appeared to release small
amounts of copper after the first week, which may be re-release of the Cu that was taken up
initially. Nitrate, which does not tend to form complexes with cations (Park et al., 2007), was
not removed by the columns (data not shown).

85

Figure 4.3. Concentrations of nutrient ions in influent nutrient solution (solid line), concrete
waste effluent (dashed line), and basic oxygen furnace slag effluent (dotted line) over time.
Values are means ± se (n=3). At each time point, data points represented by different symbols
are significantly different at P < 0.05.

The graph of Ca concentration over time provided insight into the fate of the Ca supply
contained in the BOS and CW, which is relevant to the treatment abilities of these prospective
materials. A large amount of Ca in the BOS and CW was flushed out during the first week
(Figure 4.3). In the second week, after this initial flush, any Ca that dissolved from the material
was precipitated and did not exit the column, causing [Ca] in influent and effluent to be largely
the same. By the third and fourth week Ca content in the columns became slightly depleted,
requiring Ca from the influent to be taken up in Ca-P precipitation, resulting in decreased [Ca] in
column effluent. In this way, the influence of [Ca] in wastewater on P removal may become
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more important later in the filter lifetime, potentially contributing to fluctuations in treatment
effectiveness by BOS or CW filters.

In order to ensure full removal of nutrient contaminants (particularly N and P) prior to
greenhouse wastewater discharge, a P-sorbing filter incorporating the calcium-based materials
investigated here will need to be operated in conjunction with a constructed wetland for N
removal. Although CW and BOS do not have the capacity to effectively remove other nutrient
contaminants (ex. NH4, K) from greenhouse wastewater after the initial period of (e.g. <10 days),
these materials could retain some micronutrients (Fe, Mn, Zn) (Figure 4.3), which may be
available for plant-use if the material were to be re-used to grow plants.

4.3.5 Phosphorus retention capacity
While consistent removal of high P concentrations by these materials suggests promise
for full-scale filter application, specific guidelines on cumulative P removal that can be provided
by these materials is needed to evaluate viability and advise filter design. A material’s PRC can
be used as a guide for evaluating potential lifetime of a commercial-scale filter. In order to be
worthwhile for use in greenhouse wastewater treatment, a filter must be able to retain a large
amount of P before it becomes “saturated” and no longer effective, as material replacement is a
labour-intensive process and requires re-use or disposal of a waste product.

Total PRC of BOS and CW in columns was determined by plotting mg P retained by the
material (determined as the integral of PRE/100% vs. total mg P applied) vs. total mg P applied
to the column. Setting the point at which [P] in column effluent reached the 1 mg/L P limit

87

accepted in this study as the point at which material was considered “P saturated” wasted
potential retention capacity (Table 4.4), suggesting that a lower cut off (i.e. PRE of 90%, or even
lower) should be used in order to make use of a greater proportion of PRC and minimize
frequency of material replacement.

Table 4.4. Phosphorus retention capacity (PRC) of treatment columns (amount of P retained
before reaching 1 mg/L P in effluent, or drop in P removal to 90%). Values are means ± se
(n=3). Values followed by the same letter are not significantly different at P < 0.05.
[P] influent
HRT
Material
PRC- 90% PRE
PRC- 1 mg/L
(mg/L)
(hours)
(mg/g)
(mg/g)
20
3
CW
1.64±0.126A
1.07±0.143a
60
3
CW
5.12±0.126B
2.87±0.143b
60
24
CW
5.05±0.126B
3.17±0.143b
60
3
BOS
8.78±0.154C
6.17±0.175c
60
24
BOS
>10.52
>10.52a ±0.143d
a
Due to time constraints, treatment was ended before P concentration in effluent reached
1 mg/L. This value is P retained by end of experiment.

Both materials exhibited high PRC (Table 4.4), although PRC of BOS was higher than
that of CW, likely due to a large proportion of the CW being inert gravel, with only the lime
portion providing P removal. BOS columns with a HRT of 24h, especially, showed very high
PRC, and did not reach the 1 mg/L [P] cut off point during the experimental period. Although
PRE and PRC characteristics of BOS have been evaluated in previous studies (Baker et al., 1998;
Bowden et al., 2009), PRC reported in column studies is greatly influenced by experimental
conditions (ex. P concentration, HRT, column height and volume, material particle size) which
vary significantly among studies, meaning evaluating PRC of P-sorbing materials in conditions
resembling a greenhouse wastewater system is important. Although PRC of other cement and
concrete materials has been investigated (Agyei et al., 2009), the particular leftover CW
investigated here has not and must be separately characterized as differences in composition will
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affect P removal properties. PRCs obtained in this study are on the high end of the range
reported in the literature. Reviews on P sorbing material characteristics tend to report PRC
within the range of 1-5 g P/kg material, for a variety of materials evaluated in column
experiments (Ballantine and Tanner, 2010; Cucarella and Renman, 2011; Vohla et al., 2011).
Generally, CaO-rich materials tend to exhibit high PRC compared to other potential P sorbing
materials available (Cucarella and Renman, 2009; Vohla et al., 2011). Application of nutrient
solution was cut off while BOS and CW columns, particularly BOS columns, were still showing
P removal, suggesting a filter could provide lower P removal for an extended lifetime. PRC
estimated for these materials can aid in evaluating viability of and designing a full-scale filter
(i.e. for estimating required filter size) to attain adequate filter lifetime.

While PRC estimates obtained in column experiments are necessary information prior to
constructing a full-sized filter, as evidenced by variation of values reported in the literature PRC,
like treatment efficiency, will vary based on certain operating conditions. Increased HRT greatly
increased PRC of BOS columns, but not CW columns (Table 4.4). Increased PRC with higher
column HRT is in agreement with the findings of several studies (Claveau-Mallet et al., 2012;
Drizo et al., 2006), and is reported to be due to the contribution of slower precipitation reactions
(i.e. crystal growth, dissolution of less reactive oxides) to total P removal. Lack of effect of HRT
on PRC of CW columns is again likely because removal of P in CW is due mainly to rapid
dissolution of CaO (Egemose et al., 2012), which can occur in a HRT <3h (Figure 4.1). The lack
of impact of HRT may also be influenced by the intermittent wastewater dosing method used in
these columns. Claveau-Mallet et al. (2012) proposed that increased PRC at higher HRT in
constant-flow filters (more commonly used in the literature) may be partly due to Ca-P crystals
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having time to settle and grow in the column, resulting in a more compact formation. However,
in an intermittent dosing filter, even fairly short periods of complete flow inactivity likely ensure
crystal settling. In many greenhouses, nutrient solution effluent is recirculated back into the
fertigation system several times before discharge. Intermittent wastewater dosing, which has
been investigated in only a few studies (Johansson, 1999), is therefore a realistic representation.
The results showed that aiming for a high HRT when designing an intermittent system will
improve performance of some filter materials (BOS) but not others (CW), an important guideline
for filter design that emphasizes the necessity of evaluating properties of these materials prior to
use in a filter.

CW columns exhibited a lower PRC when treating 20 vs. the 60 mg/L P solution (Table
4.4). This meant that although PRE decreased slower in the 20 mg/L treatment, the rate of
decrease in PRE with total P added was more rapid than when treating the 60 mg/L solution.
This was likely because depletion of CaO was influenced by factors other than reaction with
incoming P (i.e. washed out with solution, reaction with other nutrient ions, neutralization of low
pH), which remained largely the same between treatments. Ádám et al. (2005) and Stoner et al.
(2012) also reported a positive effect of influent [P] on PRC in column experiments. As high
fluctuations in [P] throughout the year are a unique property of greenhouse wastewater, effects of
[P] fluctuation on PRC of an actual filter compared to that predicted in column experiments must
be considered, and caution should be taken when applying PRC estimates to filter design.
Overall, due to differences in operating conditions between a column experiment scenario and a
full-sized filter (ex. temperature, organic matter, etc.) which affect PRC, PRC estimates are
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accepted as guidelines for evaluating and comparing potential material viability for use in a
filter, but tend not to accurately predict lifetime of a full-sized filter (Ádám et al., 2006).

4.3.6 Monitoring filter performance using pH
Considering the unpredictable operating conditions that can affect filter performance and
lifetime in a real greenhouse system, monitoring [P] of filter effluent would be necessary to
ensure effluent is being effectively treated and determine when replacement of filter material is
required. However, measuring [P] in effluent is time consuming and costly, making continuous
monitoring of this property infeasible. An alternative is therefore needed. [P] remaining in
column effluent was closely correlated with effluent pH for all treatments (Figure 4.4).
Generally, [P] in effluent was under 1 mg/L for all treatments when effluent pH was >9, but
increased sharply in some treatments when pH dropped below this point. Treatments with a 24h
HRT maintained high P removal at lower pH than the 3h treatments (Figure 4.4), especially for
BOS columns which maintained >99% removal at a pH as low as 7. This was likely due to
contribution by slower precipitation reactions that weren’t dependent on high pH increase
created by dissolution of CaO (ex. dissolution of more complex oxides, Ca-P crystal growth)
(Claveau-Mallet et al., 2012; Drizo et al., 2006). The correlation suggested that, for filters
incorporating high-pH materials like BOS and CW, filter effluent pH could be monitored to
approximate whether adequate treatment was being maintained, with effluent pH > 8.5 indicating
effective treatment regardless of filter material or operating conditions. This would provide a
more manageable alternative to continuous monitoring of [P]. However, alternatives may need
to be considered for slag filters operating at a long HRT, as replacing after a pH drop to 8.5
would potentially waste significant additional P removal capacity.
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Figure 4.4. Relationship between column effluent pH and PO4-P concentration for all treatments
combined. Data points are replicates shown separately.
4.3.7 Application to a greenhouse facility
Characteristics of CW and BOS determined in this study suggested these locallyavailable waste materials show promise for application in a commercial-scale filter treating
greenhouse wastewater. PRE and PRC data obtained in this study, as well as information on the
influence of operating conditions, may be used to guide design of a commercial-scale filter (ex.
to determine viability, size, etc.) using these materials. For greenhouses in regions other than
southern Ontario where locally-available materials will differ, many of the recommendations
provided may also be applied to filter construction using other calcium-based materials, and P
removal properties of these materials can be tested using similar methods. However, a number
of additional challenges must be considered when applying P-sorbing filter technology to an
actual greenhouse system.
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Clogging was an issue in BOS columns, and resulted in the loss of the 20 mg/L, 3h HRT
treatment, as well as some divergence in PRE between replicates in the 60 mg/L, 3h treatment
towards the end of the experiment (Figure 4.2a). Slag has a tendency to expand when free CaO
in the material becomes hydrated (Lee et al., 2012). This can result in particles and aggregates
collapsing into fines that block pore space, likely the major cause of clogging. While potential
for clogging in a full-scale filter could possibly be dealt with by using only coarse particle size
fractions, this would likely greatly decrease PRC (Cucarella and Renman, 2009). An alternative
option is mixing a P-sorbing material with another material (either inert or another P sorbing
material) of appropriate particle size. The Danish EPA suggests that, in order to minimize
clogging, the d10 of a sediment should be 0.3-2mm, d60 0.5-8mm, and uniformity coefficient less
than 4 (Brix et al., 2001).

In addition, effluent produced by BOS and CW columns tended to have a pH higher than
the limit of 9.5 in place for wastewater in Ontario (Figure 4.2; Canadian Environmental
Protection Act, 1995). As with the precipitation method, effluent pH could be decreased before
discharging by leaving the solution open to the air (i.e. in a pond) so that CO2 dissolution may
neutralize it (Vanotti et al., 2007), or, if this is not sufficient, adding small amounts of acid or
running through acidic materials such as peat moss.

Finally, disposal of P saturated material must also be considered when evaluating
feasibility of this technology to greenhouse operators, as material would have to be either
disposed of as environmentally hazardous waste or, ideally, re-used as a P source. Phosphorus
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content of the saturated filter material, as well as the form in which P is retained, will determine
potential for re-use as a nutrient source for plants. By the end of the column treatment, P content
of CW and BOS columns had clearly increased over that of untreated material (Table 4.3). The
correlation between effluent [P] and pH (Figure 4.3) supported the conclusion that the majority
of P removed by these CaO-based materials was retained as Ca-P precipitates, hydroxyapatite
(Ca5(PO4)3OH) or its poorly-crystalline precursor, amorphous calcium phosphate (Ca3(PO4)2, a
conclusion that has been widely established in the literature (Baker et al., 1998; Claveau-Mallet
et al., 2012; Drizo et al., 2006). A white precipitate was clearly visible on the surface of all
treatment columns (Figure 4.5). Hylander and Simán (2001) found P bound to Ca in a P-treated
slag was plant available, and provided an effective P source for barley plants when applied to
agricultural soil. This suggests saturated BOS and CW material may have potential for re-use as
an agricultural P source, and further research into how to use these specific waste materials is
needed.
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Figure 4.5. White precipitate on the surface of a concrete waste column, after completion of
experiment.

Overall, though data obtained in column experiments provided previously unexamined
starting guidelines necessary for designing a full-scale filter for greenhouse wastewater
treatment, due to multiple interacting factors including fluctuating nutrient concentrations,
presence of organic matter, and variable temperatures (Bird and Drizo, 2010; Shilton et al.,
2005), a filter should be designed assuming that treatment efficiency and PRC will be lower than
that determined in column experiments (Shilton et al., 2006). Engineering techniques such as
using multiple small filters in series (Bird and Drizo, 2010) or allowing time for regeneration of
P removal (Drizo et al., 2002) may be used to further increase performance and lifetime of a fullscale filter.
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4.4 Conclusions
Concrete waste and basic oxygen steel slag, waste products locally available to Southern
Ontario greenhouses, showed promising P removal properties for further application to a large
scale filter treating greenhouse effluent. CW and BOS can maintain >99% P removal on
repeated application of wastewater, and show high overall PRC. These materials also provided
some micronutrient retention. However, operating conditions such as HRT and wastewater [P]
will affect filter performance and lifetime and need to be taken into consideration when
designing and operating a filter. To deal with this uncertainty, measuring pH of filter effluent
can be used as a simple means of monitoring filter performance. Material P removal properties
and operation recommendations developed in this study were specifically targeted towards
greenhouse wastewater treatment and can be used to guide design and operation of a
commercial-scale filter. A low cost, low maintenance filter incorporating these P-sorbing
materials could be used in conjunction with a constructed wetland to provide improved treatment
of all major nutrient contaminants produced by a greenhouse facility. Incrementally advancing
the technology to full-scale greenhouse application is warranted, as is further research on the
potential for re-use of these materials as a nutrient source after P saturation.
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Chapter 5: Discussion of viability of treatment methods
Both chemical precipitation using hydrated lime and Ca-based P-sorbing waste material
filtration show promise for treating P in greenhouse wastewater. These methods are capable of
achieving consistent, high removal of the potentially very high P concentrations present in
greenhouse wastewater, and have the added benefit of potentially recovering P in a form that can
likely be re-used as a nutrient source for plants. These chemical treatment methods are among
the best treatment options for maximizing removal and recovery of high P concentrations, and
are a likely option for greenhouses to meet regulatory and, ultimately, environmental goals.
Overall, this research has provided significant insight into the effectiveness and limitations of
these chemical treatment methods, and provided treatment recommendations specific to
greenhouse application that were not previously available. However, an evaluation of suitability
of each of these methods must be considered in the context of the specific conditions present in
each greenhouse system, as well as in context of the regulations in place, and ultimately resource
management goals of this treatment.

As has been established repeatedly in the previous chapters, wastewater nutrient
composition, and volume of wastewater produced, will vary greatly among greenhouse systems.
In addition to the high variation in P concentration that has been extensively discussed, volume
of wastewater produced will vary widely. This is partly due to variation in facility size, as well
as the fact that some greenhouses recirculate nutrient solution continuously, and therefore
discharge very little wastewater over time, while others discharge nutrient solution directly after
use. It is therefore difficult to compare suitability of these chemical methods for “greenhouse
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wastewater treatment” in general, and more appropriate to consider system conditions each of
these methods is best suited to.

Precipitation can effectively treat low to very high P concentrations at a relatively low
cost. In most cases, concentrations in effluent can be consistently maintained at <1mg/L through
sufficient lime addition and potentially addition of a flocculant. This method would require a
system containing at least one simple stirred tank reactor, while also accommodating separation
of the precipitate portion from the wastewater through sedimentation (which can be achieved
fairly rapidly). As well, precipitate will need to be dewatered afterward. This system would also
require repeated chemical addition, and operating procedures may need to be adjusted in
response to changing conditions throughout the year. Although the most promising method for
removing very high P concentrations (>60 mg/L) in a timely manner, for smaller greenhouse
systems where [P] in wastewater is low (ie. <10-20 mg/L), a low volume of wastewater is
produced, or wastewater is discharged very infrequently due to continuous recirculation of
nutrient solution, maintenance and chemical costs associated with a precipitation reactor may be
an unnecessary burden.

A P sorbing filter provides an alternative technology that could be constructed at low cost
and left to operate with minimal maintenance, while also making use of a waste material for P
removal. However, unlike for precipitation in which consistent removal can be maintained, for a
P sorbing filter incorporating the materials investigated in this study, P removal will start out
very high, but will drop as the material becomes saturated with P over time, and may be subject
to fluctuations. This drop may occur very rapidly if wastewater volume or P concentration is
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high. As replacing material requires significant maintenance and dealing with a large amount of
P-saturated material, this method would become impractical if frequent material replacement was
required. This means that while potentially labour-saving for smaller systems where
precipitation is inefficient, this system would likely not be practical for greenhouses producing
larger volumes of high-P wastewater. For example, to accommodate 10 m3 of wastewater per
day at a HRT of 3 hours, a 3 m3 filter would be required. At a wastewater P concentration of 60
mg/L, and P retention capacity of 8.8 g/kg for a 40% slag/60% sand filter, as determined in
chapter 4, such a filter would only have a predicted lifetime of about 26 days. While predicted
lifetime could be increased by increasing filter volume, which would in turn increase HRT, this
also results in more material that must be off-loaded and replaced when the filter is saturated.
However, from a technical standpoint P sorbing materials are still one of the most promising
methods for greatly reducing P in wastewater, suggesting they can be practically useful in the
right conditions. Overall, these different chemical methods, while both effective for P removal,
in practical application may be best suited to different types of systems or purposes. Specific
conditions of the greenhouse being treated must therefore be taken into consideration when
deciding on a practical system for full-scale investigation, and insight provided in this research
can aid with this evaluation of viability.

Which P treatment methods are most suitable and economical for meeting regulatory
limits in a greenhouse treatment system will also depend upon the type of regulations put in
place. The regulations that will be introduced to control greenhouse wastewater pollution have
not yet been decided. Introduction of concentration-based end points may put limitations on use
of P-sorbing filters, as [P] in effluent may increase above this limit long before P removal
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capacity of the filter is exhausted, leading to frequent material replacement and wasted removal
capacity. Under these regulations, chemical precipitation would likely be more viable than use
of P sorbing materials. Alternatively, if other methods of regulations such as maximum daily
load-based limits (White, 2013) are introduced, this would put less stringent restrictions on
effluent [P] and make the filter method more promising. Although ability to decrease load will
still drop over time, depending on the volume of water being discharged, restrictions on actual
[P] reduction in effluent may be much less stringent, allowing more of a filter’s capacity to be
used, particularly in smaller systems to which these filters are best suited. Load-based
restrictions may also open up greater potential for other approaches to wastewater treatment and
nutrient reduction, methods that may be more manageable with respect to technology and
maintenance required. For example, for some systems, P removal achieved by a conventional
constructed wetland may be sufficient to adequately decrease loading. Alternatively, regulatory
compliance may ultimately be a question of introducing best management practices based on
reducing fertilizer inputs. If stringent regulations are foregone in favour of more lenient ones,
for many greenhouse facilities’ treatment needs, higher-maintenance wastewater treatment such
as chemical precipitation may become less appealing than more economical, low maintenance
methods.

Secondary to P removal factors, reusability and ease of handling of the P-rich material
obtained from these methods must also be taken into consideration when comparing treatment
methods. This may be important if regulatory bodies consider management of P as a resource
another environmental goal in reducing P discharged in wastewater, along with the major goal of
reducing eutrophication. In addition to the importance of alleviating pressure on P resources,
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potential for re-use will also determine the ease with which operators can off-load this product.
Chemical precipitation recovers P as a precipitate that can be easily separated out of wastewater
and dried, allowing for easy handling and little issue with storage, as a small amount of
precipitate is produced from a large amount of wastewater. Its high P content and high levels of
other nutrients mean it shows promise for re-use as a nutrient source for various applications, and
could be applied directly as fertilizer or potentially used as a P source in fertilizer production.
Conversely, the material obtained in a P-sorbing filter is a composite material that will contain a
smaller amount of P in proportion to the P-sorbing material used. As such, this material is less
attractive for use as a nutrient source as any method of re-use would have to accommodate
properties of the filter material itself, which may contain harmful compounds, affect pH, and
(due to gravel-like particle size) impact physical properties of soil/growing substrate. The
material may also be costly to transport. This material may therefore be more difficult to offload, and at the same time may be inconvenient to store depending on the volume produced.
This again supports the conclusion that P-sorbing filters are viable for greenhouses producing
low P loads, where filter material can be replaced infrequently. Re-use of saturated P-sorbing
material as a combined nutrient source/liming material for field agriculture application, container
crop production, or incorporation in greenroof substrate, are all potential options. Eventual end
use of the P product would ideally be determined prior to introduction of the treatment system, to
avoid a situation where material ends up being disposed of as a hazardous waste, wasting a
potential P resource.

The eventual goal in addressing the greenhouse wastewater pollution issue is
incorporation of P-treatment technology into a full-scale, comprehensive treatment system for
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removal of all nutrient contaminants. In order to achieve removal of all major nutrient
contaminants, a chemical P removal step will need to be operated in conjunction with another
step for N removal, most likely a form of constructed wetland. Any issues with operating a
combined system, such as order of the P and N removal steps, will need to be considered
beforehand. Ultimately, P removal via precipitation or P sorbing materials will need to be
investigated at a full scale, in an actual greenhouse system to fully gauge viability for practical
application. As discussed in previous chapters, this is due to challenges encountered in largescale treatment not foreseen in this laboratory-scale research. As suggested by the large
variation in greenhouse wastewater composition encountered in this research, potential
challenges will vary between systems, and may have to be addressed on a system-by-system
basis. Laboratory-scale research of these chemical P treatment methods demonstrates that this
further investigation on a larger scale in an actual greenhouse system is warranted, and treatment
recommendations provided in this research may aid in effectively implementing these
technologies in a full-scale system.
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Chapter 6: General conclusion
This research on treating phosphorus contamination in greenhouse wastewater has
provided insight into an environmental concern that is currently at the forefront of discussion in
the greenhouse and nursery industries, but has yet to receive extensive investigation. Evaluation
of the viability of two low-cost chemical methods for removal of high, variable P concentrations
revealed that these methods, P precipitation/separation and P sorbing filter materials, show
promise for treatment application, and recommendations specifically targeted at treating
greenhouse wastewater were developed.

Precipitation via hydrated lime addition could remove >99% of P from wastewater of a
range of concentrations at a lime : P molar ratio of 9 and pH of 8.6-9.5, regardless of starting
concentration. Although requirements may change across varying conditions in greenhouses,
close correlation of experimental data to a MINTEQ model suggests chemical modelling could
be used to predict effects of changes, and predict new lime and pH requirements. The finegrained precipitate formed in this process can complicate separation of precipitate from
wastewater, but low-cost biodegradable flocculants such as guar gum and starch can be added to
optimize separation and prevent loss of fines to the environment, so that this method may be
used to efficiently reduce [P] below regulatory limits as low as 1 mg P/L. The separated
precipitate product contained high levels of P, Ca, Mg, K, Fe, and Zn, suggesting this method is
effective for not only removal of P but recovery in a re-useable form.

P sorbing material filters incorporating locally available industrial waste products could
provide a more low-maintenance treatment option that allows for re-use of a waste product. Two
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calcium-based materials, basic oxygen furnace slag and a concrete waste product, provided
>99% removal of influent P over repeated applications of wastewater, although removal
efficiency gradually decreased over time. Ultimately, slag and concrete waste retained at least
8.8 and 5.1 mg P/g material, respectively, which is high compared to previously reported values
and suggests filter material would provide treatment for an extended lifetime before labourintensive replacement is required. However, filter performance was influenced by operating
conditions in the greenhouse system including P concentration in wastewater and filter retention
time. Inevitable fluctuations in these conditions could make filter performance over time
difficult to predict, but correlation between pH and effluent [P] suggests effluent pH could be
used to monitor treatment effectiveness.

In addition to P removal, these treatment methods may provide other benefits. These
methods provided some removal of micronutrients, several of which are heavy metals and also a
potential environmental risk. These chemical treatment methods were also able to recover P in a
form that has the potential for re-use as a nutrient source for plants, as the Ca-P precipitate and
P-saturated filter materials obtained were enriched in P and other nutrients, although further
research is needed.

Because of high variability in wastewater composition and volume between systems, as
demonstrated here, treatment needs will vary significantly. While precipitation can efficiently
remove and recover even very high soluble P concentration, a P-sorbing filter may provide a
more economical, lower-maintenance option in systems with lower P loading. This research
provides previously unexamined recommendations and data on viability of these methods in
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varied conditions that may aid in selecting and designing the most appropriate treatment system
for the specific needs of a particular greenhouse system. However, differences between
laboratory and full-scale conditions means operating this technology at a large scale in an actual
greenhouse system is the only way to confirm its effectiveness. Promising results in laboratoryscale studies suggest further research on full-scale application of these technologies to treatment
of a real greenhouse system is warranted.
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