
 

Effectiveness of Conventional and Advanced In Situ 
Leachate Treatment 

 

Report prepared for Environment Canada 
(Call for Tender K2AA0-13-9013) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
WSP Canada Inc. (formerly GENIVAR Inc.) 
5355 Des Gradins Boulevard 
Québec, QC  Canada 
G2J 1C8 
Telephone: 418-623-2254 
 
 
 
 
13 May 2014



 



 

16608_131-24259-00_RP_01_0A 

Study prepared for Environment Canada 

 

Effectiveness of Conventional and Advanced In Situ Leachate Treatment 

Presented to 

 

Environment Canada 

 

 

 

 

 

 

Project Manager: __________________________ 

 Jean Bernier, Eng. M.Sc. 

 OIQ No. 106588 

 

 

 

 

MAY 2014 

 

 

 

 

131-24259-00 
 



 



Environment Canada 
Effectiveness of Conventional and Advanced In Situ Leachate Treatment 

WSP Canada Inc. 
131-24259-00 

 
PRODUCTION TEAM 

 

WSP Canada Inc. 

 

Project Manager : Jean Bernier, Eng., M.Sc. 

 

Engineers : Maika Pellegrino, Eng. 

  Annick Poirier, Eng., M.Env. 

  Negin Salamati, Jr. Eng., M.Sc.A. 

  Érika Déziel, B.Eng., M.Sc.A. 

   

Biologist : Jean Simard, Biologist, M.Sc. 

 

Administrative Assistant : Cathia Gamache 

Translation : Sara-Anne Bilodeau 

 



 



Environment Canada 
Effectiveness of Conventional and Advanced In Situ Leachate Treatment 

WSP Canada Inc. Page i 
131-24259-00 

EXECUTIVE SUMMARY 

This study reviews the effectiveness of conventional and advanced in situ treatment 

technologies in reducing the concentration of the following contaminants in leachate: 

Pharmaceuticals and Personal Care Products (PPCPs), Bisphenol-A (BPA), 

Polybrominated diphenyl ethers (PBDEs) and Perfluororinated chemicals (PFCs). 

 

PPCPs, BPA, PBDEs and PFCs are present in leachate in Canada, USA and 

elsewhere in the world. In some cases, the observed concentrations are well above 

detection limits and human health intake levels in water as recommended by 

different health agencies. A review of landfill leachate regulations also confirms that 

currently, there are no laws or regulations for leachate or municipal wastewater 

regarding the maximum PPCPs, BPA, PBDEs or PFCs concentrations in effluent. 

 

Conventional treatment technologies include different processes, namely, physical, 

chemical and biological. A summary of the effectiveness of these technologies is  as 

follows: 

 

PPCPs: Primary treatments, including coagulation-flocculation and dissolved air 

flotation, contribute to a marginal removal rate for PPCPs, while biological treatment 

and ultraviolet disinfection have shown a large range of effectiveness: from close to 

no removal for some PPCPs, to 90% and above for other substances.  
 

BPA: Conventional treatment systems, which include coagulation-flocculation and 

biological treatment, are able to reduce BPA in leachate with average removal rates 

around 90%. However, since BPA adsorption in sludge could represent 15 to 18% of 

the BPA removal rate, the fate of sludge needs to be considered. 

 

PBDEs: The average removal rate for conventional treatment was approximately 

70%, but is mainly attributed to the sedimentation step or sorption process. This 

results in PBDE accumulation in sludge rather than PBDE biodegradation. 

 

PFCs:  The overall PFC removal rate observed in this study was close to zero and, 

in some cases, an increase in PFCs concentration was observed. This increase is 

due to the formation of several metabolites with unknown effects through 

degradation. 
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Therefore, conventional technologies, including physico-chemical and biological 

treatments, have shown low efficiency in treating PPCPs, BPA, PBDEs and PFCs. 

 

For advanced technologies, as for conventional ones, PPCPs, BPA, PBDEs and 

PFCs are substances that react uniquely to different treatments, meaning that a 

combination of technologies may be required for their treatment. The best 

technology is likely one that permanently destroys the substances. The fate of 

contaminants in the sludge produced during different treatment processes, such as 

the concentrate from membrane-based treatment technologies, should be further 

studied. This is an important factor that could have an adverse impact on the 

environment, not often taken into consideration. A summary of the effectiveness of 

these technologies is as follows: 

 

PPCPs: Nanofiltration, reverse osmosis (RO) and granulated activated carbon 

demonstrated high removal efficiencies for PPCPs. RO is probably generally the 

most effective technology for eliminating these substances (elimination efficiency 

greater than 95% for most products). Another advanced technology that is fairly 

effective in eliminating PPCPs is hyper ozonation which, in some cases, is 

successful in oxidizing these molecules into elements (C, N, etc.). 

 
BPA: A combination of ultraviolet radiation with radical promoters (UV/K2S2O8))  

obtained the highest removal efficiency for BPA (and total organic carbon removal). 

MBR, NF and RO also achieved a BPA removal rate of 99%. 

 

PBDEs: Fenton oxidation removes the majority of PBDEs with around 70% of 

removal rate. UV degradation of PBDEs may also degrade these products into 

single-halogen compounds. 

 

PFCs: Process that are proven to remove PFCs are adsorption onto activated 

carbon and ion exchange (anionic) resins. Results from another study on PFOS and 

PFOA show that the most effective and rapid process is sonochemical degradation. 

 

Although the nature of the contaminants has a direct impact on their removal 

efficiencies, advanced treatment technologies have shown to have higher removal  
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efficiencies in comparison to conventional treatment technologies. The sole use of 

conventional technologies cannot achieve satisfactory results in removing the above 

mentioned contaminants. It is thus preferable to combine advanced technologies 

together with conventional technologies, such as conventional biological treatment 

for optimal performance. 

 

However, the use of advanced technologies, in addition to conventional ones can 

double the costs of treatment. This is a significant additional burden, especially for 

small- and medium-sized sites.  

 

Finally, we can expect that leachate composition will change over the next few 

decades with the implementation of recovery and recycling programs, in some cases 

required by implementation of increasingly stricter regulations. With an increase in 

the diversion of organics from landfill, a reduction in organic matter in landfills will 

inevitably lead to a drop in the organic and nitrogenous loads to be treated, thus 

reducing the scale of biological treatments needed and reducing the associated 

costs. 

 

Changing the composition of leachate could possibly lead to a complete revision of 

the treatment methods and the current leachate treatment system’s design 

principles. Reducing biological treatments could enable advanced technologies to be 

implemented without significantly increasing the cost of leachate treatment 

compared to the current situation. 
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GLOSSARY 

 

Absorption - (1) Taking up of matter in bulk by other matter, as in dissolving of a gas by a 

liquid. (2) Penetration of substances into the bulk of a solid or liquid. See also adsorption.  

Adsorption - The adherence of a gas, liquid, or dissolved material to the surface of a solid or 

liquid. It should not be confused with absorption. 

Biochemical oxygen demand (BOD) - A measure of the quantity of oxygen used in the 

biochemical oxidation of organic matter in a specified time, at a specific temperature, and 

under specified conditions. 

Biodegradation - The destruction of organic materials by microorganisms, soils, natural 

bodies of water, or wastewater treatment systems. 

Biofilm - Accumulation of microbial growth on the surface of a support material. 

Breakthrough - In GAC processes, as the mass transfer zone moves through a carbon bed 

and reaches its exit boundary, contamination begins to show in the effluent. 

Brine - Water saturated with, or containing a high concentration of salts, usually in excess of 

36,000 mg/l. 

Clean-in-place - A method of cleaning process equipment to restore its performance without 

removing it from the system. 

Concentrate - The water containing the dissolved solids removed during desalination. 

Ferric-hydroxo complexes - Also called iron-hydroxo complexes. Ferric-hydroxo complexes 

are compounds formed from an hydrolysis reaction, in which a substrate, like iron ion in this 

case, reacts with water, splitting a water molecule into hydroxide and hydrogen ions. In this 

case the hydroxide ion then forms a complex with the substrate. 

Filtrate - The liquid that has passed through a filter. 

Head loss - Pressure drop of a pipe, tube or a system; in any real moving fluid, energy is 

dissipated due to friction. 

Membrane element or module - An element or elements are often referred to as a module. 

Membrane elements are the physical devices that house the RO membrane. Spiral wound 

reverse osmosis systems can have up to six elements per pressure vessel. Hollow fiber RO 

systems have only one element per pressure vessel. 

Membrane flux - Flux or water flux is typically expressed as volume per area per unit of time. 

Flux is used to express the rate at which water permeates a reverse osmosis membrane. 

Typical units of measurement are gallons per square foot per day (GFD) or litres per square 

metre per hour (l/m2/h).  
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Membrane fouling - deposition and accumulation of constituents in feedwater on the 

membrane surface. 

Non-polar compounds - A compound may be nonpolar either when there is an equal 

sharing of electrons between the two atoms of a diatomic molecule or because of the 

symmetrical arrangement of polar bonds in a more complex molecule. 

Recalcitrant compound - Recalcitrant compounds, either organic or synthetic that are 

resistant to being broken down through chemical or biological processes. 

Recovery - In reverse osmosis processes, recovery is the percentage of the reverse osmosis 

feedwater which is converted into permeate. The term recovery is also referred to as 

conversion.  

Refractory compounds - Poorly biodegraded compounds and/or that exhibits a low value for 

the ratio of biological oxygen demand to chemical oxygen demand (BOD:COD). 

Retention time - The theoretical time required to displace the contents of a tank or unit at a 

given rate of discharge (volume divided by the rate of discharge). Also called detention time. 

Polar compound - A polar molecule has a net dipole as a result of the opposing charges (i.e. 

having partial positive and partial negative charges) from polar bonds arranged 

asymmetrically. 

Solids retention time (SRT) - The average time of retention of suspended solids in a 

biological waste treatment system, equal to the total weight of suspended solids leaving the 

system, per unit time. 

Tannins and lignins - Tannins are humic acids and lignins are complex polymer of aromatic 

alcohols, products of decaying vegetation, wood and leaves. 

Transmembrane pressure - The average pressure across a membrane, measured as the 

hydraulic pressure differential from the feed side to the permeate side. 

UV dose - Product of the UV light radiation intensity rate and the residence time, usually 

expressed in mJ/cm2. 

UV transmittance - Measure of UV energy at a particular wavelength or frequency which is 

actually transmitted through water from the UV lamp. The higher the UVT, usually expressed 

as a percentage (%), the more energy is transmitted through the water, and therefore the 

more effective. 
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1. INTRODUCTION 

As part of the Chemical Management Plan (CMP), leachate from various municipal 

solid waste landfills in Canada were sampled and analyzed for various substances 

of concern. These analyses confirmed that numerous chemicals from consumer 

products were seeping into the landfills’ leachate, including: 

 Pharmaceuticals and Personal Care Products (PPCPs); 

 Bisphenol-A (BPA); 

 Polybrominated diphenyl ethers (PBDEs); 

 Perfluororinated chemicals (PFCs) including PFOS. 
 

These chemicals found in leachate discharged into the receiving environment can 

have an impact on the environment and public health, given that leachate is a well-

known potential pollution point source. 

 

In Canada, landfill leachate is generally treated using conventional physico-chemical 

and biological treatments, either at a municipal wastewater treatment plant or via in 

situ treatment. 

 

Advanced treatment technologies including active carbon filtration, reverse osmosis, 

nanofiltration, etc., have also been used for leachate treatment, especially in 

Europe. To date, these technologies remain less common in Canada and the USA. 

 

1.1 Objectives 

This study’s main objectives are to:  

 Compare the existing leachate treatment systems, both conventional and 

advanced, currently being used at landfills and assess their ability to reduce the 

selected substances. 

 Document the costs of advanced technologies at landfills, the use of 

conventional technologies in Canada and other off-site leachate treatment costs 

in Canada.  
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 Determine the existing guidelines and legal requirements in place in North 

America and Europe, specifying the use of advanced on-site leachate treatment 

technologies. 

 Determine other qualitative advantages of advanced leachate treatment 

technologies and comment on the feasibility of using these technologies within 

Canada given the climate limitations. 

 

1.2 Methodology 

The present study was conducted using the expertise developed by WSP for 

engineered landfill sites, leachate water treatment and wastewater treatment in 

general. Indeed, WSP has conducted numerous in situ leachate water treatment 

projects in Quebec. Contrary to what is used in the rest of Canada, in Quebec, 

barring a few exceptions, engineered landfill site leachate is mostly treated using in 

situ treatment systems. Further, the new regulations adopted by the government of 

Quebec in 2006 and which came into force in January 2009 has forced the 

development of high-efficiency biological treatment systems which favour the use of 

new technologies. 

 

The methodology used in the study includes: 

 A review of the regulations, guidelines or regulatory frameworks applicable in 

Canada, the USA and in Europe to determine if there is any requirements in 

force applicable to PPCPs, BPA, PBDEs and PFCs in certain areas; 

 An exhaustive review of conventional treatment technologies currently being 

used and their potential impact on PPCPs, BPA, PBDEs and PFCs reduction 

based on the following elements: 

- A search of the technical and scientific literature through recognized internet 

sites; 

- An analysis of previous reports submitted by EC and data compiles 

regarding the effectiveness of the treatment of substances of concern; 

- The distribution of a survey on treatment technologies to various disposal 

site operators in Canada; 

- An interview with Waste Management Inc.’s North American leachate 

treatment facility expert; 
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- Discussions with WSP employees elsewhere in Canada and in Europe. 

 An inventory of advanced leachate treatment technologies, either in operation or 

emerging, and their potential effectiveness at reducing PPCPs, BPA, PBDEs 

and PFCs based on the following research: 

- A search of technical and scientific literature through known internet sites; 

- Technical discussions with various treatment technology providers in 

Canada, the USA and in Europe;  

- The involvement of WSP’s membrane treatment expert; 

- Technical discussions with operators of landfills using advanced leachate 

treatment technologies; 

- Discussions with WSP employees elsewhere in Canada and in Europe. 

 A review of the scientific literature regarding the impact of PPCPs, BPA, PBDEs 

and PFCs on the environment and human health by targeting the qualitative 

advantages of using advanced technologies to eliminate them. 

 

WSP’s team of young engineers and professionals specialized in leachate and 

wastewater treatment conducted the literature searches and collection of information 

from companies, municipal and government organizations and from other WSP 

offices. This team was supervised by senior engineers and professionals who 

oversaw the research activities as well as the writing of the report. 

 

As part of the research project, a survey was prepared and sent to numerous landfill 

operators in the Maritimes and Ontario to obtain information regarding the 

regulations in force as well as conventional and advanced treatment technologies 

currently in use. Quebec was not included in this survey, as the Québec Landfill 

Division’s team is perfectly aware of the various technologies in use given its 

involvement in numerous projects and its general knowledge of the market. Some 

information was occasionally validated through telephone conversations. The time of 

year and timeframe given for responses meant that the survey’s response rate was 

not as high as hoped for, as only four (4) responses have been received so far. 
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The involvement of WM’s North American leachate treatment facility expert based in 

Ohio helped in rapidly gaining a good overview of the various technologies in use, 

as well as references to technical articles published based on studies conducted at 

some of the company’s US sites. However, the company had little data on the 

substances of concern dealt with here, as these substances are not regulated at any 

of the company’s 305 sites in the USA and Canada. 

 

In order to obtain more information regarding conventional, advanced and emerging 

technologies, the initial methodology was widened to include various municipal and 

industrial wastewater treatment equipment suppliers, both in North America and 

Europe. Further, certain literature references dealing with municipal wastewater 

were considered in the assessment of the effectiveness of technologies with regards 

to the substances of concern. 

 

The following sections present a summary of the information gathered as part of 

WSP’s mandate. Various findings and recommendations are presented in 

conclusion regarding the results obtained in order to focus on any additional studies 

to be conducted in coming years. 
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2. DESCRIPTION OF SUBSTANCES SELECTED FOR THIS STUDY 

The substances identified in the leachate, and which are specifically targeted by this 

study, are described in the following sections. 

 

2.1 Pharmaceuticals and Personal Care Products (PPCPs) 

PPCPs are a major constituent of micropollutant substances. The term “PPCPs” 

describes a wide array of prescription and over-the-counter drugs for humans and 

animals. Personal care products include items for personal care such as shampoo, 

soap, fragrances and lotions. Hundreds of tons of pharmaceuticals are dispensed 

and consumed annually worldwide. Body metabolization and excretion followed by 

wastewater treatment are considered to be the primary pathway of PPCPs to the 

environment. Disposal of drugs and residual personal care products to sewage and 

garbage is another source of entry. 

 

The fate of PPCPs in the environment is a complex issue. There are thousands of 

chemicals used in the manufacture of PPCPs and the different types of chemicals 

react differently in the wastewater treatment processes.  

 

An international effort to prioritize the list of PPCPs was published in 2009 by the 

Global Water Research Coalition. Their goal was to consolidate PPCP prioritization 

activities in North America, Europe, Australia, and East Asia, based on seven criteria 

(including use, toxicity, consumption, properties, and persistence) (de Voogt 

et al., 2009). The Coalition developed three classes of pharmaceuticals: (1) high 

priority, (2) priority, and (3) lower priority. The high priority Class I chemicals are 

listed below:  

 Carbamazepine 

 Sulfamethoxazole 

 Diclofenac 

 Ibuprofen 

 Erythromycin 
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 Bezafibrate 

 Ciprofloxacin 

 Atenolol 

 Naproxen 

 Gemfibrozil 
 

As seen in Table 2.1, most of these substances were found in leachate samples 

collected from three municipal solid waste landfills in Maine, USA (R. Behr et al., 2010). 
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Table 2.1 Description of Main Detected PPCP Products in Leachate from 3 Municipal Solid 
Waste Landfills in Maine (R. Behr et al., 2010)  

 
Parameter  Description 
10-hydroxy-amitriptyline Antidepressant metabolite 
2-Hydroxy-ibuprofen Ibuprofen metabolite (too much interference to accurately quantitate this 

analyte in samples) 
Acetaminophen Pain medication 
Albuterol Asthma 
Amitriptyline Antidepressant 
Amphetamine ADHD, weight control 
Androstenedione Steroid hormone, sports 
Atenolol High blood pressure 
Azithromycin Antibiotics 
Benzoylecgonine Cocaine metabolite 
Bisphenol A Plasticizer 
Caffeine Stimulant 
Carbamazepine Anticonvulsant and mood stabilizing drug 
Cimetidine Ulcer and acid reflux 
Ciprofloxacin Second generation fluoroquinolone antibacterial 
Clarithromycin Macrolide antibiotic 
Cocaine Illegal 
Cotinine Nicotine metabolite 
DEET Insect repellant 
Diltiazem Calcium channel blockers, high bp 
Enalapril High blood pressure 
Equilenin Horse steroid, HRT 
Erythromycin-H2O Antibiotics 
Estrone HRT 
Flumequine First generation fluoroquinolone antibacterial that is no longer being 

marketed 
Gemfibrozil Drug used to lower lipid levels 
Ibuprofen Pain, analgesic 
Lincomycin Lincosamide antibiotic 
Meprobamate Anxiety 
Metformin Oral anti-diabetic drug 
Methylprednisolone Suppression of inflammation 
Metoprolol High blood pressure 
Naproxen Pain or inflammation caused by arthritis 
Norethindrone Hormone used to treat abnormal periods and endometriosis 
Norfloxacin Aynthetic chemotherapeutic agent occasionally used to treat common as 

well as complicated urinary tract infections 
Penicillin G Antibiotic 
Propoxyphene Pain medication 
Sarafloxacin Quinolone antibiotic drug, which was removed from clinical use 
Sulfadiazine Sulfa derivative topical antibacterial 
Sulfadimethoxine Antibiotic of the sulfonamide class 
Sulfamethazine Veterinary antibacterial drug in food animals 
Sulfamethizole A sulfonamide used in urinary tract infection 
Sulfanilamide A sulfonamide antibacterial 
Sulfathiazole Oral and topical antimicrobial 
Thiabendazole Antiparasitic and general use pesticide 
Triamterene Diuretic 
Valsartan High blood pressure 
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The concentrations of PPCPs present in leachate, as is the case for other 

contaminants, seem to vary depending on the site, due to different factors such as 

the type of site and waste that it contains, population habits, etc. In Canada, a study 

conducted for Environment Canada by Conestoga-Rovers & Associates 

(CRA, 2011) identified, following the sampling of 10 Canadian landfills, 

21 parameters of interest given their significant concentrations in the majority of the 

samples. Table 2.2 presents a summary of the concentrations found for each of 

these contaminants during sampling.  

 

Table 2.2 Concentrations of Different PPCPs detected in Leachate from 10 Canadian 
Landfills (adapted from CRA, 2011) 

 

 

Detection 

Limit (DL) 

(ng/l) 

Number 

of 

Samples 

Above DL

Number of 

Samples 

Below DL 

Minimum 

Value 

(ng/l) 

Maximum 

Value 

(ng/l) 

Average 

Value 

(ng/l) 

Cocaine 0.748 to 5.93 15 5 0.806  767  67.64  

Gemfibrozil 7.23 to 30.7  18 2 8.06  217  89.27  

DEET 0.749 to 349  20 0 172  213,560  59,876  

2-Hydroxy-

Ibuprofen 
381 to 1 760  5 15 381  23,900  3,308  

Meprobamate 19.3 to 65.9  19 1 21.5  3,120  588  

Ibuprofen 74.8 to 681  20 0 197  124,000  26,147  

Valsartan 19.9 to 151  19 1 21.5  6,920  1,482  

Acetaminophen 69.7 to 829  12 8 69.7  117,000  14,886  

Albuterol 1.43 to 9.41  16 4 1.52  533  73.1  

Carbamazepine 7.23 to 34.3  19 1 8.06  655  268  

Amphetamine 23.8 to 99.2  20 0 29.5  3,940  1,235  

Clarithromycin 6.97 to 10.2  17 3 7.23  1,800  203  

Atenolol 2.85 to 49  12 8 2.95  1,700  273  

Erythromycin-H20 1.43 to 7.11  20 0 3.43  728  206  

Cotinine 7.14 to 10.6  20 0 43.7  11,600  2,839  

Lincomycin 14.5 to 76.3  19 1 16.1  29,400  6,616  

Metformin 14.4 to 47.5  17 3 14.7  18,100  2,612  

Thiabendazole 7.23 to 76.9  16 4 7.15  813  136   

Triamterene 1.44 to 8.24  7 13 1.52  31.5  15.8  

Benzoylecgonine 1.5 to 21.9  20 0 6.61  5,590  1,174  

 
A similar study was conducted in the USA for three sites in Maine, and another in 
Germany for two landfill sites. Tables 2.3 and 2.4 present the summary of the results 
obtained during sampling. While the concentrations vary, most of the contaminants 
turn up in the three studies. 
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Table 2.3 Average Concentrations of Different PPCPs detected in 
Leachate from 3 American Landfills (adapted from Behr, 2011) 

 

 Augusta 

Landfill 

Bath 

Landfill 

Brunswick 

Landfill 

Average 

Value  

 Concentration (ng/l) 

Acetaminophen 117,000 2,750 - 59,875 

DEET 60,100 30,000 30,000 40,033 

Ibuprofen 23,200 21,900 11,600 18,900 

Metformin 14,800 - - 14,800 

Cotinine 11,000 1,510 3,390 5,300 

Caffeine 8,460 426 3,190 4,025 

Erythromycin-H20 2,990 31 289 1,103 

Naproxen 2,000 524 163 895 

Benzoylecgonine 1,200 68 70 446 

Valsartan 718 612 413 581 

Methylprednisolone 647 - - 647 

Albuterol 604 - 88 346 

Norfloxacin 449 - - 449 

Amphetamine 419 161 415 331 

Carbamazepine 371 63 556 330 

Ciprofloxacin 269 - - 269 

Atenolol 195 37 59 97 

Metoprolol 173 - - 173 

Gemfibrozil 172 151 277 200 

Sulfadiazine 153 - - 153 

Sarafloxacin - 882 1,260 1,071 

Cimetidine - 149 60 105 

Lincomycin - 73 278 176 

Sulfamethazine - 58 - 58 

Sulfadimethoxine - 52 107 80 

Flumequine - 43 - 43 

Meprobamate - 34 - 34 

Sulfanilamide - - 415 415 

Sulfathiazole - - 255 255 
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Table 2.4 Median Concentrations of Different PPCPs detected in 
Leachate from 2 German Landfills (adapted from Schneider 
et al., 2004) 

 

 Landfill 1 Landfill 2 

 Concentration (ng/l) 

DEET 18,586 4,826 

Ibuprofen 9,362 4,894 

Naproxen 445 288 

Carbamazepine 1,415 202 

Atenolol 44 34 

Metoprolol 31 24 

Diclofenac 3,190 1,183 

Dimethylamionphenazone 4,764 2,668 

Indomethacine 17 141 

Ketoprofen 697 438 

Phenazone 5,507 1,761 

Piroxicam 481 931 

Propyphenazone 9,173 2,455 

Primidone 5,011 2,002 

Valproic acid 205 122 

Ciclophosphamide 192 97 

Ifosfamide 42 32 

Dihydrocodeine 101 14 

Propranolol 10 10 

Clenbuterol <10 <10 

Bezafibrate 1,353 2,773 

Clofibric acid 2,658 2,879 

Diazepam 453 192 

Pentoxifylline 2,875 1,116 

Amidotrizoic acid 242 N/A 

Lomeprol 92 42 

Lopamidol 2,485 2,944 

Lopromide 199 236 
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2.2 Bisphenol-A (BPA) 

Bisphenol-A (BPA) is an endocrine disruptor which interferes with the hormone 

systems of humans and animals. It is detected in many landfill leachate samples. It 

is considered to be moderately soluble in water, having low vapour pressure, and 

does not persist in the environment. BPA is also considered to be biodegradable 

under aerobic conditions, by acclimatized microorganisms (Urase and 

Miyashita, 2003). Land application of biosolids and sewage sludge may present a 

potential exposure pathway (CRA, 2008). 

 

Several studies have been conducted on the concentrations of BPA in landfill sites. 

Among them, the National Institute for Environmental Studies, in Japan, has 

reported that the median BPA concentration in leachate from landfill sites is 0.35 µg/l 

(Yasuhara et al., 1997). A few years later, Yasuhara and al. (1999), Sakamoto and 

al. (2000) and Yamamoto et al. (2001) have indicated that BPA concentrations, in 

some landfill sites, are higher than 1,000 µg/l, with typical BPA concentrations in 

controlled landfill sites of 10-100 µg/l. In general, BPA concentrations in leachate are 

highly dependent on the nature of the landfill sites and the type of waste landfilled 

including municipal or industrial waste, construction and demolition waste, ash, 

sewage sludge or contaminated soil among other waste. 

 

In Canada, the reported BPA concentrations for the pre-treatment leachate samples 

collected from 2008 to 2012 ranged from 3.39 to 1,940 µg/l, averaging 157 µg/l. The 

90th-percentile concentration of BPA for the pre-treatment leachate samples was 

616 µg/l (CRA, 2013). According to CRA (2008), the concentrations for BPA in 

leachate ranged from 0.05 to 17,200 μg/l, with an average of 3,860 μg/l. The BPA 

concentrations in the leachate from landfills sampled between 2008 and 2012 fall 

near the lower end of this range. 
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2.3 Polybrominated Diphenyl Ethers (PBDEs) 

Polybrominated diphenyl ethers (PBDEs) are hydrophobic compounds with low 

volatility and solubility. They are used as additives in flame-retardant products, used 

among other things in electronic products, appliances, airplane and car seats, etc. 

When these products are buried in landfills, the leachate can contain large amounts 

of PBDEs.  

 
The concentrations that CRA (2013) observed during the 2008-2011 sampling 

campaign varied between 0.000859 and 3.149 µg/l with an average of 0.241 µg/l. 

The 90th-percentile value is 0.422 µg/l.  

 
However, studies conducted elsewhere in the world have shown lower 

concentrations than those seen in Canada. For example, in China, a study 

conducted by Li et al. (2014) showed that PBDE concentrations could vary between 

0.004 and 0.3512 µg/l, with an average concentration of 0.073 µg/l. Osako et al. 

(2004) reported similar concentrations from seven different Japanese sites. PBDE 

concentrations varied from non-detected to 0.004 µg/l.  

 

2.4 Perfluorinated Chemicals (PFCs), including PFOS 

Perfluororinated chemicals (PFCs) and more specifically perfluorooctanoic acid 

(PFOA) and perfluorooctane sulfonic acid (PFOS) are micropollutants that are very 

persistant in nature due to their great chemical stability. PFCs have been used for 

more than half a century in a wide variety of industrial and consumer products 

ranging from stain repellents such as Teflon® to aqueous fire-fighting foams and 

hydraulic fluids and to grease-proof food packing (e.g. for coating of cups and 

plates). There are therefore PFCs in landfill leachate after these products are buried 

at the end of their useful life. Numerous studies (Fujii and al., 2007, Lindstrom and 

al., 2011, Moermond and al., 2010 and Yu and al., 2009) have shown significant 

quantities of PFCs in the environment, thus why it is important to treat the leachate 

in situ rather than send it to a conventional wastewater treatment plant. 
 

The concentrations observed by CRA (2013) during the 2008-2011 sampling 

campaign are presented in Table 2.5. 
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Table 2.5 Concentrations of PFCs detected in Leachate from 10 Canadian Landfills 
(adapted from CRA, 2013) 

 

 
Minimum Value 

(ng/l) 

Maximum  

Value (ng/l) 

Average Value 

(ng/l) 

Total PFCs 320  9,400  3,387  

PFOS 2.39  744  78.6  

PFOA 50.3  2,300 658  

 

In Germany, a study conducted by Busch et al. (2010) on raw leachate from 

22 landfills showed similar total PFC concentrations, varying between 31 and 

12,819 ng/l. 
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3. SUMMARY OF APPLICABLE REGULATORY OR NORMATIVE FRAMEWORKS  

The lack of information regarding the fate, effects and real concentrations of 

emerging contaminants in the environment prevents governments from acting or 

bringing in legislation to control these substances. While there have been some 

recommendations in recent years, there are currently no laws or regulations 

regarding the maximum concentration of emerging contaminants allowed in an 

effluent, either in wastewater or leachate. The following sections do however contain 

a summary of the legislation which covers the discharge of leachate for each of the 

regions under study. Section 3.4 also contains the regulatory framework for each 

substance. 

 

3.1 Canada 

In Canada, each province implements its own regulatory measures with regard to 

landfill effluents. While each province has regulations or directives regarding the 

design and establishment of landfills, only Quebec, in its Règlement sur 

l’enfouissement et l’incinération de matières résiduelles (REIMR), sets limits for 

contaminant concentrations in leachate discharged into the environment. Therefore, 

the REIMR specifies, in Article 53, the parameters and criteria that leachate must 

comply with before being discharged into the environment. However, none of the 

substances being studies are specified. For their part, other provinces make 

reference to the legal framework for the protection of surface waters. For example, 

in Ontario as in Quebec, there is a law that specifies that any discharge into the 

environment of any kind requires that an authorization or a permit be issued by the 

authorities. The Ministry thus reserves the right to impose specific discharge criteria 

and objectives according to the receiving environment and its usage. Objectives can 

be issued for BPA for instance. In Quebec for example, BPA concentrations of 

0.02 to 0.18 mg/l have been established respectively for the protection of aquatic life 

using criteria for chronic and acute toxicity values respectively. However, up until 

now, no sites have had objectives for this substance imposed upon them. In Ontario, 

the limit set forth in the Provincial Water Quality Objectives (PWQO) is 5 µg/l, but 

was established on a preliminary basis and is subject to changes depending on the 

information available at the time of the evaluation.  
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When leachate is discharged into a WWTP, as is primarily the case outside of 

Quebec, the WWTP can also impose certain additional criteria depending on its 

treatment system and its performance. Generally, the discharge limits are indicated 

in the Municipal sewer regulations set for each municipality. In Quebec, the 

established limits are also subject to approval by the Quebec’s Ministère du 

Développement durable, de l’Environnement, de la Faune et des Parcs (MDDEFP) 

who usually requires pre-treatment including year-round nitrification prior to 

discharge. 

 

The Canadian Environmental Protection Act (CEPA [1999], Article 76) requires the 

Ministers of the Environment and of Health to establish a Priority Substances List 

(PSL) that identifies substances to be assessed on a priority basis to determine 

whether they are toxic (as defined under Section 64 of the Act) and pose a risk to 

the health of Canadians or to the environment. Assessments of these substances 

are the shared responsibility of Environment Canada and Health Canada.  

 

When they are declared to be toxic, the substances are added to the Toxic 

Substances List. Preventive or control actions such as regulations, guidelines or 

codes of practice, are then considered for any aspect of the substance’s life cycle 

from the research and development stage through manufacture, use, storage, 

transport and ultimate disposal or recycling. The last update of the Toxic Substances 

List included PBDEs, PFOA and BPA. 

 

3.2 USA 

Landfills located in the USA are governed by the U.S. Environmental Protection 

Agency (US EPA). The US Congress passes the laws that are then enforced by 

criteria established by the US EPA. The criteria are then adopted by each state who 

in turn applies them supported by environmental programs. 

 

In the USA, the purpose of the federal Safe Drinking Water Act (SDWA) is to protect 

drinking water and its sources. Current EPA regulations limit the concentrations of 

microorganisms, disinfectants such as chlorine and its by-products, certain inorganic 

chemical substances such as lead and arsenic, organic compounds such as 

pesticides, herbicides and radionuclides such as radium.  
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While there is no direct correlation between solid waste rules and the SDWA, it is 

indicated in Title 40 of the Code of Federal Regulations (CFR), Part 258 

(40 CFR 258) that the design of a MSW landfill must ensure that the concentrations 

of endrin, fluoride, lindane, lead, mercury, methoxychlor, nitrate, selenium, silver, 

toxaphene, 1,1,1-trichloromethane, trichloroethylene, 2,4,5-trichlorophenoxy acetic 

acid, and vinyl chloride are not exceeded in the uppermost aquifer at the relevant 

point of compliance as specified by this particular section. Therefore, it does apply to 

landfills as a means of protection of public health. 

 

Title 40 of the Code of Federal Regulations (CFR), Part 258 (40 CFR 258) 

establishes minimum criteria for Municipal Solid Waste Landfills (MSWLF). 

40 CFR 258, sometimes referred to as ‘Subtitle D’, is broken into seven subparts 

that include: general, location restrictions, operating criteria, design criteria, 

groundwater monitoring and corrective action, closure and post-closure care, and 

financial assurance criteria. There are no specific requirements for the leachate in 

the regulations except for the leachate collection system and the monitoring of 

groundwater for leachate detection.  

 

Rather, criteria specific to each site are established by the National Pollutant 

Discharge Elimination System (NPDES) and must be obtained by the operator when 

leachate treatment system effluent needs to be discharged into the environment. 

According to the WM expert, none of the contaminants covered by the study is 

included in the permits granted to the seven WM landfills with discharges into the 

environment.   

 

The EPA also maintains a Contaminant Candidate List (CCL), which includes 

substances that are not currently regulated, but that are under study to assess the 

relevance of regulating them. Several criteria are used to decide whether to include 

contaminants in this list, including their presence in drinking water sources, their 

potential health impact, etc. The most recent version of this list, CCL3, was 

published in 2008 and included certain endocrine disruptors such as 17alpha-

estradiol, estriol, estrone, Ethinyl Estradiol (17-alpha ethynyl estradiol) and 

Perfluorooctane sulfonic acid (PFOS) (EPA CCL3, 2008). This list is updated every 

5 years and has only led to one regulatory decision, that is the one regarding 

perchlorate issued in 2011. One of the main reasons is the lack of information 

connecting the concentrations currently present in drinking water or wastewater, and 

the potential impacts these concentrations could have on the population. 
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3.3 Europe 

In Europe, the European Commission for the Environment has established an 

exhaustive list of emerging contaminants to assess the scope of the contamination 

and to propose a process for reducing contaminant concentrations. 

 

Similar to the USA, the Commission has established a monitoring program and, in 

August 2011, published a document containing a preliminary approach for reducing 

the impact of EDCs on humans and animals (European Commission, 2011). The 

document contains a series of recommendations for reducing EDCs in consumer 

goods, food additives and cosmetics. There are however no recommendations 

regarding the maximum concentrations in drinking water, wastewater and the 

environment. Certain substances have however been put on the list of priority 

substances for water, which must be subject to measures reducing their discharge 

into the environment. This list, taken from Directive 2000/60/CE of the European 

Parliament and of the Council, includes PBDEs among the priority substances.  

 

3.4 Legal Requirements related to Each Selected Substance  

3.4.1 Pharmaceuticals and Personal Care Products (PPCPs) 

There are currently no standards in North America for pharmaceutical and personal 

care product discharges. However, these substances have been the subject of 

numerous studies in recent years  (Holloway & Rush, 2010) (Kasprzyk-Hordern, 

Dinsdale, & Guwy, 2009) (Miege, Chouvert, Ribeiro, Eusèbe, & Coquery, 2009) 

(Snyder, Wert, Lei, Westerhoff, & Yoon, 2007) (Snyder, Westerhoff, Yoon, & Sedlak, 

2003) (Stackelberg, Furlong, Meyer, Zaugg, Henderson, & Reissman, 2004). Many 

of these studies favour regulating their discharges into the environment. Several 

American associations have however concluded that there is not sufficient risk to 

human health to implement new regulations regarding pharmaceuticals (Holloway & 

Rush, 2010). There have however been recommendations issued for the city of New 

York regarding the quantities of residual PPCPs detected in tap water that can be 

ingested per day. These concentrations are presented in Table 3.1. 
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Table 3.1 Recommendations regarding the Ingestion of PPCPs in Tap Water 
(Holloway & Rush, 2010) 

 

Moreover, government agencies such as the EPA could change the regulations to 

require that certain waste, such as pharmaceutical waste, be managed, requiring 

that producers set up end-of-life collection programs. These programs could help to 

manage these substances at the source, or enable their proper disposal at the end 

of their useful life. The FDA also encourages these programs, such as the recovery 

of out-of-date or unused medication. Some states, namely Wisconsin, do currently 

have such recovery programs. Moreover, some counties such as Alameda in 

California or King County in Washington have chosen to pass laws requiring the 

pharmaceutical industry to take responsibility for their products. 

 

In Australia, maximum concentrations for wastewater treatment plant effluent have 

been suggested, as recommendations only, in 2008 (Natural Resource Management 

Ministerial Council, Environmental Protection and Heritage Council and National 

Health and Medical Research Council, 2008). Table 3.2 summarizes these 

recommendations. As for wastewater regulations in Europe Union, each EU member 

studied can choose either to apply general discharge limits or set site-specific 

discharge limits. The only EU member to have gone with the latter approach is the 

UK. However, no standards have been set for PPCPs in water. 
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Table 3.2 Chemicals detected in Secondary Treated Sewage, Maximum Concentrations and 
Guideline Values (Natural Resource Management Ministerial Council, 
Environmental Protection and Heritage Council and National Health and Medical 
Research Council, 2008) 
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3.4.2 Bisphenol-A (BPA) 

As is the case for PPCPs, there are currently no standards in the USA for the 

discharge of Bisphenol-A into wastewater or for drinking water (Stackelberg, et al., 

2004). However, in Canada, a proposal was made in 2010 to limit industrial effluents 

discharges, setting the maximum concentration of Bisphenol-A at 1.75 ng/l. This 

maximum concentration applies to all facilities that manufacture, process or use 

BPA (alone or as part of an industrial chemical) in quantities greater than 100 kg per 

year (Environment Canada, 2010). Canada seems to be the only country to have 

gone ahead with establishing limits on concentration of BPA. The USA and the EU 

each have regulations regarding the use of import of chemicals (TSCA in the USA, 

REACH in the EU), but neither has recognized the risks of BPA to human health. 

However, a potential risk was raised regarding aquatic biodiversity and further in-

depth study was recommended (Flint, Markle, Thompson, & Wallace, 2012). BPA 

remain on the priority list of contaminants to be monitored over the next few years in 

the USA and the EU, but it is not expected that there will be any standard set to 

regulate the concentrations of BPA in water. These countries’ priority is mainly 

regarding concentrations in food or in everyday consumer goods. Japan, a large 

producer of BPA, is currently revising the results of a risk study dating from 2005 

which concluded that there was no risk to human health.  

 

3.4.3 Polybrominated Diphenyl Ethers (PBDEs) 

In Canada, the production, use, import and sale of PBDEs was banned in 2009 

(Canadian Environment Protection Act) so as to reduce emissions in the 

environment (Environment Canada, 2008). As this is an emerging contaminant, no 

regulations regarding the concentrations in the environment have been established.  

However, Federal Environmental quality guidelines have been issued by 

Environment Canada in February 2013 for PBDEs. Table 3.3 summarizes these 

guidelines. Other initiatives have been taken around the world, such as restricting 

the use of PBDEs in concentrations greater than 0.1% in the production of new 

electronic equipment in Europe Union, as well as separating plastics with PBDEs 

before recycling. In the USA, legislation varies from state to state, but overall, the  
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manufacture, use or distribution of products containing more than 0.1% of PBDEs 

have been prohibited in many states and the use of PBDEs has even been banned 

in the states of New York and Washington (Environment Canada, 2008). These 

measures will help limit the spread of this contaminant in the environment, but the 

problem of contamination remains, due to the extensive use of PBDEs in the last 

decades.  

 

Table 3.3 Federal Environmental Quality Guidelines for Polybrominated Diphenyl Ethers 
(PBDEs) (Environment Canada 2013) 

 
Homologue*  Congener  Water 

(ng/l)  
Fish 

Tissue 
(ng/g ww)  

Sediment 
** (ng/g 

dw)  

Wildlife 
Diet† (ng/g 

ww food 
source)  

Bird Eggs 
(ng/g ww)  

triBDE  total  46 120 44 – – 
tetraBDE  total  24 88 39 44 – 

pentaBDE  total  0.2 1 0.4 3 (mammal) 
13 (birds) 

29‡ 

pentaBDE  BDE-99  4 1 0.4 3 – 
pentaBDE  BDE-100  0.2 1 0.4 – – 
hexaBDE  total  120 420 440 4 – 

heptaBDE  total  17|| – – 64 – 
octaBDE  total  17||§ – 5600§ 63§ – 

nonaBDE  total  – – – 78 – 
decaBDE  total  – – 19§# 9 – 

* FEQG for triBDE (tribromodiphenyl ether), tetraBDE (tetrabromodiphenyl ether), hexaBDE (hexabromodiphenyl ether), 
heptaBDE (heptabromodiphenyl ether), nonaBDE (nonabromodiphenyl ether) and decaBDE (decabromodiphenyl ether) 
are based on data for the congeners: BDE-28, BDE-47, BDE-153, BDE-183, BDE-206, and BDE-209, respectively 
unless otherwise noted.  

** Values normalized to 1% organic carbon.  
† Applies to mammalian wildlife unless otherwise noted.  
‡  Value based on the commercial PentaBDE formulation, DE-71, which contains mostly pentaBDE and some tetraBDE.  
|| Values based on commercial OctaBDE mixture DE-79, which is composed mainly of heptaBDE and octaBDE 

(octabromodiphenyl ether).  
§ Values adopted from Ecological Screening Assessment Report (Environment Canada 2006). Sediment guidelines for 

octaBDE and decaBDE were adapted from the SAR by being corrected for the sediment organic carbon in the actual 
tests, then normalised to 1% organic carbon instead of the 4% in the SAR. 

# Values based on commercial decaBDE mixture which is composed mainly of nonaBDE and decaBDE. 

 

3.4.4 Perfluororinated Chemicals (PFCs) 

Perfluororinated chemicals were included in the Stockholm Convention’s persistent 

organic pollutant (POP) category in 2005. However, regulations mainly deal with the 

production, import and use of perfluororinated chemicals. For example, in the USA, 

a 2006 law allows the US EPA to control the amount of PFCs imported and to  
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restrict their use to certain critical areas. It is the same case for the European Union 

who has a law which limits the maximum PFC concentrations in semi-finished goods 

and products to 0.005%. In Canada, the law is much stricter regarding usage and 

import. In fact, the manufacture, sale and import of PFOS have been banned in 

Canada since 2006, barring a few exceptions (Environnement Canada, 2006). 
 

In Netherlands, the National Institute for Public Health and the Environment (RIVM) 

proposed a maximum allowable concentration in drinking water in 2010. This 

concentration was based on the maximum human consumption of PFOS to ensure 

no health effects are observed. The proposed concentration is 0.65 ng/l (Moermond, 

Verbruggen, & Smit, 2010). The US EPA, for its part, has proposed much less strict 

concentrations for PFOS and PFOA in drinking water with concentrations of 200 ng/l 

for PFOS and 400 ng/l for PFOA (Lindstrom, Strynar, & Libelo, 2011). However, 

there are no regulations in place yet for these contaminants’ concentrations in 

treated wastewater. As these compounds are difficult to remove through 

conventional treatment systems used by drinking water purification plants, the 

above-mentioned concentrations could be used as points of reference for the 

leachate treatment objectives.  
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4. CONVENTIONAL IN SITU TECHNOLOGIES FOR LEACHATE TREATMENT  

4.1 Description of Conventional In Situ Technologies used in Canada and the 

United States  

The main source of leachate production is the percolation of precipitation through a 

landfill’s waste contents. As it goes through the cells, water accumulates dissolved 

and suspended matter. Other contributors to leachate production are groundwater 

and surface water, if not properly diverted or protected, as well as biodegradation in 

the landfill. Therefore, the quantities of leachate produced by a landfill vary greatly. 

Its composition also varies from one site to another, but there are also temporal 

variations for each site. Numerous factors influence these characteristics, such as: 

 The site’s total capacity, the annual tonnage and the nature of waste received 

and buried; 

 The compaction rate and age of the landfilled waste; 

 The operational sequence, the size of landfill cells as well as the average 

thickness of waste; 

 The mode of operation of the landfill; 

 The climatic conditions. 
 

The raw leachate waters from sites accepting mainly municipal waste are 

characterized by very high organic (DBO5) and ammonia (NH4) loads.  
 

The operation of a landfill involves a progressive mix of leachates of variable age 

and composition, where the leachate to be treated is constantly changing over time. 

Young leachates are characterized by high DBO5 and COD loads, but biodegrade 

quickly, whereas older leachates (≥ 10 to 15 years) have much lower DBO5 

(100 to 200 mg/l) and COD (100 to 500 mg/l) concentrations, but the organic matter 

present is more resistant to biodegradation. 
 

NH4-N concentrations are also very variable in young leachates from one site to the 

next, but rarely exceed 750 mg/l for small or medium landfills where the average 

thickness of waste is limited. At times however NH4-N values reaching 

1000 to 1200 mg/l have been measured in recent years in medium sized sites.  
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In situ treatment techniques for leachate must therefore adapt to the leachate’s 

evolution over time. The treatments put in place are also very different from one site 

to the next, depending on economic and performance factors, the location, 

characteristics of the leachate to be treated, the applicable regulatory framework, 

etc.  

 

Typically, conventional treatment trains put in place different technologies, 

combining physical, chemical and biological techniques. Table A.1 presented in 

Appendix A summarizes the main conventional technologies used for leachate  

treatment. The following sections contain a brief description of each of these 

technologies with their main advantages and disadvantages. 

 

4.1.1 Physico-Chemical Treatments 

Physico-chemical treatments are mainly used to aid or improve other treatment 

steps, for example by removing bio-resistant matter, metals, PCBs, etc. from 

leachate waters. 

 

4.1.1.1 Neutralisation 

Neutralisation is essentially used to correct a leachate’s pH. Indeed pH levels that 

are too high or too low can affect the effectiveness of subsequent treatments or 

processes such as activated sludge, or chemical precipitation. Acid such as 

sulphuric or hydrochloric acid lower the pH, while adding sodium hydroxide (NaOH), 

lime (Ca(OH)2), calcium carbonate powder (CaCO3) and sodium carbonate 

(Na2CO3) will raise the pH. When done at the end of treatment, the purpose of 

neutralisation is to maintain the pH within discharge standards, usually between 6.0 

and 9.5. When treating leachates, the pH frequently needs correcting in biological 

treatment systems with nitrification, when the NH4 concentrations are high.  

 

4.1.1.2 Coagulation and Flocculation 

Coagulation and flocculation are used to optimize the performance of sedimentation, 

clarification or filtration treatments. They are also widely used as pre-treatment prior  
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to a biological treatment or reverse osmosis or at the end of treatment for polishing 

non-biodegradable organic matter. Flocculation generally includes a rapid mix basin, 

an in-line mixer and a flocculation basin. A coagulant, such as alum, ferric sulphate 

or ferric chloride, is usually added to destabilize the contaminants’ electrostatic 

charges and facilitate particle agglomeration so that larger and more solid flocs that 

sediment more quickly are formed. There are three types of flocculants that are 

currently used, namely inorganic electrolytes, organic polymers and synthetic 

polyelectrolytes. The type of flocculant is selected according to the characteristics 

and chemical properties of the contaminants to be treated. The treatment train 

usually includes a rapid mix zone for the coagulation reaction followed by a slow mix 

basin for particle agglomeration. The particles thus formed are then directed for 

further sedimentation, clarification or chemical precipitation, etc. The percentage of 

COD removal generated by coagulation-flocculation seems to vary depending on the 

age of the leachate, reaching a maximum of 35% in young leachates and 73% in 

older leachate (Castrillon et al., 2010). The main disadvantage of adding coagulants 

and/or flocculants is the volume of sludge generated by the treatment. However, 

sludge generated by leachate treatment is often reburied in the landfill. That said, 

using organic coagulants can help reduce this sludge production. Finally, using 

conventional coagulants has sometimes increased the aluminium and iron 

concentrations in the effluent. 

 

4.1.1.3 Clarification 

Clarification is used as a primary treatment to remove suspended matter, or as a 

secondary treatment following biological treatment or chemical precipitation. 

Clarification can be used to treat matter that is lighter than water, which is clarified at 

the water’s surface, or heavier matter that forms a layer of sludge at the bottom of 

the basin.  

 

Clarifiers are rectangular or round tanks. The sludge that accumulates at the bottom 

of the tanks is periodically removed and then undergoes a dehydration of 

stabilisation treatment before being disposed of. Oils and greases, while usually in 

small concentrations in leachate, as well as other low-density contaminants, can be 

skimmed off the surface. 
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Clarification can be combined with the coagulation and flocculation process at the 

beginning of treatment for water with large amounts of settleable suspended matter 

(SM) or following a biological treatment to remove settleable matter, including 

microorganisms. If so, the removed microorganisms can be returned to the 

biological treatment or can follow the sludge treatment train. The last application is 

at the end of precipitation treatment, to remove inorganic flocs from treated water. 

 

a) Dissolved Air Flotation (DAF) 

Dissolved air flotation is a type of clarification widely used in the past to remove 

colloidal particles, ions, macromolecules, microorganisms and fibres. When treating 

leachates, this technology is mainly used following a biological treatment, such as 

fluidized bed processes, as a clarification method to remove SM and 

microorganisms from the effluent. The principle is based on pressurized 

microbubbles of air that are released into oxygen-saturated water. The microbubbles 

attach themselves to the suspended matter so that it floats. Coagulants/flocculants 

are also injected, to improve the removal efficiency. This agglomerated matter is 

then collected at the surface where a skimmer separates the sludge from the 

clarified water.  

 

 

 

 

 

 

 

 

 

 

 
Figure 4.1 Dissolved Air Flotation 

 
(Source: http://en.wikipedia.org/wiki/Dissolved_air_flotation) 
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4.1.1.4 Chemical Precipitation 

Chemical precipitation is used to treat metal compounds. The process consists in 

converting soluble metal ions and certain anions present in leachate water into 

insoluble matter, such as hydroxides, sulphides and carbonates. The precipitated 

matter is then extracted by filtration or clarification. The products that are generally 

used for precipitation are lime, sodium hydroxide, sodium carbonate, sodium 

sulphides and alum. Other products used to adjust the pH and/or coagulation 

include: sulphuric or phosphoric acid, ferric chlorides and polyelectrolytes. 

Precipitation often requires a combination of a few of these products. Co-

precipitation with iron, which consists in adding iron salt such as ferric chlorides or 

ferric sulphates, is a relatively economical method of removing metals. By forming 

hydroxides, precipitates draw a lot of dissolved and suspended solids along with 

them, which does generate a large amount of sludge requiring removal and needing 

to be managed. 

 

4.1.1.5 Stripping (Ammonia Stripping) 

Stripping is widely used around the world due to its effectiveness in reducing NH3-N 

concentrations in raw leachate. The process consists in diffusing a large quantity of 

air into the water to be treated, while maintaining the pH level at around 10 and a 

contact time of 6 hours (El-Gohary et al., 2013). The ammoniacal nitrogen is thus 

transferred from the effluent to the ambient air, then absorbed in a strong acid such 

as sulphuric acid or hydrochloric acid. The results obtained show that under these 

conditions, the amount of ammoniacal nitrogen removed is from 81.5% to 65.9% 

respectively for raw and diluted leachate. In addition to removing ammoniacal 

nitrogen, this method also removes part of the COD, as indicated by this same 

study, which helps improve the leachate’s biodegradability as well as reduce its 

toxicity. Note that the effluent’s pH needs to be corrected prior to the subsequent 

treatment steps. 
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4.1.2 Biological Treatments 

A biological system is usually necessary for treating leachate from conventional 

municipal landfills. Indeed, the use of a biological-type treatment, which is usually 

cost-effective, is required for the degradation of organic matter in a site in operation 

or at the beginning of its closure phase (high DBO and COD). The purpose of 

biological treatment is to eliminate soluble organic pollution using microorganisms, 

mainly bacteria. Different technologies of varying complexity and effectiveness are 

currently used, from basic lagooning to membrane bioreactors.  

 

4.1.2.1 Lagooning 

Treating leachate using lagooning is characterized by its simplicity. The different 

lagooning processes are classified according to their method of aeration 

(mechanical or other), their bioactivity (aerobic, anaerobic or facultative) and their 

mode of operation (continuous discharge, periodic emptying or complete retention). 

The configuration of these facilities makes them versatile and makes numerous 

objectives attainable, depending on the type of process:  

 Leachate accumulation; 

 SM sedimentation or removal; 

 Equalization; 

 Aeration; 

 Biological removal of biodegradable organic matter and nutriments (DBO5, NH4, 

Phosphorus); 

 Evaporation. 

 

Lagooning’s main advantage is its simplicity, both in terms of its set-up and 

operation. Moreover, reduced sludge production means only that periodic 

management is needed as opposed to an activated sludge processes. Lagoons do 

however require a large area and their biological effectiveness largely depends on 

the temperature, especially for the removal of ammoniacal nitrogen. 
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a) Non-Aerated Ponds and Sedimentation Basins 

The non-aerated ponds used for treating leachate are usually large earth basins that 

are shallower than aerated ponds (generally less than 3 m). They are generally used 

as the first step for treating water with high organic loads. When wastewater inters 

the lagoon, the densest solids settle at the bottom and form a layer of sludge. This 

sludge is anaerobic and contains bacteria which ferment the organic matter within 

the decanted solids, causing the organic matter to solubilize organic acids and 

produce methane, as well as hydrogen sulphide (sulphate reduction). The top layer 

of water is aerobic due to the movement of wind on the surface. Primary lagooning 

and sedimentation enable cost-effective removal of DBO5 and SM. Lagooning 

treatment systems also produce a natural disinfection due to the combination of 

natural ultraviolet irradiation, temperature, adsorption by solids, absorption, 

decantation and predator organisms. However, the effluent resulting from this 

treatment requires further treatment to meet the main environmental standards. In 

conventional leachate treatment, this step also compensates for the water variations 

observed during thaw periods in cold climates or water accumulations when year-

round treatment is not possible due to environmental and/or regulatory constraints. 
 

b) Aerated Ponds  

Aerated ponds are mainly two types: facultative aerated ponds and completely 

mixed ponds. Facultative ponds are made up of basins where water typically 

remains for 15 to 25 days for municipal water and up to 60 days for leachate 

treatment. Diffusers at the bottom of the basins or surface aerators oxygenate the 

water and thus promote the degradation of organic pollutants by microorganisms 

naturally present in the water. The ponds are partially mixed, that is that the mixing 

energy is insufficient to prevent settling of matter. Part of the processed matter does 

then settle at the bottom of the ponds and degrades in an anaerobic zone (no 

oxygen). The basins making up the aerated ponds can be constructed with dams 

made of granular materials or with concrete walls (trench). 

 

Completely mixed ponds are variations of facultative ponds where there is enough 

air injected and mixing energy to maintain suspended particles, and to maintain 

dissolved oxygen conditions at all points. Particles therefore do not settle.  
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Completely mixed aerated basins thus should be followed by a sedimentation basin 

to allow settling of the suspended matter. The treatment’s effectiveness can be very 

high (90-95%) and a better-quality effluent is usually obtained compared to other 

types of lagoons. In Quebec, numerous leachate treatment facilities include a first 

completely mixed basin, used to quickly lower the DBO5 load, followed by facultative 

aerated basins.   

 

4.1.2.2 Activated Sludge 

The basic principle of activated sludge is using a large culture of microorganisms 

suspended in a given environment which then consumes pollutants to convert them 

into cell masses and partially into CO2. To speed up the organic contaminant 

degradation process, the biomass is concentrated by the solid-liquid separation 

process, then recycled in the system, which leads to a differentiation between the 

hydraulic residence time and the sludge residence time (age of sludge). Different 

decantation, flotation or filtration processes are used for solid-liquid separation. 

 

 
 

Figure 4.2 Diagram of a Typical Activated Sludge Treatment. 
 

(Source: http://fr.wikipedia.org/wiki/Boue_activ%C3%A9e) 

 

Certain nutriments, such as phosphorus during biological phosphorous removal or 

nitrogen during nitrification and denitrification, are reduced by exposing the biomass 

to different oxic cycles. Note that excess phosphorous removal is rarely required in 

leachate treatment as it usually is low in phosphorus. Excess phosphorous 
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removal could be used in tertiary treatment, when the effluent is subject to strict 

requirements and there is a recurring phosphoric acid dosage control problem.  

 

These days, numerous conventional activated sludge variations have been 

developed to meet more and more stringent treatment needs. However, this type of 

system is complex to operate, among other reasons because of the possible 

operational difficulties related to the sludge management system. Moreover, the 

process requires a large amount of aeration, which can represent up to 50% of the 

system’s operational costs. 
 

a) Extended Aeration 

Extended aeration ponds are a variation on completely mixed ponds where the low 

organic loads and extended aeration time allows for a better degradation of the 

water to be treated and the partial digestion of microorganisms (Arifuzzaman et al., 

2013). 

 

Advantages  

 Simple to operate;  

 Does not require a primary decanter; 

 BiolacTM type of extended aeration processes allows biological nitrification and 

denitrification to occur simultaneously. 

 

Disadvantage 

 Requires a relatively large footprint. 

 

b) Biological Sequencing Batch Reactor (SBR) 

The biological sequencing batch reactor is a type of activated sludge treatment. It 

consists of a biological reactor in which wastewater is mixed with an aerated 

biomass that is kept in suspension. The pollutants found in the wastewater act as 

food for the multiplication and development of microorganisms contained in the 

biomass. The biomass is then separated by decantation and part of the biomass is 
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kept in the reactor. The excess biomass is removed from the system and constitutes 

the secondary sludge. The batch mode of operation allows for successive 

nitrification-denitrification steps within the same reservoir. The same is true for the 

decantation of the biomass which can be done directly in the aeration basin rather 

than a separate decanter, as is the case for conventional activated sludge 

processes.  

 

Advantages 

 Requires little space; 

 Allows for successive nitrification-denitrification steps within the same reservoir. 

 

Disadvantages  

 Has a lot of mechanical components (pumps, blowers, valves, etc.); 

 Daily removal of sludge, storage and drainage of sludge every 60 days; 

 Pre-treatment and equalization basin required; 

 Sensitive to large flow and load variations; 

 Step feeding often required due to the toxicity of nitrogen; 

 In some cases, requires a high-volume post-equalization basin to ensure a 

constant flow of effluent; 

 Control of pH and alkalinity important; 

 Can require an additional disinfection step; 

 Technology especially used when large loads need to be treated. 

 

4.1.2.3 Fixed Film Processes 

These processes use solid surfaces colonized by the biomass in the form of a 

biofilm. 
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a) Fluidized Bed Bioreactor 

The process consists in circulating the water in a basin filled with media made up of 

small hollow cylinders, on which a biomass develops and consumes the pollutants in 

the water. The high-density polyethylene (HDPE) media is made so as to provide a 

large surface on which to host the biomass. The basin is highly aerated to promote 

the growth of this biomass, which ensures a certain mixing and homogenization of 

the water as well as a “cleaning” of the media.  

 

Advantages 

 Requires little space; 

 Possible to increase flows and loads by adding media to the basin. 
 

Disadvantages 

 Can require an additional disinfection step; 

 Frequent removal, storage and emptying of the sludge may be required to avoid 

release of NH4; 

 Pre-treatment with fine screening required. 
 

b) Trickling Filters 

The water to be treated is dispersed at the head of the reactor and goes through the 

medium made up of natural (gravel, volcanic rock) or synthetic (PVC, PE, 

Polypropylene) material. The effluent always enters from the top and exits at the 

bottom of the reactor, which always causes the hydraulic head to fall by at least 1 m 

at the effluent, except in the case of a site with exceptional topographical conditions. 

Thus the treatment train requires a pump to maintain the hydraulic flow. The 

bacterial mass develops at the surface of the medium. When it becomes too large, 

the bacterial film breaks off naturally. It must then be separated from the effluent in a 

subsequent clarification step. 
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Figure 4.3 Diagram of a Typical Trickling Filter Treatment. 

 

Source: http://en.wikipedia.org/wiki/Trickling_filter 

 

Advantage  

 Less electricity consumption than for activated sludge. 
 

Disadvantages  

 Requires an optimal spray flow to maintain oxygen levels (does not let media 

dry out or drown), promoting biofilm growth and self-cleaning (avoid clogging); 

 Requires the use of a pump. 

 Rotating Biological Contactors 

 

The biomass is fixed onto rotating contactors set on horizontal rotating axes. The 

contactors, 40% submerged in the water to be treated, turn slowly (a few turns per 

minute) so that the bacterial biomass on their surface is alternately wetted by the 

residual water and aerated by the ambient air.  
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Figure 4.4 Diagram of a Typical Rotating Biological Contactor. 

 

Source: http://onlinechemicalengineering.com/wastewater-treatment-system/ 

Advantage  

 Low electricity consumption, simple to operate.  

 

Disadvantage 

 Requires a primary decanter. 

 

4.1.2.4 Biofilters  

Biofilters have been used to treat wastewater for a very long time, and are used by a 

large number of facilities around the world. While there are different types, four types 

of biofilters are discussed here, namely intermittent sand filters, intermittent 

recirculating sand filters, peat filters and BiosorTM. In leachate treatment, biofilters 

are used as a tertiary treatment to polish the effluent prior to disinfection or 

discharge (ammoniacal nitrogen and SM polishing). 

a) Intermittent Sand Filters or Intermittent Recirculating Sand Filters 

A buried intermittent filter consists of a 60- to 90-cm thick sand bed on a layer of 

crushed stone where collecting drains have been placed. This treatment system is  
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similar to a classic sand filter. However, one significant difference between the two 

filters is the feed of the filter by low-pressure intermittent dosing. Physical, chemical 

and biological treatment mechanisms are all involved in this process. 
 

If designed, constructed and operated properly, intermittent sand filters are generally 

seen in the literature as advanced secondary-level treatments. When there is a high 

load, as is the case with leachate waters, it is usually used at the end of treatment 

as a polishing treatment. 

 

The filtering medium consists in selected clean and durable sand, silica rather than 

limestone based, and preferably rounded in form. It must be free of dust, organic 

matter, fine silt or clay particles, or of other elements which could break down or 

bind the sand. Organic matter levels should not exceed 1%. Acid-soluble substance 

should not exceed 3%. Furthermore, grain size is very important. Water will flow too 

quickly through sand that is too coarse and too uniform, while clogging may occur 

with sand that is too fine and with too a great disparity in grain sizes, thus reducing 

the filter’s aeration and which could lead to capillary saturation. The medium must 

be homogeneous and not have any sudden differences in texture which could cause 

clogging or channeling. 

 

The main characteristics of intermittent recirculating granular filters, compared to 

buried intermittent sand filters, are: the filter is not buried in the ground, the filtering 

medium is coarser, the hydraulic load rate is higher and part of the filtered effluent is 

returned to a mixing basin to be re-filtered. The granular medium used it at the limit 

between coarse sand and fine gravel. As this is an open system, it can easily be 

accessed for maintenance, as opposed to buried sand filters. 
 

b) Peat Filters and BiosorTM Filters 

Peat filters work by passing liquid effluent through a biofilter with an organic support, 

consisting of peat. The BiosorTM process is derived from this, where the organic 

support, also called filtering medium, consists mainly of wood chips, bark and peat. 

It can be used at two levels, either as a natural resin able to bind several types of 

pollutants, or as a support for different microorganisms able to degrade the trapped 

substances. These pollutants are turned into CO2 and H2O by microbial activity. 
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The filter media components have numerous functional polar groups (alcohols, 

phenols, aldehydes, ketones, ethers) which give it good absorption capacity for 

organic molecules and transition metals. Also, when liquid effluents pass through the 

organic support, this favours a simultaneous nitrification-denitrification process due 

to the presence of specialized bacteria. 

4.1.3 Disinfection 

4.1.3.1 Ultraviolet 

Ultraviolet disinfection is used to deactivate the pathogenic organisms in 

wastewater. When a microorganism is exposed to UV rays, they reach the cell’s 

nucleus, and DNA replication is stopped. UV rays have an effect on DNA, nucleic 

acid and enzymes. Pathogenic organisms are thus inactivated or destroyed. The UV 

treatment’s effectiveness depends on wave intensity and length, water clarity and 

the targeted contaminant. For leachate treatment, UV disinfection is rarely used and 

UV lamps are often installed as a preventative measure at the end of treatment. The 

presence of tannins and lignins in the leachate sometimes causes the water to have 

low transmissivity and makes UV ray treatment very difficult. The effectiveness of 

UV disinfection can also be improved by adding a hydrogen peroxide disinfection 

step, which increases the hydroxyl radical concentration and thus, enhances the 

oxidation potential. 

 

4.1.3.2 Hydrogen Peroxide 

Hydrogen peroxide is used as an oxidizing agent at a few sites in Quebec. As well 

as reducing coliforms, it also reduces certain pollutants such as COD. It can also be 

combined with UV irradiation or ozonation for an advanced oxidation process. 

Hydrogen peroxide reacts very quickly. It then disintegrates into hydrogen and 

water, without forming any by-products.  

 

The hydrogen peroxide disinfection mechanism is based on the release of free 

oxygen radicals: H2O2 → H2O + O2. Pollutants are decomposed by the oxygen free 

radicals, and only water remains. The free radicals are both oxidants and 

disinfectants.  
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The main disadvantage of using hydrogen peroxide is the requirement for the safe 

management of this disinfection product, which can be complex. In fact, this is a 

highly reactive product and special precautions must be taken for its storage and 

use. 

 

4.1.3.3 Chlorination 

In Quebec, the only allowed wastewater disinfection methods are those that do not 

have any adverse effects on aquatic life and that do not generate any by-products 

that are undesirable for public health. Thus, all chlorination (including chlorine gas, 

sodium hypochlorite and chlorine dioxide systems) and chlorination-dechlorination 

systems are prohibited. To date, there is no such regulations in other provinces, 

although the new Wastewater Systems Effluent Regulations restrict the average 

concentration of total residual chlorine in the effluent to 0,02 mg/l. 

 

For the same reasons, chlorination is used less and less elsewhere in the world. 

While it is an extremely cost-effective solution, its repercussions on health and the 

environment is leading to the replacement of this technology by the aforementioned 

techniques or by advanced oxidation technologies such as presented in 

Section 5.1.9.  

 

4.2 Assessment of the Efficiency of Conventional Technologies for the 

Substances of Concern  

4.2.1 Pharmaceuticals and Personal Care Products (PPCPs) 

Numerous studies have discussed the effectiveness of conventional treatments in 

treating PPCPs in municipal and industrial wastewater. However, according to the 

literature, no conventional technology can remove 100% of all PPCPs. Some 

treatments are effective in reducing some pharmaceuticals, while other substances, 

such as carbamazepine, fluoxetine, clofibric acid, mefenamic acid, phenazone, 

diclofenac and dimethylaminophenazone, seem more resistant to conventional 

treatments (Kinney et al., 2006a; Miege et al., 2008; Rounds et al., 2009; 

Ternes, 1998).  
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Primary treatments including coagulation-flocculation and dissolved air flotation 

contribute to a marginal removal rate according to the properties of the components 

present in the water. The removal rates observed in tests conducted by Carballa 

et al. (2003) are between 50 and 75% for coagulation-flocculation, but only for 

perfumes (galaxolide and tonalide) due to their lipophilic properties, as the main 

removal mechanism is adsorption. Flotation, for its part, partially removed all 

contaminants under study with a removal rate of 25 to 75%. 

 

Biological treatment and ultraviolet disinfection are two treatments that have shown 

some effectiveness. Table 4.1 compares conventional activated sludge treatment 

with ultraviolet disinfection by presenting the removal percentage for 12 selected 

PPCPs. It is however important to note that the removal percentages also include 

the transformation of the contaminants into other substances which could be more 

or less hazardous depending on the contaminant. Tables 4.2 and 4.3 present the 

detailed results of the study for both technologies.   

 
Table 4.1 Average Removal Rate for 12 Contaminants Present in Municipal Wastewater for 

Different Treatment Technologies (adapted from US EPA, 2010) 
 
Analyte Group  Activated Sludge 

without Nutrient 
Removal (%) 

UV Disinfection (%) 
 

Caffeine Food product 94 97 
Carbamazepine  Pharmaceutical 22 NR 
Diclofenac  Pharmaceutical 44 89 
Estradiol  Hormone 88 76 
Estrone  Hormone 77 74 
Galaxolide  Pharmaceutical 56 55 
Gemfibrozil Pharmaceutical 77 90 
Ibuprofen  Pharmaceutical 90 90 
Iopromide  Medical 69 NR 
Naproxen  Pharmaceutical 85 97 
Sulfamethoxazole  Pharmaceutical 58 33 
Triclosan  Antibacterial 89 90 

NR: Not reported 
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Table 4.2 Average Removal Rate for 12 Contaminants Present in Municipal Wastewater for 

Conventional Activated Sludge Treatment (US EPA, 2010) 

 

 
Table 4.3 Average Removal Rate for 12 Contaminants Present in Municipal Wastewater 

for UV Disinfection Treatment (US EPA, 2010) 
 

NR: Not reported 
 

Note that disinfection treatment gave removal results that were generally similar to 

those obtained with activated sludge, except for diclofenac, gemfibrozil and 

naproxen, which seem easier to treat using disinfection.  

 Municipal Wastewater 
Analyte Group Avg. % 

Removal 
Min 

Removal 
Max 

Removal 
# Systems Used to 
Calculate Removal  

Caffeine  PPCP  94  85  100  7  
Carbamazepine  PPCP  22  <10  60  5  
Diclofenac  PPCP  44  7.1  >99  23  
Estradiol  S/H  88  44  100  49  
Estrone  S/H  77  1.8  100  46  
Galaxolide  PPCP  56  9  99  25  
Gemfibrozil  PPCP  77  38  >99  13  
Ibuprofen  PPCP  90  43  100  32  
Iopromide  PPCP  69  50  83  3  
Naproxen  PPCP  85  47  100  18  
Sulfamethoxazole  PPCP  58  9  99  15  
Triclosan  PPCP  89  >67  100  22  

Municipal Wastewater 
Analyte Group Avg. % 

Removal
Min 

Removal
Max 

Removal
# Systems Used to 
Calculate Removal 

Caffeine  PPCP  97  >89  100  5  
Carbamazepine  PPCP  NR  NR  NR  0  
Diclofenac  PPCP  89  86  91  3  
Estradiol  S/H  76  61  >98  3  
Estrone  S/H  74  22  96  4  
Galaxolide  PPCP  55  13  >86  4  
Gemfibrozil  PPCP  90  >90  >90  2  
Ibuprofen  PPCP  90  >81  100  6  
Iopromide  PPCP  NR  NR  NR  0  
Naproxen  PPCP  97  >90  100  3  
Sulfamethoxazole  PPCP  33  33  33  1  
Triclosan  PPCP  90  71  99  5  
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As seen in numerous studies, there is a low removal rate for carbamazepine of 22% 

in municipal wastewater treated using activated sludge. This agrees with the 

average removal observed in leachate, which is 30.7% (CRA, 2011). Table 4.4 

summarizes the average removal rate observed for three landfills as part of a 

sampling campaign conducted in 2010 on leachate waters from numerous Canadian 

landfills (CRA, 2011).  
 

Table 4.4 Average Removal Rates (CRA, 2011) 

Analyte Avg. % 
Removal

Cocaine 86.4  
DEET 97.5 
2-hydroxy-ibuprofen 36.3 
Meprobamate 38.4 
Valsartan 92.5 
Acetaminophen 86.0 
Albuterol 80.5 
Carbamazepine  30.7 
Amphetamine 96.7 
Chlarithromycin 56.0 
Atenolol 72.1 
Erythromycin-H2O 48.2 
Cotinine 99.1 
Lincomycin 76.0 
Metformin 0.5 
Thiabendazole 57.4 
Triamterene 11.7 
Benzoylecgonine 88.8 
Gemfibrozil  56.2 
Ibuprofen  92.1 

 

Carballa et al. (2004) conducted a similar study on the efficiency of the removal of 

PPCPs in a conventional WWTP. Research showed a low removal rate during the 

primary treatment step (20 to 50% for perfumes and 17β-estradiol only), while 

secondary treatment, consisting of activated sludge treatment, removed a more 

significant amount, 35 to 75% depending on the component. It also showed that 

treatment had had no effect on iopromide, which remained in aqueous phase. The 

overall removal percentage for the WWTP was 80% for galaxolide, 83% for tonalide, 

65% for ibuprofen, 50% for naproxen, around 65% for 17β-estradiol and 60% for 

sulfamethoxazole. 
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Gorsalitz (2012) also compared the effectiveness of treatments using nitrifying 

activated sludge (NAS) versus nitrifying trickling filters (NTF) for removing eight of 

the most frequently detected PPCPs (Kolpin et al., 2002). Figures 4.5 and 4.6 

summarize the main results obtained at each step of treatment for each of the 

processes. On one hand, over 99% of acetaminophen, cotinine and caffeine, as well 

as over 90% of 1.7-dimethylxanthine, ibuprofen and triclosan, were removed using 

NAS. On the other hand, there was little to no removal of sulfamethoxazole and 

trimethoprim. As for NTF, it helped remove 99% of acetaminophen concentrations, 

92% of caffeine, 56% of cotinine, 84% of 1.7-dimethylxanthine and 76% of 

ibuprofen. The concentrations observed at the NTF effluent for sulfamethoxazole 

and trimethoprim varied between 45 and 30% respectively compared to the affluent 

concentrations.   
 
 

 

 
Figure 4.5 Concentrations of Acetaminophen, Caffeine, 1.7-Dimethylxanthine, Cotinine, 

Ibuprofen, Sulfamethoxazole, Triclosan and Trimethoprim during the Differnt 
Stages of NAS Treatment (Woods, 2006).  
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Figure 4.6 Concentrations of Acetaminophen, Caffeine, 1.7-Dimethylxanthine, 

Cotinine, Ibuprofen, Sulfamethoxazole, Triclosan and Trimethoprim 
during the Differnt Stages of NTF Treatment. (Woods 2006). 

 

Numerous studies have found a correlation between the retention time and 

effectiveness of the biological treatment in removing PPCPs (Ziylan et al., 2011; 

Miege, 2008; Clara et al., 2005; Stephenson and Oppenheimer, 2006; Suarez et al., 

2005). For its part, Jelic et al. (2012) specifies that very high rates of removal 

(>80%), and even total removal, is seen for ibuprofen, ketoprofen, indomethacin, 

acetaminophen and mefenamic acid when retention times (SRT) are close to those 

observed for nutriment removal (10 to 20 days). Indeed, longer SRTs allow the 

development of more diversified bacteria with greater physiological characteristics 

that generally have a tendency of growing at a slower rate (Kreuzinger et al., 2004). 

As biodegradation is an important mechanism for eliminating PPCPs, developing 

these specific bacteria seems to greatly contribute to the treatment’s effectiveness. 

 

Another observation highlighted by the Jelic et al. (2012) study is the fact that most 

studies emphasize the aqueous phase of treatment and do not pay much attention 

to what becomes of contaminants in sludge. In fact, a number of mechanisms are 

involved in the treatment of PPCPs, including adsorption and biodegradation. Thus,  
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a significant amount of contaminants are accumulated in sludge. Thus, land 

application of sludge can be a significant source of contamination for the 

environment (Kjaer et al., 2007). Furthermore, organic contaminants, especially 

those which are insoluble in water, can bioaccumulate in sludge in higher 

concentrations than what is usually seen in effluent (Kinney et al., 2006). Therefore, 

a treatment’s real effectiveness needs to take into account the entire treatment train, 

including sludge management.  

 

4.2.2 Bisphenol-A (BPA) 

Few studies have dealt with the effectiveness of conventional technologies with 

regard to BPA. Moreover, existing documents show that this is not a persistent 

substance in aerobic conditions and that it is biodegradable by acclimatized 

microorganisms and in the presence of oxygen (Urase et Miyashita, 2003; 

CRA, 2013).  

 

Conventional treatment systems, which include coagulation-flocculation and 

biological treatment, contribute a great deal to reducing BPA in wastewater and 

leachate with removal rates that are generally above 90%. Asakura et al. (2004) 

obtained removal rates of around 99% for an aeration, coagulation and 

sedimentation treatment, with BPA levels ranging from 29.4 μg/l to 0.14 μg/l in the 

effluent. Similar results were obtained by adding a biological treatment step (rotating 

biological contactors). BPA concentrations in the affluent (from 70.9 to 224 μg/l) then 

dropped to between 0.11 and 0.24 μg/l in the effluent. These removal rates 

correspond to those presented by Urase & Miyashita (2003) for a similar treatment 

system (biological treatment followed by coagulation). 

 

Tables 4.5 and 4.6 summarize the information gathered during the sampling 

program led by Conestoga-Rovers & Associates (CRA) in 2010 and in 2012 for 

Environment Canada. The sampling program included leachate sampled from 

10 Canadian landfills. The results obtained before and after treatment showed 

average removal rates of 83.1% and 99.97% respectively in 2010 and 2012. Note 

that only 3 sites had on-site of leachate treatment.  
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Table 4.5 Results of BPA Sampling (CRA, 2011) 
 

Number of Samples  26 

Detection Limit (DL) 2.4 to 10.2 ug/l 

 Pre-Treatment Post-Treatment 

Number of Samples Above DL 17 1 

Number of Samples Below DL 3 5 

Minimum Value (ug/l) 2.69 2.49  

Maximum Value (ug/l) 486.00  10.70  

Average Value (ug/l) 116.33  6.82 

Median Value (ug/l) 33.75  7.40 

90th-Percentile Value (ug/l) 389.70 10.55 

Average Removal Rate 83.1% 

 
Table 4.6  Results of BPA Sampling (CRA, 2013) 

 

 

 

The data listed by US EPA (2010) in its emerging contaminants database include the 

effectiveness percentages presented in Tables 4.7 and 4.8 for the treatment of BPA 

present in municipal wastewater. The results indicate average removal rates of 78% 

and 85% respectively for conventional activated sludge treatment and UV disinfection 

treatment. Similar results (76% removal) were shown by Mohapatra et al. (2011) for a 

WWTP located in Quebec and using activated sludge treatment.  
  

Detection Limit (DL) 0.0151 to 0.539 ug/l 

 Pre-Treatment Post-Treatment 

Number of Samples  12 3 

Number of Positive Detections 12 3 

Percent Positive Detections 100% 100% 

Minimum Detected Value (ug/l) 3.39  0.0328  

Maximum Detected Value (ug/l) 246  0.0439  

Average Value (ug/l) 79.6  0.0395  

Median Value (ug/l) 70.1  0.0418  

90th-Percentile Value (ug/l) 246.0 --  

Average On-Site Removal Rate 99.97% 

Median On-Site Removal Rate 99.97% 
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Table 4.7 Removal of BPA by Full-Scale Activated Sludge Treatment (US EPA, 

2010) 
 

 Municipal Wastewater 
Analyte Group Avg. % 

Removal
Min 

Removal
Max 

Removal 
# 

Systems 
Used to 

Calculate 
Removal  

Bisphenol-A  Other  78  11  100  41  

 
Table 4.8 Removal of BPA by Full-Scale Treatment that included UV Disinfection 

(US EPA, 2010) 
 

 Municipal Wastewater 
Analyte Group Avg. % 

Removal 
Min 

Removal 
Max 

Removal 
# Systems 

Used to 
Calculate 
Removal  

Bisphenol-A  Other  85  >72  >92 4 

 

The mechanisms at play in the removal of BPA for activated sludge treatment are 

sorption and subsequent biodegradation in the sludge (Zhao et al., 2008; Melcer et 

Klecka, 2011). Increasing the retention time and the mixed liquor concentration 

could compensate the negative effects of reduced temperatures seen in cold 

climates and could contribute to improving removal efficiency. The same can be said 

for initial COD concentrations which should be limited for better BPA removal.  

 

According to Melcer & Klecka (2011), BPA adsorption in sludge could represent 15 

to 18% of the BPA removal rate. As for PPCPs, the fate of sludge needs to be 

considered as drying followed by burial, its use could otherwise maintain or 

aggravate the problem. 

 

4.2.3 Polybrominated Diphenyl Ethers (PBDEs) 

PBDEs are man-made substances, relatively stable and structurally similar 

topolychlorinated biphenyls (PCBs). PBDEs are liposoluble and hydrophobic.  

 

Table 4.9 shows the removal rate observed during the 2008-2011 sampling 

campaign conducted by CRA (2013). The results showed average removal rate of 

66.1% for the three sites under study.   
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Table 4.9 Results of PBDE Sampling (CRA, 2013) 

 

Detection Limit (DL) 0.00053 to 3.3 ng/l 

 Pre-Treatment Post-Treatment 

Number of Samples  62 14 

Number of Positive 

Detections 

59 13 

Percent Positive Detections 95% 93% 

Minimum Detected Value (ng/l) 0.859  0.03  

Maximum Detected Value (ng/l) 3 149  88.6  

Average Value (ng/l) 241  26.1  

Median Value (ng/l) 89.7  10.8  

90th-Percentile Value (ng/l) 422  88.6  

Average On-Site Removal Rate 66.1% 

Median On-Site Removal Rate 78.0% 

 

The removal rates observed are slightly below those observed in a conventional 

municipal WWTP. Wang et al. (2013) observed a removal rate of 80% which was 

mainly attributed to the sedimentation step or sorption process in sludge rather than 

biodegradation. This is also what is highlighted in numerous other studies 

(Environment Canada, 2011; Rayne & Ikonomou, 2005). 

 

4.2.4 Perfluororinated Chemicals (PFCs), including PFOS 

PFCs are recognized as being very stable soluble substances (CRA, 2013; Fujii et 

al., 2007) and conventional technologies, including physico-chemical treatments and 

biological treatments, have shown little effectiveness in treating them.  

 

Tables 4.10, 4.11 and 4.12 show the main results obtained during the 2009-2010 

leachate sampling campaign conducted by CRA (2013).  
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Table 4.10 Results of PFCs Sampling (CRA, 2013) 
 

Detection Limit (DL) 1.02 to 1,000 ng/l 

 Pre-Treatment Post-Treatment 

Number of Samples  52 13 

Number of Positive Detections 52 13 

Percent Positive Detections 100% 100% 

Minimum Detected Value (ng/l) 320  800  

Maximum Detected Value (ng/l) 9,400 14,201 

Average Value (ng/l) 3,387 4,083 

Median Value (ng/l) 3,227 4,498 

90th-Percentile Value (ng/l) 6,500 14,201 

Average On-Site Removal Rate -22.1% 

Median On-Site Removal Rate 9.2% 

 
 

Table 4.11 Results of PFOS Sampling (CRA, 2013) 
 

Detection Limit (DL) 1.02 to 1,000 ng/l 

 Pre-Treatment Post-Treatment 

Number of Samples  52 13 

Number of Positive Detections 28 5 

Percent Positive Detections 54% 38% 

Minimum Detected Value (ng/l) 2.39  20.8  

Maximum Detected Value (ng/l) 744  2,070  

Average Value (ng/l) 78.6  208  

Median Value (ng/l) 40.35U  23  

90th-Percentile Value (ng/l) 276  2,070  

Average On-Site Removal Rate -629% 

Median On-Site Removal Rate -111% 
A "U" indicates that this parameter was not detected above the reported detection limit. 
A negative removal rate indicates an increase in the final post-treatment concentration. 
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Table 4.12 Results of PFOA Sampling (CRA, 2013) 
 

Detection Limit (DL) 1.02 to 1,000 ng/l 

 Pre-Treatment Post-Treatment 

Number of Samples 52 13 

Number of Positive Detections 52 12 

Percent Positive Detections 100% 92% 

Minimum Detected Value (ng/l) 50.3  42  

Maximum Detected Value (ng/l) 2,300  4,750  

Average Value (ng/l) 658  661  

Median Value (ng/l) 500  271  

90th-Percentile Value (ng/l) 1,200  4,750  

Average On-Site Removal Rate -74.4% 

Median On-Site Removal Rate 56.1% 

 

These results show an overall PFC removal rate below 0%, that is that 

concentrations in effluent have a tendency to increase. This was also observed for 

PFOS and PFOA whose respective average removal rates were -629% and -74.4%. 

 

According to Lutze et al. (2012), partly fluorinated compounds can be biologically 

degraded under aerobic conditions by adapted biological communities. However, it 

has been observed that, when degradation occurs, it leads to the formation of 

several metabolites with unknown effects. The overall concentration of PFCs 

following a biological treatment tends to remain constant or even increase during the 

biological treatment. 

 

For its part, Xiao et al. (2012) observed that PFOS/PFOA removal is minimal during 

conventional coagulation. For example, the average removal efficiency of PFOS and 

PFOA at an alum dosage of 30 mg/l and pH 7.9 was only 3.0%. This finding agrees 

with a previous survey, in which PFOS was basically not removed by ferric chloride 

coagulation with a ferric chloride dosage of 3.0-5.0 mg/l. 
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5. ON-SITE ADVANCED LEACHATE TREATMENT TECHNOLOGIES 

5.1 Description of On-site Advanced Leachate Treatment Technologies used in 

North America and in Europe 

Conventional leachate treatment processes have been long established in removing 

some contaminants; however, their effectiveness is limited and they are not capable 

of removing many microconstituents. Advanced technologies have shown promising 

results in removing various potentially harmful compounds that cannot be removed 

through conventional treatment. The following technologies have proven to 

successfully remove a wide range of challenging compounds.   

 

5.1.1 Activated Carbon Filters 

Activated carbon is an effective adsorbent for the removal of dissolved compounds 

from the liquid phase. Granular activated carbon (GAC) is being used for the 

removal of small quantities of soluble organic compounds such as aromatic 

solvents, polynuclear aromatics, phenolics, chlorinated aromatics and solvents, 

aromatic amines & high molecular weight aliphatic amines, surfactants, soluble 

organic dyes, fuels, aliphatic & aromatic acids, pesticides, herbicides and inorganic 

compounds such as nitrogen, sulfides and heavy metals present in wastewater and 

leachate from landfills. It is mainly used for removing odour and taste, especially for 

applications where wastewater is reused such as for irrigation (Metcalf & 

Eddy, 2003, EPA). The means by which GAC functions is as follows: as the 

wastewater passes through the biofilter, microorganisms grow on the media and 

form a biofilm. Organic matter is removed through two steps: 1) adsorption to the 

media, and 2) biodegradation through microbial communities (Abdul et al., 2007). It 

has been found that under normal conditions, COD can be reduced to 

concentrations below 20 mg/l. 

 

The system is mainly composed of a reactor (carbon contactor) that contains a bed 

of activated carbon, has virgin and spent carbon storage, transport mechanisms and 

a regeneration system. The carbon is placed within a lined steel column or a 

steel/concrete rectangular contactor in order to create a filter bed (fixed or moving). 

There are different types of activated carbon contactors and they can operate by 
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gravity or pressure (based on available pressure and cost) (EPA). Furthermore, they 

can operate in an upflow or downflow design and in series or in parallel. Here are 

the typical granular activated carbon systems: 

 
a) Downflow in series 

b) Downflow in parallel 

c) Moving bed 

d) Upflow expanded in series  

Within the contactor, the GAC bed is the sorption zone (mass transfer zone (MTZ)). 

As the liquid passes through this zone, the concentration of contaminants will be 

reduced to minimum values.  
 

 
Figure 5.1 Typical Downflow GAC Contactor 
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Fixed-Bed 

 

Downflow design: this type of fixed-bed filter is comprised of a granular medium-

filter on the top section and a carbon filter at the bottom of the column, which is held 

in place by an underdrain system. Wastewater enters from the top of the column 

where organics commonly associated with suspended solids are removed through 

the granular-medium filter. It then passes through the carbon column and is 

collected from the bottom of the column. 

 

Upflow design: this type of fixed-bed filter has the same compartments as the 

downflow design. However, the direction of the flow is from the bottom to the top.  

 

For both designs, backwashing and surface washing are mandatory in order to limit 

the accumulation of particulate suspended solids within the carbon column which 

results in headloss and lower removal efficiency. It should be noted that the 

downflow design has two advantages over the upflow design: 1) adsorption of 

organics and removal of suspended solids in one single step; 2) less accumulation 

of particulate matter at the bottom of the bed, where they are hard to remove by 

backwashing.  
 

Expanded-Bed 

 

The expanded-bed (moving bed, pulsed bed) activated carbon contactor is another 

GAC system configuration. This configuration has allowed the system to overcome 

the headloss buildup due to the removal of particulate suspended solids within the 

carbon filter. The influent enters from the bottom of the column and GAC is allowed 

to expand until it reaches its adsorptive capacity. It then needs to be replaced with 

an equivalent amount of regenerated or virgin carbon. It is noteworthy to mention 

that the effluent from expanded bed contactors might contain fine particles of carbon 

due to the collision between carbon particles during the expansion period. 

 

The capacity of the bed and operating time of GAC are two important parameters in 

its design and operation. Compounds tend to compete and therefore affect the 

adsorption capacity and operational life of GAC, notably in the presence of natural 

organic matter (NOM).   
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5.1.2 Membrane Filtration Processes 

Membrane filtration is being widely used for the removal of particulates and colloids 

from the liquid phase. The typical range of particle sizes removed by membrane 

filtration is 0.0001 to 1.0 µm. Mallevialle et al. (1996) describes membranes as 

semipermeable barriers that separate the feed stream into a permeate and a 

concentrate. The permeate is a stream that has passed through the membrane and 

the concentrate (retentate) is a stream that contains the retained constituents.  

 

The main pressure driven membrane processes used in wastewater treatment are: 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). 

 

5.1.3 Membrane Operation 

For all types of membranes, the feed solution is pumped and circulated through the 

module (a complete membrane unit), a valve is used to keep the pressure of the 

concentrate constant and the permeate is withdrawn at atmospheric pressure. As 

the membranes start to foul (deposition and accumulation of constituents in feed 

water on the membrane surface), their performance starts to deteriorate. Fouling 

reduces the flow through the membrane surface area (membrane flux) and 

increases the trans-membrane pressure. At this point, the membrane has to be 

washed thoroughly (either in situ or taken out by backwashing or chemical washing).  

 

The following table presents the main characteristics of the common membrane 

filtration processes (Zhou and Smith, 2002). 

 
Table 5.1 Main Characteristics of the Common Membrane Filtration Processes 

 

Membrane 
Separation 
Size (µm) 

Main 
Mechanism 

Typical 
Operation 
Pressure ∆P 

Permeate Flux 

RO <0.001 
Diffusion and 
exclusion 

5-8 Low 

NF 0.001-0.008  0.5-1.5 Medium 

UF 0.003-0.1 Sieving 0.05-0.5 High 

MF >0.05  0.03-0.3 High 

  



Environment Canada 
Effectiveness of Conventional and Advanced In Situ Leachate Treatment 

WSP Canada Inc. Page 61 
131-24259-00 

5.1.4 Microfiltration (MF) 

There are three different process configurations used for both MF and UF:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.2a Process Configurations used for both MF and UF (Metcalf and 

Eddy, 2003) 

 

When used as an advanced treatment, they can remove residual suspended solids, 

as well as reduce turbidity and bacteria in order to condition water for further 

disinfection. These membranes are the least expensive on the market. Also, MF is 

used as a pre-treatment step for RO for reuse purposes.  

 

5.1.5 Ultrafiltration (UF) 

These membranes have the same applications as MF. These types of membranes 

do not remove salt or sugar. Because of its small pore sizes, UF can also remove 

dissolved compounds with high molecular weight (colloids, proteins and 

carbohydrates). The main application of UF is in industries that require highly pure 

process water. 
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5.1.6 Nanofiltration (NF) 

This type of membrane can remove particles as small as 0.001 µm and particles that 

are responsible for hardness. NF has many advantages, such as minimizing 

disinfection requirements and producing high-quality water that meets stringent 

standards.  

 

5.1.7 Reverse Osmosis (RO) 

RO is a physical process that applies the osmosis phenomenon to separate water 

from salt (Younos et al., 2005). It has four subsystems: a pre-treatement system, a 

high-pressure pump, a membrane module (a complete unit which is comprised of 

membranes, the pressure structure for the membranes, the feed inlet and outlet 

permeate and retentate parts, and an overall support structure) and post-treatment 

systems. As the high-pressure pump forces water across the membrane module, 

salt and other dissolved constituents are retained and a permeate with low salt 

concentrations is obtained. This concentrated brine remains on the feed side of the 

membrane and it is then sent for proper disposal or treatment.  

 
Figure 5.2b Typical Flow Diagram for RO Processes (Metcalf and Eddy, 2003): 
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5.1.8 Membrane Bioreactors (MBR) 

Membrane bioreactors (MBR) are the combination of conventional activated sludge 

processes (CAS) and membrane technologies (Song et al., 2008). Compared to 

CAS process, MBR has the main following advantages: complete solid–liquid 

separation, small footprint and production of high-quality effluent (Choi and Yong 

Ng, 2008). The treated effluent processed by MBR is of high quality and is ideal for a 

number of reuse applications such as irrigation, or it can be discharged to coastal 

and surface waters. There are two configurations of this technology: the side-stream 

membrane bioreactor, where the membrane module is placed after the activated 

sludge process, and the submerged membrane bioreactor (SMBR), where the 

membrane module is immersed in the activated sludge reactor, as shown in 

Figure 5.3 below. 

 

 

Figure 5.3 Typical Flow Diagram for MBR Processes 
 

(Two configurations: a) side-stream, b) submerged) 
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5.1.9 Photochemical Advanced Oxidation Processes  

This technology has been shown to be highly effective in removing and degrading a 

range of refractory compounds (i.e. insoluble and nonhydrolyzable compounds) in 

landfill leachate (Wu et al., 2004). In general, this technology is based on a physico-

chemical process (photochemical means or by other forms of energy) and the 

production of highly reactive radical intermediates (i.e. a short-lived, high-energy, 

highly reactive molecule) such as hydroxyl radials (OH•) as a strong oxidant. These 

radicals can virtually attack all organic compounds with a reaction rate 106-1012 

times faster than other oxidants (ex. O3). The following table represents different 

photochemical processes. 

 
Table 5.2 Different Photochemical Processes 
 

1 Water photolysis in vacuum ultraviolet (VUV) 

2 UV / hydrogen peroxide 

3 UV / O3 

4 Photo – Fenton and related processes 

5 UV / peroxide 

6 Heterogeneous photocatalysis 

 

The general mechanism of this technology has three steps (Litter, 2005; 

Li et al., 2010): 
 

1. Hydrogen abstraction 
2. OH addition or substitution 
3. Electron transfer  

 

5.1.9.1 Ozone-Based Oxidation Processes 

Due to the complexity of leachate composition, oxidation with ozone is not effective 

unless it is coupled with UV irradiation (O3/UV) or hydrogen peroxide (O3/H2O2) 

(Ntampou et al., 2005). In the O3/UV process, the organic molecules become more 

susceptible to oxidation and ozone (O3) adsorbs more UV light than an equivalent 

dose of H2O2 (200 times more at 254 nm) (Lee et al., 2009). Here is a presentation 

of this technology: 
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Figure 5.4 Advanced Oxidation Process: O3/UV 

 

For the compounds that do not adsorb UV light and waters with poor UV light 

transmission, ozone/hydrogen peroxide may be more effective (Metcalf & 

Eddy, 2003; Lee et al., 2009). In O3/H2O2, hydrogen peroxide increases ozone 

transfer in water which leads to a higher ozonation rate (Litter, 2005). The 

disadvantage of this process is the increase in treatment costs. This is due to the 

high use of oxidants and electricity consumption for UV lamps. It is recommended 

that this process be used as a pre-treatment step to biological treatment in order to 

decrease the costs (Li et al., 2010). The following figure outlines the O3/H2O2 

technology.  
 

 
Figure 5.5 Advanced Oxidation Process: O3/H2O2 
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5.1.9.2 Fenton Oxidation 

There are three stages in the Fenton oxidation process: 

1. pH adjustment  

2. Oxidation reaction 

3. Neutralization 

 

Based on research, the Fenton process is more effective within a pH range of 

2.0 to 4.0. This process may be effective in removing recalcitrant (i.e. slowly 

biodegradable or non-biodegradable) and toxic organic compounds, and degrading 

organic matter. It is believed that this process is the most cost-effective one for 

leachate treatment and the design of reactors for this technological application is 

simple. The disadvantage of this process is the production of iron sludge due to the 

formation of iron-hydroxo complexes. Here is a schematic presentation of photo-

Fenton process experimental apparatus (Y.S.Ma, Chang, & Chao, 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.6 Schematic Diagram of an Experimental Photo-

Fenton Process Apparatus (Y.S.Ma, Chang, & 
Chao, 2012) 
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5.1.10 Thermally-Induced Reduction  

5.1.10.1 Vacuum Evaporation (Distillation) 

This technology separates the components of leachate through vaporization and 

condensation. Therefore, it thermally separates wastewater or leachate into two 

streams: distillate and concentrate, due to the different volatility of compounds. In a 

typical vacuum evaporator, boiling takes place at around 35°C and at 5 kPa (in the 

boiling chamber). This process is fairly expensive and it is mainly used for 

contaminants that are hard to remove and/or where heat is inexpensive. There are 

several variations of this technology, however multistage flash evaporation, multiple-

effect evaporation and vapor-compression distillation are shown to be the most 

effective. In multiple-effect evaporation, there are several boilers which are set in 

series. Each boiler works under a lower pressure than the preceding boiler, with the 

first one having the highest pressure. After pre-treatment, the influent water enters 

into the heat exchangers where it starts to heat up. When completely heated, it 

enters the first stage where almost all of the non-volatile contaminants are removed.  

The wastewater is collected from the bottom of the first stage and is sent to the 

second stage. The concentrated waste is then collected from the bottom of stage 

two. In multistage flash evaporation, the leachate is pretreated for total suspended 

solids (TSS) and de-aerated before being sent to heat exchangers. In the boilers, a 

portion of water is flashed (i.e. vapor formation or boiling due to reduction in 

pressure) to form vapor while passing through a pressure reducing nozzle. In vapor-

compression, in order to transfer heat, the vapor pressure is increased and vapor is 

then condensed in condenser tubes (Metcalf & Eddy, 2003). In general, this process 

is coupled with reverse osmosis (Messino et al., 2012). 

 

5.2 Assessment of the Effectiveness of On-Site Advanced Leachate Treatment 

Technologies for Substances of Concern 

5.2.1 Pharmaceuticals and Personal Care Products (PPCPs) 

PPCPs and endocrine disrupting compounds (EDCs) constitute the majority of 

micropollutants. Different advanced technologies have been used to remove these 

compounds from wastewater and leachate.  
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Based on a study performed by Lee et al. (2009) in New Mexico, the effectiveness of 

different advanced technologies for PPCPs and ECDs removal is presented in 

Table 5.3. 

 

Table 5.3 Effectiveness of Advanced Technologies in PPCP and ECD Removal 
 

Advanced Treatment 

Technology 

PPCP and 

EDC 

Compounds 

% No 

Removal

% Removal 

below 50% 

% Removal above 

90% or below 

Detection Limit 

Membrane Bioreactor (MBR) 49 14 33 39 

Nanofiltration (NF) 57 - 17 82 

Reverse Osmosis (RO) 60 - 12 82 

Granular Activated Carbon (GAC) 29 0 0 97 

Advanced Oxidation Processes 

(AOP) 
20 -   

 

As shown in the above table, the removal efficiencies of NF and RO are similar and, 

in some cases, RO had a higher removal efficiency than NF. GAC had the highest 

removal efficiency (over 90%) for all the 29 targeted PPCPs, except for salicylic acid 

(a compound mainly used in anti-acne treatment) which was less than 90%.  

 
Comparison between MBR and conventional activated sludge (CAS) revealed that 

MBR has comparable or higher removal efficiency of PPCPs and EDCs than the 

CAS process. However, it should be noted that MBRs were able to remove some of 

the compounds below the method reporting limit, although some of the compounds 

were not removed including diclofenac, antiepileptic medication carbamazepine, 

DEET, EDTA, Hydrocodone, TCEP, and trimethoprim (Snyder et al., 2007; 

Radjenovic et al., 2007; Clara et al., 2005; Kimura et al., 2007; Baumgarten 

et al., 2007; Kim et al., 2007; Clara et al., 2004; Lee et al., 2009). In a pilot scale 

study performed by Clara et al. (2005), MBR with UF membranes were able to 

remove some of the targeted compounds by more than 90%, while carbamazepine 

was not removed. Kiruma et al. (2004) found higher removal for ketroprofen and 

naproxen compounds with microfiltration MBRs. Comerton et al. (2007) compared 

PPCPs adsorption to different types of membranes and showed that UF has the 

highest PPCPs adsorption, followed by NF and RO. This is due to the fact that  
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membranes with larger sizes allow more access to binding sites within the 

membranes. Table 5.4 presents the results of some of the studies performed on 

MBRs for the removal of PPCPs and EDCs. 

 
Furthermore, RO can effectively remove microconstituents from the liquid phase; 

however, the feed water should be of high quality in order to prevent membrane 

fouling. It is found that in the RO process, there are three main mechanisms for the 

removal of PPCPs, namely adsorption on membrane, charge repulsion (due to the 

difference between contaminant’s surface charge and membrane surface charge) 

and size (membrane pores and particle sizes) (Bellona et al., 2004). Based on a 

literature review by Lee et al. (2009), RO has shown to be capable of removing 

nearly all microconstituents. The experimental conditions and analytical methods in 

this literature review varied, which could have an impact on the resulting efficiencies 

of the removal of PPCPs. It was also found that charged compounds (particles 

which have surface charge, i.e. positive or negative charges) have much higher 

removal efficiency than other compounds with no surface charge in the RO process. 

The seven compounds that had not been removed by the MBR process including 

carbamazepine, DEET, diclofenac, hydrocodone, TCEP and trimethoprim, were 

effectively removed by the RO process.  

 
In all the studies performed, NF was used either after or before (pre-treatment) the 

RO process. Synder et al. (2007) studied the removal efficiency of 36 compounds 

under the following pilot and full-scale systems: MBR/NF/UF/RO/NF and their 

combinations. Nearly all compounds were removed to below detection limits and it 

was recommended that in the RO process, a multi-barrier system would remove 

even trace compounds. In a another pilot study on removal efficiency of PPCPs in 

veterinary pharmaceutical wastewater, a comparison between NF and RO showed 

that loose NF had difficulty in removing antibiotics, but tight NF had a slightly better 

performance than RO (Kosutic et al., 2007). Tight NF and loose NF are defined 

based on Molecular Weight cuttoff (MWCO), i.e. the molecular weight of the smallest 

material rejected by the membrane. Lower molecular weight cut-off (MWCO) is 

defined as 'tight' NF membranes while higher MWCOs are defined as 'loose' NF 

membranes. In a study on leachate treatment, NF presented a slightly better 

performance than RO, but both these systems achieved 70-99% removal, Wintgens 

et al. (2004).  
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Table 5.4 MBR Performance in PPCP and EDC Removal (Lee et al., 2009) 
 

Compounds 
No. of Studies 

Performed  

MBR Removal 

Range (%) 
Compounds 

No. of Studies 

Performed 

MBR Removal Range 

(%) 

Acetaminophen 2 99.6 - BDL Hydrochlorothiazide 1 66.3 

Alkylphenol 1 75-90 Hydrocodone 1 0 

Alkylphenol ethoxylate 1 75-95 Ibuprofen 6 95-99.8 

Androstenedione 1 BDL Indomethacin 1 46.6 

Atenolol 1 65.5 Isoproturon 1 25 

Atrazine 1 9 Ketoprofen 2 91.9->98 

Barrepel acid 1 93 MCPP 1 50 

Bentazone 1 16 Mefenamic acid 2 74.5-90 

Bezafibrate 3 80-98.5 Metoprolol 1 58.7 

Caffeine 1 99-BDL Moxifloxacin 1 78 

Carbamazepine 6 0-13 Naproxen 3 36-99.3 

Ciprofloxacin 1 73 Ofloxacin 1 94 

Clofibric acid 3 50-80 Oxybenzone 1 41-50 

DEET 2 0-62 Paroxetine 1 89.7 

Diclofenac 4 0-87.4 Pravastatin 1 90.8 

EDTA 1 0 Propyphenazone 1 65.6 

Enrofloxacin 1 56 Ranitidine 1 95 

Erythromycin 2 5-67.3 Sulfamethoxazole 2 60.5-70 

Estriol 1 BDL TCEP 2 0-37 

Flufenamic acid 1 BDL TCPP 1 12 

Fluroquinolonic acid 1 27 Testosterone 1 BDL 

Galaxolide (HHCB) 1 95 Tonalide (AHTN) 1 95-97 

Gemfibrozil 1 89.6 Triclosan 1 66-73 

Glibenclamide 1 47.3 Trimethoprim 1 0 
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Another effective mechanism in the removal of PPCPs is RO. Drewes et al. (2006) 

categorized PPCP removal by RO based on their molecular weight and membrane 

pore size. Molecular size of dissolved compounds is the main factor for their rejection 

in RO and NF membranes (Wintgens et al., 2004; Kimura et al., 2004; Kosutic et al., 

2007; Xu et al., 2005). Lee et al. (2009) indicated that higher molecular weight, 

charged and more non-polar and hydrophobic compounds have a greater chance of 

being effectively removed by RO process. As indicated before, among the 7 

compounds that MBR could not remove, RO was able to effectively remove 

carbamazepine, DEET, diclofenac, hydrocodone, TCEP and trimethoprim. Snyder et 

al. (2007) studied 36 compounds and nearly all these compounds were effectively 

removed through RO process. However, some of the compounds were still detectable. 

For this reason, he recommends a multi-barrier system for the removal of all PPCPs. 

Another factor that may have a minor impact on the efficiency of the removal of PPCPs 

by RO is recovery rate, i.e. the ratio between the permeate stream flow to feed stream 

flow. Varliefde et al. (2007) compared two recovery rates for NF membranes, at a 10% 

recovery rate more than 35% of all targeted PPCPs were removed; however, at an 

80% recovery rate, only 10% of these compounds were removed. However, from an 

economical point of view, higher recovery rates are more desirable. The following table 

presents the RO and NF efficiency for removal of PPCPs. It should be noted that 

differences in experimental conditions might have caused different results. 

 

Baumgarten et al. (2007) compared MBR, NF and RO combined with ozone (O3) or 

O3/UV. All of the targeted compounds were removed and permeate recovery rate was 

at 90%. Combinations of NF with GAC, at an 80% recovery rate, showed exceptional 

results (Verliefde et al., 2007). Yoon et al. (2002) studied the following process: 

Coagulation/GAC/PAC/AOP/biofiltration/RO/NF/UF. They found that RO removal 

efficiency is usually more than 90%, whereas NF is between 70-90% (Synder 

et al., 2003). Table 5.5 is a summary of NF and RO removal efficiencies for PPCPs 

and EDC. 
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Table 5.5 RO and NF Performance in PPCP and EDC Removal (Lee et al., 2009) 
 

Compounds 
No. of 

Studies 
NF Removal 
Range (%) 

RO Removal 
Range (%) 

Compounds 
No. of 

studies 
NF Removal 
Range (%) 

RO Removal 
Range (%) 

17β-Estradiol 1  83 & 89 Erythromycin 1 BDL 97-99 

2-Naphthol 2 12 43-57 Estradiol 1  BDL 

4-Phenylphenol 1  61 & 11 Estriol 2 BDL BDL 

9-ACA 1 93 96 Estrone 1  BDL 

Acetaminophen 1 BDL BDL Ethinylestradiol 1  BDL 

Aminopyrine 1 97-99  Fenoprofen 1 96 BDL 

Androstenedione 2 BDL BDL Fluoroquinolonic acid 1 >99.7 >99.7 

Atenolol 1 90-95  Flluxetine 1  BDL 

Bezafibrate 1 99  Gemfibrozil 5 65-99 90-BDL 

Bromoform (BF) 2 45 45<20>80 Hydrocodone 1 BDL BDL 

Caffeine 3 BDL 70-BDL& 4 Iopromide 1  BDL 

Carbamazepine 5 88-BDL 91-BDL & 85 Isopropylantipyrine 1  78-69 

Carbon tetrabromide (CTB) 1 92 92 Ketoprofen 2 98-99&18-32 97-BDL 

Carbon tetrachloride (CT) 1 77 77 Levamisole 1 69-99.9 97-99.4 

Chloroform (CF) 2 <5-<50 18 Mecoprop 1 27-2 97-98 

Ciprofloxacin 1 >97.9 >97.9 Metoprolol 1 90-95  

Clenbuteral 1 88-90  Moxifloxacin 1 >99.6 >99.6 

Clofibric acid 1 98-99  NAC standard 1  79 

Cyclophosphamide 1 94-99  Naproxen 4 BDL&22-27 >95-BDL 

DCAA 1 91 95 NDMA 1  <50 

DEET 1 BDL BDL Nonylphenol 1 70-99  

Diclofenac 6 54-BDL >80-BDL Oxybenzone 2 BDL BDL 

Dilantin 1  BDL Oxytetracycline 1 99-99.2 99.2-99.3 
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Table 5.5 RO and NF Performance in PPCP and EDC Removal (Lee et al., 2009) (continued) 
 

Compounds 
No. of 

Studies 
NF Removal 
Range (%) 

RO Removal 
Range (%) 

Compounds 
No. of 

studies 
NF Removal 
Range (%) 

RO Removal 
Range (%) 

Enrofloxacin 2 >98.4-99.4  TCEP 2 95 95 

Pentoxifylline 2 95-99 BDL Terbutaline 1 90-99  

Perchloroethylene (PCE) 1 95 95 Testostrone 1 BDL BDL 

Phenacetine 3 19-<50 71->95 Trichloethylene (TCE) 1 31 31 

Phenazone 1 85-94  Triclosan 2 BDL BDL 

Pindolol 1 75-93  Trimethoprim 3 89- BDL 98-BDL 

Praziquantel 1 98-99 99.6-99.9 Ibuprofen 5 >920 
BDL&21-33 

96-BDL 

Primidone 4 87->94 &10 84-BDL & 85     

Progesterone 1  BDL     

Propanolol 1 75-87      

Salbutamol 1 ~93      

Salicylic acid 1 92 92     

Sotalol 1 90-93      

Sulfadiazine 1 89-99.4 99.4     

Sulfaguanidine 1 67-99.1 99-99.3     

Sulfamethazine 1 96-99.4 99.1-99.3     

Sulfamethoxazole 3 BDL 70-BDL & 82     

TCAA 1 94 96     
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GAC has been proven to be very effective in removing many microconstituents. Many 

studies have combined membranes with GAC. This combination provides a strong dual 

barrier system for the removal of microconstituents. NF can effectively remove natural 

organic matter (NOM). NOM concentrations greatly affect GAC performance by 

competing with other microconstituents over adsorption sites and they can easily clog 

GAC pores. Therefore, it is important to remove all dissolved organic matter before the 

GAC process in order to increase GAC efficiency for PPCPs and EDC removal (Lee 

et al., 2009).  

 

The most important parameters that affect GAC performance are: carbon type, 

contaminate solubility, contact time and competition with NOM (Kim et al., 2007). In 

general, in a treatment train, GAC can provide an extra barrier for the effective removal 

of PPCPs and EDCs. A key factor in GAC operation is the need for regular carbon 

regeneration (Vieno et al., 2007). Bundy et al. (2007) also reported that GAC 

demonstrated a 94% removal of PPCPs except for aspirin. They had the following 

combined treatments for targeted compounds: GAC/flocculation/sedimentation/rapid 

filtration. In conclusion, removal of NOM is highly important in leachate treatment. The 

concentrations of NOM in leachate are usually higher than the targeted PPCPs and 

EDCs, therefore, they will compete with targeted compounds and decrease their 

removal efficiency. 

 

The advantages of GAC over other processes is its high removal efficiency. However, 

it has to be regenerated and the previously adsorbed contaminants can detach from 

the carbon surface and appear in the effluent, resulting in higher PPCPs 

concentrations than the ones found in the influent (Lee et al., 2009). 
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Table 5.6 GAC Efficiency in PPCP and EDC Removal (Lee et al., 2009) 
 

Compounds 

No. of 

Studies 

Performed 

GAC Removal Range 

(%) 
Compounds 

No. of Studies 

Performed 

GAC Removal Range 

(%) 

Aldrin   Pindolol 1 >99 

Aminopyrine 1 >99 Propanolol 1 >99 

Androstenedione 3 BDL Salbutamol 1 ~98 

Anthracene 2  Sotalol 1 >99 

Atenolol 1 ~99 TCEP 3 BDL 

Bezafibrate 1 >99 Terbutaline 1 ~98 

Caffeine 4 >94-BDL Trovafloxacin mesylate 1 >95 

Carbamazepine 4 >99-BDL Salicylic acid 1 39-56 

Clenbuteral 1 >99 Metoprolol 1 ~99 

Clofibric acid 1 ~99 Oxybenzone 3 BDL 

Cyclophosphamide 1 ~98 Pentoxifyline 3 >99 

DEET 3 BDL Phenazone 1 ~99 

Diclofenac 3 >99    

Dilantin 3 BDL    

Estradiol 3 93-95    

Fenoprofen 1 >99    

Gemfibrozil 3 >99    

Ibuprofen 4 ~97-BDL    

Iopromide 3 BDL    

Ketoprofen 1 >99    
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AOP combines a chemical oxidant (such as O3) with UV or uses multiple oxidants to 

increase oxidation rates. OH* is a free and highly reactive compound that is 

generated through AOP processes and is responsible for their enhanced 

performance. Combinations of peroxide and UV have shown to be highly effective in 

removing many microconstituents due to the presence of the radical OH*. Muller 

et al. (2001) found the highest removal rate for atrazine was attributed to the 

H2O2/UV process, however a large amount of energy was consumed during this 

process. H2O2/O3 has been found to be highly effective in liquids with high bromide 

concentrations (Crittenden et al., 2005). Also, H2O2/O3 uses lower energy compared 

to UV/H2O2 and UV/O3 (Muller et al., 2001). A multi-barrier approach is 

recommended to remove microconstituents.  

 

5.2.2 Bisphenol-A (BPA) 

In a study performed by Urase and Miyashita (2003), 10 different landfill sites in 

Japan and the Philippines were studied to identify BPA concentrations and evaluate 

treatment efficiencies. The following figures were obtained from this study on BPA 

concentrations and removal efficiencies in different treatment processes. A0, D1, A2, 

A3, J, A-ash, D2, H, B, C, E, F, G, H, I and J represent the different landfill sites that 

participated in this study. 

 

 
 

 

 

Figure 5.7 BPA Concentrations in Different Categories of Landfills (Japan) 
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Figure 5.8 Changes in BPA Concentrations in Leachate Treatment Stages 

 

 
Figure 5.8 shows high BPA concentrations in sites B and C and in F and G 

dumpsites where there is no regulation requiring an onsite leachate treatment facility 

(Japenese Government Regulations). The highest BPA concentrations (higher than 

1 mg/l) were observed in high-TOC (Total Organic Carbon) sites in Japan and the 

Philippines. It was concluded that co-disposal of garbage, sludge, incineration ash 

and plastics might result in high TOCs and BPA in leachate. As presented in 

Figure 5.8, over 99% of removal of BPA was achieved in biological treatment 

combined with coagulation following GAC process and the final RO filtration. RO 

also achieved 3-log reduction. 

 
Conventional treatments cannot remove BPA concentrations below the no-effect 

level. Wintgens et al. (2004) studied the efficiency of BPA removal for NF and RO 

and activated carbon adsorption in wastewater and leachate. The effluent was taken 

from an advanced water recycling demonstration plant (i.e. larger than a pilot plant 

but smaller than a full-scale plant) in Queensland, Australia where the treatment train 

consisted of lime clarification, dissolved air flotation (DAF), dual media filtration, 

microfiltration (MF), combined RO and NF and UV disinfection. For both NF and RO, 

high concentrations of BPA were retained in the concentrate. However, RO showed 

better removal efficiency. It should be noted that the analysis was performed on  
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spiked samples (feed: 300-450 mg, RO permeate: ~10 ng, NF permeate: 10-

100 ng). MF showed some removal of BPA which could be attributed to the 

adsorption of particles on the membrane surface.  

 

In South Carolina, another study evaluated BPA removal using single-walled carbon 

nanotubes (Joseph et al., 2011) for young and old leachate. A decrease in BPA 

removal was observed as the leachate’s age increased. Furthermore, adsorption of 

BPA was affected by pH: the higher the pH, the lower the BPA removal (when pH 

increased from 3.5 to 11, there was a decrease in BPA adsorption of 20% for young 

leachate and 10% for older leachate). He et al. (2009) studied the Fenton Process 

for BPA removal efficiency from mature and young landfill leachate. During 

treatment, a 62% BPA removal rate was observed for mature leachate, whereas only 

a 37% removal rate was achieved for young leachate. It was concluded that the 

initial concentration of BPA plays an important role in removal rates. The presence of 

dissolved organic matter (DOM) in mature leachate was less inhibitive than in young 

leachate and therefore did not affect the BPA removal efficiency. MBR has also 

achieved a BPA removal rate of 99% whereas conventional activated sludge 

process (CAS) achieved 91%. Sludge age and sludge retention time are two of the 

main design parameters of the MBR system which have a direct impact on BPA 

biodegradation. On the other hand, NF has shown slightly higher removal rates than 

RO but both had a 70-99% removal rate (Wintgens et al., 2004). Lee et al. (2009) 

reported three studies on BPA removal from landfill leachate where 45-99% and 

83-99% removal rates were observed for NF and RO respectively.  

 

Abdel daiem (2012) evaluated the removal of BPA contaminants through 

adsorption/bioadsorption, activated carbon and advanced oxidation process (AOP) 

combined with a UV process (UV, UV/H2O2, UV/K2S2O8, UV/Na2CO3 and 

UV/TiO2/AC) as well as gamma radiation (AC is used as a catalyst for AOP). UV 

itself did not have any impact on BPA removal, however the introduction of radical 

promoters increased the removal efficiency and showed 100% effectiveness in 

wastewater (the concentration of organic matter is naturally high in wastewater). 

Among the above treatments, UV/K2S2O8 obtained the highest removal efficiency for 

BPA and total organic carbon (TOC) removal.  
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MBR has been deployed in Germany at full scale for BPA removal where a 99% 

removal rate was achieved using the MBR process. GAC was also used as a 

polishing step to MBR. The following figure indicates the removal efficiency of each 

step of the treatment: MBR feed (raw leachate), UF permeate and the polishing step 

(GAC) (Wintgens et al., 2006). It is believed that BPA can be retained by the UF 

process.  With the MBR process, the removal is obtained through biological and 

adsorption phenomena (Vinken et al., 2004). 

 

Table 5.7 Leachate, UF and GAC Bisphenol-A Concentrations (Lee et al., 2009) 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.3 Polybrominated Diphenyl Ethers (PBDEs) 

There is not very much in the literature on PBDE treatment and it mainly focuses on 

concentrations and their effect on living organisms. However, in recent years, some 

technologies have been targeted and studied. 

 

A study conducted by Yanyu Wu et al. on treatment of leachate from a 14,000-m2 

landfill in Jiangmen, China, showed the effectiveness of a process combining several 

technologies on inorganic component and organic matter removal as well as turbidity 

and colour. The treatment system included a biological sequencing batch reactor  
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(SBR), coagulation, Fenton oxidation as well as biological aerated filtration (BAF). 

The SBR process is a variation of the activated sludge process, the difference being 

that only one reactor is used and that the different treatment steps are sequential. 

Then, ferric polysulfate is used as a coagulant. Fenton oxidation is an advanced 

oxidation process with oxygen peroxide and iron. Finally, biological aerated filtration 

consists in promoting microorganism growth on the filtering media by simultaneously 

adding air and the water to be treated. The 4-bromo diphenyl ether removal 

performances for this treatment system are presented in the following table. 

 
 

Table 5.8 4-Bromo Diphenyl Ether Removal Performances by Treatment System (WU 
et al., 2011) 

 

 Leachate SBR Coagulation 
Fenton 

Oxidation 
BAF TOTAL 

Initial (µg/l) 0.75 0.75 0.49 0.43 0.12 0.75 

Final (µg/l) --- 0.49 0.43 0.12 0.03 0.03 

Removal (%) --- 34.7 12.2 72.1 74.2 96.0 

 

 

Fenton oxidation, more specifically, removes the majority of organic micropollutants 

according to the study’s results. Therefore, advanced oxidation is an effective 

process for removing PBDEs. 

 

Another advanced oxidation process tested for PBDE removal in water is 

photocatalysis with TiO2 combined with adsorption. Montmorillonite (type of clay) is 

used as a support for the catalyst (TiO2). This clay’s hydrophobicity gives it very 

good support and adsorbent material characteristics. The PBDE is adsorbed onto 

the clay and comes into contact with the photocatalyst (TiO2). When radiation is 

present, PBDE degrades into smaller brominated compounds, which are then 

degraded into smaller compounds depending on the proposed degradation chain 

(see Figures 5.9 and 5.10). This process, tested in the laboratory with 

decabromodiphenyl ether (BDE-209) by An et al., achieved 90% removal of 

BDE-209 in less than 10 minutes.  
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Figure 5.9  Diagram of the Photocatalysis Process and Reaction (An, et al., 2008) 
 

 

Figure 5.10 Proposed Diagram of BDE-209 Degradation by Photocatalysis  
(An et al., 2008) (An, et al., 2008) 
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Numerous other treatment methods have been laboratory developed. For example, 

the sequential process using zero-valent iron nanoparticles followed by biological 

oxidation has been studied by several researchers (Kim, Murugesan, Chang, Kim, & 

Chang, 2012) (Zhuang, Ahn, & Luthy, 2010). Zero-valent iron nanoparticles are good 

reducing agents: they break a compound’s bonds through the gain of electrons. In 

the present case, halogens and bromine are targeted in the reaction as they are 

found in large quantities in PBDE. In the Kim et al. study, a 67% reduction in deca-

BDE was seen after 20 days with these iron particles present. Afterwards, a 4-day 

contact time with Sphingomonas sp. bacteria present enabled the degradation of 

intermediates into bromophenols and other metabolites (Kim, Murugesan, Chang, 

Kim, & Chang, 2012). This process cannot however be applied at the scale of a plant 

as the contact time is very long.  

 

In the same vein, degradation of PBDE by ultraviolet rays was studied by Shih & 

Wang in 2009. Much faster than zero-valent iron degradation, PBDE irradiation 

produced the almost complete degradation of BDE-209 in 60 minutes considering a 

dose of 895.6 W/m2. Tests were also conducted with deca-BDE and the results 

showed that after 60 minutes, the majority of the compounds had degraded into 

nona-BDE and octa-BDE. Sequential irradiation is thus necessary to degrade these 

products into single-halogen compounds. However, this process is much slower than 

the previously-presented photocatalysis. 

 

5.2.4 Perfluororinated Chemicals (PFCs) 

Perfluororinated chemicals (PFCs) and more specifically perfluorooctanoic acid 

(PFOA) and perfluorooctane sulfonic acid (PFOS) are micropollutants that are very 

persistant in nature due to their great chemical stability.  

 

Process that are proven to remove PFCs are adsorption onto activated carbon and 

ion exchange (anionic) resins (Lutze, Panglisch, Bergmann, & Schmidt, 2012) (Lutze 

et al., 2012). It is possible to assess the compounds’ adsorption ability using the 

Freundlich constant KC. The following table presents several values for this constant 

according to the targeted compound and the treatment used. When the value of KC 

is greater than 50, the compound is considered to be easily absorbable. 
  



Environment Canada 
Effectiveness of Conventional and Advanced In Situ Leachate Treatment 

WSP Canada Inc. Page 83 
131-24259-00 

Table 5.9 Freundlich Constants for PFOA and PFOS (Yu, Zhang et al., 2009)  
 

Compound Treatment KC 

PFOA 

Granular activated carbon 10 

Powdered activated carbon 38 

Strong base anionic resin 178 

PFOS 

Granular activated carbon 14 

Powdered activated carbon 43 

Strong base anionic resin 43 

 

Anionic resins are more effective in removing PFOAs as these compounds have a 

lower molecular weight, which makes adsorption onto resin easier. 

 

Membrane processes can also be used, specifically nanofiltration and reverse 

osmosis. Studies have shown that reverse osmosis removes over 90% of PFOS 

and, in certain cases, over 99% (Lutze et al., 2012). However, these results were 

obtained with synthetic water which does not have the same characteristics as 

landfill leachate. Therefore, pre-treatment would be needed to avoid membrane 

clogging.  

 

A study conducted by Schröder et al. in 2010 shows PFOA and PFOS removal 

results for several physico-chemical processes as well as several advanced 

oxidation processes. According to the literature (Lutze et al., 2012), oxidation is not 

very effective in degrading perfluorinated compounds as they react very little with the 

hydroxyl radicals produced during the reaction. Indeed, as fluorine is the most 

electronegative element, it tends to retain its electrons, thus resists oxidation 

(Vecitis, Park, Cheng, Mader, & Hoffmann, 2009). This is why advanced non-

conventional oxidation processes are necessary, using for example SO4
- radicals. 

However, results from the Schröder et al. study point in a different direction, as seen 

in Figure 5.11. 
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Figure 5.11  PFOS and PFOA Reduction Results 
(Schröder, José, Moreira, & Pinnekamp, 2010) 

 

According to the results of this study, the most effective process on wastewater 

taken directly from the treatment plant in the city of Aachen, Germany, is adsorption 

onto granular activated carbon. However, ion exchange resins were not tested. It 

should also be noted that Fenton oxidation combined with ultraviolet rays provides 

good PFOS and PFOA removal.  

 

Sonochemical degradation is another example of an emerging technology that has 

been studies for PFOS and PFOA removal. The principle of the technology is as 

follows: the water to be treated receives ultrasonic waves, which increases the water 

temperature and produces bubbles, which serve as adsorption surfaces for the 

contaminant. As the temperature at the surface of the bubbles approach 

1000 degrees Kelvin, the bubbles collapse and the contaminant is decomposed 

pyrolytically (Cheng, Vecitis, Park, Mader, & Hoffmann, 2008). In the study 

conducted by Cheng et al., the effect of competition was targeted by comparing 

sonochemical degradation in pure water and with leachate. The following results 

were obtained: 
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Figure 5.12  PFOS and PFOA removal by Sonochemical degradation 

(Cheng, Vecitis, Park, Mader, & Hoffmann, 2008) 
 

We can see that when other compounds are present, PFOS and PFOA degradation 

is slower, which shows the effect of competition. 

 

Furthermore, Lampert et al. studied several physico-chemical processes to assess 

the PFOS and PFOA reduction performances. Once again, activated carbon was 

tested, as well as adsorption onto calcium fluoride, ion exchange resins, an 

evaporation process and a liquid/liquid extraction process. The results were obtained 

from laboratory tests. Adsorption onto calcium fluoride provided a reduction of 52.4% 

for PFOAs and 69.7% for PFOS. However, the evaporation results showed that  

PFOAs are volatile as they were found in large quantities in the distillate (Lambert, 

Frisch & Speitel Jr, 2007). Liquid/liquid extraction does not show any relevant results 

as it is difficult to apply in real scale.  
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Another study showed the effectiveness of a treatment combining nanofiltration 

membranes and an adsorbent media (powdered activated carbon or hydrotalcite). 

PFOS and PFOA removal of over 97% was obtained in synthetic water. This process 

could be used for leachate treatment by adding a second membrane filtration step to 

obtain better performances as the performance of this hybrid process depends on 

the initial contaminant concentration (Rattanaoudom, 2011). In this study, the 

methods of treating PFOS present in wastewater were reviewed. Here is the data 

that were obtained: 

 

Table 5.10 Recap of Different PFOS and PFOA Treatment Processes 
(Rattanaoudom, 2011) 

 

 
These results show that the most effective and rapid process is sonochemical 

degradation. Photocatalysis is also very effective, as are membrane processes. 

However, the latter require very long contact times to obtain good performances.
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Over the last two years, WSP Group has also built two GAC remediation plants in 

Sweden for the removal of PFC-compounds. One of the plants is used for 

remediation of PFOS- and PFOA-contaminated drainage water from a cave hangar 

(cave-like, closed structure to hold aircraft or spacecraft in protective storage in 

Sweden). Roughly 26,000 m3 of contaminated water have been successfully 

remediated over a period of 11 months (> 99.99% remediation efficiency with regard 

to PFC-compounds, typical effluent PFOS concentration of 3-5 ng/l). The other plant 

treats PFC-contaminated storm water from a fire-fighting training facility where the 

contaminated water has a higher level of suspended solids. However, this plant does 

not have the same volumetric flow rates nor the remediation efficiency of the cave 

hangar plant. In both cases, the effluent concentration limits should comply with 

either local regulatory authorities or the Swedish Armed Forces Medical Services. 

 

These plants were optimized in order to maintain a high level of performance and 

with minimal costs and maintenance. The optimization was achieved by using 

optimal pre-filters or other pre-treatments for the influent. Without pre-treatment, it is 

nearly impossible to operate economically since the carbon is rapidly consumed by 

suspended solids and other dissolved organic compounds such as humic acid. 

 

5.3 Cost Evaluation of Advanced Treatment Technologies 

This chapter presents information on the capital and operating costs of the on-site 

advanced treatment technologies described above. Costs (in 2013 dollars) were 

developed for the treatment steps capable of removing the selected contaminants, at 

capacities of 100, 250, 500 and 1,000 m3/d of leachate production. These flows were 

chosen as typical leachate flows from landfills in Canada, covering a range of landfill 

capacities of 50,000 to 1,000,000 t/y, in summer and winter conditions. 

 

Equipment costs are based on the manufacturer’s selling price for packaged skid-

mounted system components, as tertiary treatment after a complete biological 

treatment to remove only the targeted contaminants. Total capital costs from the 

process equipment were developed using a factor method to estimate the other 

direct and indirect costs of equipment, based on our experience in similar projects.  
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The installed costs include all costs associated with the facilities, among others: 

foundations, instruments, piping, insulation, buildings and services, as well as 

construction and field expenses, engineering and contractor fees. A factor of two 

times the equipment cost was used to estimate the total capital cost of installation. 

The single factor was selected since the equipment costs include skid mounted 

prepiped and prewired equipment which requires less on-site installation than 

standard equipment. Operating costs, including chemicals, replacement membranes 

or media, power consumption, labour and maintenance, were also calculated. For 

technologies like RO and vacuum evaporation, the treatment of the concentrate 

liquid is not considered, since this stream is usually recirculated in the landfill. Costs 

of sludge disposal were not taken into consideration. For the maintenance costs, 5% 

of the equipment costs per year were considered. 

 

The total capital costs are amortized over 25 years at a 7% annual interest rate and 

2% inflation. Then, the total cost for treatment per cubic meter of processed 

leachate, including capital and operation costs, are presented. Details of design 

specifications for the system and assumptions made in the cost analysis are 

presented in Appendix B. 

 

The capital costs were based on similar projects and responses from a questionnaire 

and several suppliers. 

 

5.3.1 Activated Carbon Filters 

Cost estimates have been prepared for a leachate treatment process consisting of 

two granulated activated carbon pressure filters in series mounted in a skid to 

remove PFOS, PPCPs and BPA. Design conditions were obtained from 

experimental data generated by a pilot study conducted by DuPont for PFOS 

(Hartten, 2009) and a study conducted by the New Mexico Environmental 

Department, for PPCPs and EDCs (Carson O. Lee, 2009). The minimum contact 

time considered is 20 minutes. Studies demonstrated that the breakthrough (as the 

contamination begins to show in the effluent)  was achieved between 30 days and 

2.7 years depending on the compound (Hartten, 2009) (Carson O. Lee, 2009). For a 

cost comparison, it was assumed that GAC would require replacement every 

6 months.  
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Table 5.11 shows the total capital and operating costs for the treatment process at 

four design capacities. It is observed that there is some economy of scale for larger 

capacity systems.  

 
Table 5.11  Cost Summary for Activated Carbon Filters 

 
Capacity (m3/day) 100 250 500 1 000 

Annual amortized capital costs $52,221 $54,633 $61,729 $70,952 

Annual operating costs $45,548 $65,153 $88,507 $145,943 

Total annual operating costs $97,769 $119,787 $150,235 $216,896 

Costs per cubic meter processed $2.68 $1.31 $0.82 $0.59 

 

In a real operational scenario, the adsorption capacity and operating life can be 

dramatically reduced by competitive adsorption between compounds, particularly 

when natural organic matter is present. 

 

5.3.2 Membrane Systems 

Cost estimates have been prepared for a leachate treatment process consisting of a 

two-step reverse osmosis system mounted in a skid to remove PPCPs, BPA and 

PFOS, including a cartridge filter and a clean-in-place (CIP) system. Reverse 

osmosis was chosen as the optimal membrane system, since it has a similar or 

greater removal efficiency compared to other membrane processes, and the 

installation costs are similar to a nanofiltration system. Design conditions were 

obtained from an article on membrane process applications for leachate in Europe 

(S. Renou, 2008). A 65% recovery rate was assumed, as the percentage of osmosis 

feedwater that is converted into permeate. RO membranes would need to be 

replaced every 1.5 year. 

 

Table 5.12 shows the total capital and operating costs of the treatment process for 

four design capacities.  
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Table 5.12  Cost Summary for Reverse Osmosis System 

 
Capacity (m3/day) 100 250 500 1 000 

Annual amortized capital costs $21,286 $31,219 $49,667 $78,048 

Annual operating costs $237,611 $542,528 $1,030,555 $2,028,610 

Total annual operating costs $258,897 $573,747 $1,080,222 $2,106,658 

Costs per cubic meter processed $7.09 $6.29 $5.92 $5.77 

 

 

5.3.3 Photochemical Oxidation 

Cost estimates have been prepared for a leachate treatment process consisting of 

photochemical advanced oxidation treatments. Three different processes ̶ Photo 

Fenton oxidation, ozonation and hydrogen peroxide were coupled with a UV system 

in order to address the four contaminants in this study.  

 

It is important to mention that specific dissolved substances, HCO3
- and DOM, can 

have notable effects on the hydroxyl radical reaction pathways with contaminants, 

which drastically influence oxidation efficiency (William J. Cooper, 2010) and the 

design parameters. 

 

5.3.3.1 Ultraviolet - Hydrogen Peroxide 

The equipment includes a hydrogen peroxide dosing system, a hydrogen peroxide 

storage tank and UV reactors. Design conditions were obtained from different 

articles for leachate or other water applications (Shane A. Snyder, 2003) (Santiago 

Esplugas, 2007) (Westerhoff, 2003) (Snyder, Wert, Lei, Westerhoff, & Yoon, 2007) 

(Chad D. Vecitis, 2009).  

 

At UV doses (product of light irradiation intensity and residence time) of 

3,000 mJ/cm2, the removal of different antibiotics ranged between 50 and 80% 

(Shane A. Snyder, 2003) (Santiago Esplugas, 2007). According to another 

publication, doses greater than 5,000 mJ/cm2 are required to oxidize aromatic EDCs  
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and PPCPs (Westerhoff, 2003). Another consideration is UV transmittance (UVT, 

measure of UV energy actually transmitted through water from the UV lamp) that is 

expected to be low due to the presence of tannins and lignins (product of decaying 

vegetation, wood and leaves). 

 

As observed by a study published in 2007 (Santiago Esplugas, 2007), the H2O2 

concentrations used ranged from 0.1 to 1 molH2O2/l to remove several EDC and 

PPCP compounds. In particular, doses of hydrogen peroxide between 50 and 

200 mgH2O2/l together with UV radiation were used for BPA removal (Santiago 

Esplugas, 2007). According to a UV supplier, doses of 5 mgH2O2/l of peroxide were 

used for treating contaminants in drinking water (Trojan Technologies, 2010). 

According to another publication, a dose of 250 mmolH2O2/l (8,500 mg H2O2/l) of 

peroxide was used for PFOS treatment (Chad D. Vecitis, 2009). A study sponsored 

by AWWA (Snyder, Wert, Lei, Westerhoff, & Yoon, 2007) evaluated advanced 

oxidation by UV and hydrogen peroxide using an UV irradiation of up to 

1,000 mJ/cm2 and hydrogen peroxide doses of up to 7.5 mgH2O2/l. 

 

For cost comparison purposes, doses of 50 mgH2O2/l of hydrogen peroxide and 

1,000 mJ/cm2 of UV were considered. 

 

Table 5.13 shows the total capital and operating costs of the treatment process for 

four design capacities.  

 

 
Table 5.13  Cost Summary for UV/H2O2 System 

 
Capacity (m3/day) 100 250 500 1 000 

Annual amortized capital costs $33,584 $52,032 $79,940 $135,756 

Annual operating costs $53,407 $90,631 $119,483 $224,726 

Total annual operating costs $86,991 $142,663 $199,423 $360,482 

Costs per cubic meter processed $2.38 $1.56 $1.09 $0.99 
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5.3.3.2 Photo Fenton Oxidation 

Photo Fenton oxidation equipment includes chemical dosing systems and storage 

tanks (hydrogen peroxide, iron catalyst, sulfuric acid and caustic soda), UV reactors, 

an oxidation tank and a solid-liquid separation unit. Design conditions were obtained 

from different articles for leachate or other water applications (Santiago Esplugas, 

2007) (US Peroxide) (Schröder, 2010) (Amilcar Machulek Jr., 2012) (WU, et al., 

2011). 

 

As observed by a study published in 2007 (Santiago Esplugas, 2007), the range of 

H2O2 concentrations used were 25 to 50 mgH2O2/l and the UV dose was 600 mJ/cm2 

for antibiotic removal. The correlation between the doses of iron (Fe2+) and hydrogen 

peroxide (H2O2) has an important effect on the Fenton reaction. The favourable 

H2O2:Fe2+ ratio presented in the same study was 2:1. According to a hydrogen 

peroxide provider, the typical H2O2:Fe2+ ratios are 5-10:1 and typical reaction times 

are 30 to 60 minutes (US Peroxide). According to another publication, a contact time 

of 30 minutes was used for PFOS treatment (Schröder, 2010). 

 

For a cost comparison, doses of 50 mg H2O2/l, 10 mgFe2+/l and 600 mJ/cm2 of UV, 

with 30 minutes of contact time, were considered. For pH adjustments, the effluent’s 

pH should be lowered to 3.0 (Amilcar Machulek Jr., 2012) (WU, et al., 2011) with 

sulfuric acid, and then neutralized with caustic soda to a pH of 7.0. 

 
Table 5.14  Cost Summary for UV/Fe2+/H2O2 System 

 
Capacity (m3/day) 100 250 500 1 000 

Annual amortized capital costs $97,071 $203,654 $376,088 $715,991 

Annual operating costs $114,773 $208,244 $356,364 $645,598 

Total annual operating costs $211,844 $411,898 $732,452 $1,361,589 

Costs per cubic meter processed $5.80 $4.51 $4.01 $3.73 
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5.3.3.3 Ultraviolet - Ozonation 

The equipment includes an ozone generator, UV reactors and a contact tank. Design 

conditions were obtained from different articles for leachate or other water 

applications (Santiago Esplugas, 2007) (Snyder, Wert, Lei, Westerhoff, & Yoon, 

2007).  

 

Doses of ozone, between 1 and 8 mgO3/l with a contact time of 3 to 5 minutes, are 

required to oxidize EDCs and PPCPs (Westerhoff, 2003). As observed by a study 

published in 2007 (Santiago Esplugas), a range of O3 concentrations of 0.1 to 

30 mg/l were used to remove several EDC and PPCP compounds. A study 

sponsored by AWWA (Snyder, Wert, Lei, Westerhoff, & Yoon, 2007) evaluated 

advanced oxidation with tertiary treated wastewater by ozonation alone and 

combined with hydrogen peroxide using a dosing range of 4.9 to 8.7 mg/l, and a 

contact time of 18 minutes for EDC and PPCP removal . 

 

For a cost comparison, doses of 5 mgO3/l of ozone and 600 mJ/cm2 of UV were 

considered with a contact time of 10 minutes.  

 
Table 5.15  Cost Summary for UV/O3 System 

 
Capacity (m3/day) 100 250 500 1 000 

Annual amortized capital costs $39,042 $69,224 $117,161 $213,037 

Annual operating costs $72,857 $127,392 $169,004 $277,228 

Total annual operating costs $111,899 $196,616 $286,166 $490,265 

Costs per cubic meter processed $3.07 $2.15 $1.57 $1.34 

 

5.3.4 Thermally-Induced Reduction 

No studies were found on vacuum evaporators or their ability to remove the targeted 

contaminants. Therefore it was impossible to provide a cost estimate for this 

process. 
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5.3.5 Costs Summary 

The cost comparison of treatment processes is illustrated in Figure 5.13 and 

Table 5.16 below. 
 
 

Table 5.16  Total Costs per m3 processed for Different Advanced Treatment Processes 

 
Capacity (m3/day) 100 250 500 1 000 

Technologie Costs per m3 processed 

GAC $2.68 $1.31 $0.82 $0.59 

Reverse Osmosis $7.09 $6.29 $5.92 $5.77 

Ultraviolet - Hydrogen Peroxide (UV/H2O2) $2.38 $1.56 $1.09 $0.99 

Photo Fenton Oxidation (UV/O3/Fe2+) $5.80 $4.51 $4.01 $3.73 

Ultraviolet – Ozonation (UV-O3) $3.07 $2.15 $1.57 $1.34 

 

 
Figure 5.13  Total Costs for Different Advanced Treatment Processes 
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The figure indicates that RO is the most expensive treatment system and GAC filters 

are the least expensive treatment per cubic metre of leachate treated. The results 

show that the GAC process offers the lowest operating cost. The initial investment 

costs for RO are competitive; however, it uses the highest amount of energy and is 

costly due to the electrical consumption required for high pressure. 

 

Even though the typical UV doses required for disinfection are several orders of 

magnitude lower than those used for the treatment of micropolluants, UV treatment 

of EDCs and PPCPs can be economically competitive with other advanced 

treatment methods. The operating cost of AOPs is also high due to the continuous 

addition of reagents such as H2O2 and Fe2+ and the required pH adjustment 

chemicals.  

 

Although the Photo Fenton process (UV/O3/Fe2+), among other AOP methods 

studied, was found to demonstrate the best results, use of UV/H2O2 seems to show 

satisfactory removal performance and is a more cost-effective choice for leachate 

treatment. Moreover, as previously stated, Fenton oxidation generates sludge which 

can be easily separated from the leachate but requires thickening and, 

consequently, additional investment and operational costs not covered by this study.  

The UV/H2O2 process would compete satisfactorily with GAC systems. 
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6. ADVANTAGES OF ADVANCED LEACHATE TREATMENT TECHNOLOGIES FOR 

THE ENVIRONMENT AND HUMAN HEALTH 

Over the last ten years, traces of pharmaceutical products have been detected in 

lakes, rivers, streams and tap water in Canada. Other chemicals have also been 

found, most notably from cosmetics, toiletries, additives and veterinary medicines. 

All these chemicals are included under the heading of PPCPs that is 

pharmaceuticals and personal care products. As well as PPCPs, other chemicals are 

also present, including bisphenol-A (BPA), polybrominated diphenyl ethers (PBDEs) 

and perfluororinated chemicals (PFCs). These products come mainly from plastic 

residues (BPA), appliances (PBDEs) and fabrics or food packaging (PFCs). Granted, 

all these products are present in trace amounts, scientists and decision-makers are 

concerned about the negative effects they could have on health and the 

environment. Most of these products as well as their metabolites are endocrine 

disrupters and can have negative long-term effects both on the environment (aquatic 

wildlife) and on human health. 

 

PPCPs mainly come from natural human and animal discharges (excrement and 

urine) after having consumed medication, or from un-used medication which finds its 

way into treatment plant and domestic waste effluents (excrement from pets, 

diapers, toiletries, etc.). PFCs and PBDEs mainly come from appliances, 

kitchenware (non-stick coatings on pans), as well as certain fabrics (waterproofing) 

which are too often thrown out (instead of being recycled). For its part, BPA comes 

from cans, thermal paper and especially plastics that are thrown in the garbage. 

Conventional treatment processes have not been designed to remove medications. 

Consumption of these products has continued to grow over the last decades in 

industrialized countries. As a society, we are using more drugs than ever before, 

setting the stage for increased contamination over time. 

 

Regarding PPCPs, the concentrations detected in surface water are minute, typically 

between 20 parts per billion (ppb) and less than one part per trillion (ppt) for each 

substance. We are exposed to a mixture of PPCPs on a daily basis, throughout our 

lives. The substances and quantities will vary depending on where we live. Many 

drug compounds dissolve in water but about 30% dissolve only in fat. This enables 

them to enter cells and move up food chains to become more concentrated.  
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Deformities in the reproductive systems of fish and frogs show that PPCPs, are not 

harmless. Risks to humans are not known, but could include resistance to antibiotics 

and the disruption of endocrine (i.e. hormonal) systems. Recent research shows that 

humans and other forms of life have "windows of vulnerability", times when exposure 

to very small amounts of toxic chemicals can be harmful. A developing fetus, an 

infant or a person with a compromised immune system would typically be at more 

risk than a healthy person. 
 

Polybrominated diphenyl ethers (PBDEs) are ubiquitous environmental contaminants 

due to their long half-life and widespread use as flame retardants in several 

consumer products, including plastics. They are neurotoxin and endocrine 

disruptors, causing thyroid and neurodevelopmental dysfunctions. Since thyroid 

hormones affect the function of nearly all tissues via their effects on cellular 

metabolism, the interference with thyroid hormone homeostasis by PBDEs, 

therefore, has the potential to have an impact on development and on every system 

in the body. 

 

PFOS and PFOA have also been detected in a wide range of human tissues, 

including blood serum, umbilical cord blood, liver tissue, seminal fluid and breast 

milk. According to Health Canada (2009), exposure to these contaminants has been 

associated with various adverse health effects in laboratory animals, including 

immune, liver and thyroid function.  

 

While leachate is not the main source of this contamination, it does contribute to this 

problem. No conventional technology can substantially eliminate most of these 

products; only certain advanced technologies are able to eliminate or at least 

considerably reduce these products in water. The reasons why conventional 

processes cannot eliminate these molecules is that they are already metabolized in 

different forms and in very low concentrations below the minimum concentrations 

necessary for a conventional system such as biological processes or coagulation to 

be able to be effective, as well as their size meaning they are not captured by 

conventional filters. 
 

Advanced treatment of leachate and wastewater in general, to enhance the quality of 

water discharged to the receiving environment, represents a desirable objective from 

an environmental point of view, both for fauna and for the population at large. 

However, the treatment objectives have to be defined considering the best available 

technologies that are economically feasible.  
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7. SUMMARY COST ESTIMATES FOR LEACHATE TREATMENT IN CANADA 

7.1 Conventional In Situ Leachate Treatment 

The costs associated with in situ leachate treatment are specific to each landfill’s 

operating conditions as the flow and composition of the leachate vary considerably 

from one site to another, and even from year to year for each individual site. It is 

interesting to see that two relatively similar landfills, run by the same company in 

areas with identical climates, can have leachates with very different compositions.  It 

is therefore difficult to predict the composition of leachate, usually becoming known 

during the operation of a landfill. 

 

Therefore, the costs associated with treatment vary greatly between landfills in 

Canada and elsewhere due to a number of factors, including: 

 Climate and the influence of precipitation and evaporation of the annual volume 

of leachate produced, and of temperature on the effectiveness of biological 

treatments; 

 The type, annual quantity and average age of the landfilled waste, the  landfill 

method, the landfill’s technical characteristics which have an impact on the 

annual volume and pollution loads present in the leachate; 

 The regulatory standards in force for discharges into the natural environment 

and their impact on the treatment technologies implemented for leachate 

purification; 

 The treatment’s technological level, capital cost and annual operating and 

maintenance costs. 
 

All these factors have an influence on the type of treatment that is implemented, its 

technological complexity, the human supervision needed, the level of expertise 

required of the system’s operator, the energy and chemical needs, the maintenance 

and equipment replacement costs, etc. 

 

The capital cost of constructing treatment systems is not proportionate to the annual 

flow of leachate to be treated, as small-capacity plants have a treatment cost per  
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cubic meter that is higher than large-capacity systems for similar technologies. In 

fact, the size of the structures (buildings, basins) and quantities of materials 

necessary (concrete) is not necessarily directly proportionate to the flow and 

generally favours high-capacity landfills. 

 

With the strengthening of regulatory requirements in Quebec in 2009 including the 

implementation of a strict ammoniacal nitrogen standard of 10 mg/l in effluent, many 

leachate treatment systems were updated or built using high-efficiency biological 

treatment technologies, including biological sequencing batch reactors or fluidized 

bed bioreactors. Furthermore, several projects implemented leachate heating for 

water treatment, and more specifically year-round nitrification, to avoid the oversized 

treatment facilities associated with seasonal treatment.  

 

As an example, Table 7.1 and Figure 7.1 show the approximate capital and 

operational costs for various sites in Quebec. The total costs obtained in Quebec 

seem below the average for American landfills, as WM talked of a total cost of 

around $8 to 10/m3 US for sites with SBR-type biological treatment (32 sites), and 

$16 to 20/m3 US for systems using RO in addition to SBR (3 sites). 

 

The operational costs can vary between the sites depending on the elements 

included in the budget by the operator. These costs should include the following 

annual expenses: 

 Energy costs, which are usually a significant amount of the total treatment costs; 

 Direct labour related to the operation of the treatment system; 

 The chemicals required; 

 The maintenance and equipment replacement costs; 

 The cost of the environmental monitoring of the plant’s performance and 

effluent. 
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Table 7.1 Approximate Capital and Treatment Costs for Various Quebec Landfills 

 

 

Site / Design Flow Description of Treatment Design Flow Leachate 
Treatment 

Construction 
Costs

Capital Unit 
Costs

 ( 25 yrs 7%)

Operating Costs Total Costs 

per m3

Total Costs 
per year

Remarks

m3/yr $ $/m3 $/m3 $/m3 $/yr
Site 1 - 92500 m3/yr Accumulation basin, completely mixed and 

optional aerated ponds, partial heating, two 
SMBR reactors, coagulation and 
flocculation, radial settling tank and 
hydrogen peroxide disinfection

92500 7000000 3,23 $ 2,13 5,36 $ 495 800 $ Burial of ash, low DBO5 and NH4, 

treatment May to December

Site 2 - 12000 m3/yr Accumulation basin, completely mixed 
aerated pond, leachate heating, two SMBR 
reactors, coagulation and flocculation, static 
decanter 

12000 2500000 8,88 $ 7,85 16,73 $ 200 784 $ Very small capacity landfill (16000 
t/yr)

Site 3 - 32500 m3/yr Accumulation basin, leachate heating, RBS, 
UV disinfection, centrifugal dewatering of 
sludge

32500 5250000 6,89 $ 4,00 10,89 $ 353 827 $ Treatment designed to 
accommodate the addition of 10000 

m3 of septic sludge filtrate in the 
future

Site 4 - 260000 m3/yr Equalization basin, completely mixed 
aerated pond, lamellar clarifier, leachate 
heating, RBS, post-equalization, polishing, 
centrifugal dewatering of sludge

260000 8000000 1,31 $ 3,20 4,51 $ 1 173 070 $

Site 5 - 235000 m3/yr Equalization basin, completely mixed 
aerated pond, leachate heating, RBS, post-
equalization, centrifugal dewatering of sludge

235000 9000000 1,63 $ 3,60 5,23 $ 1 229 703 $

Site 6 - 30000 m3/yr Equalization basin, 5 SMBR reactors, 
leachate heating, 2 static decanters, sludge 
stabilization pond, UV disinfection

30000 4750000 6,75 $ 4,53 11,28 $ 338 410 $ Includes the treatment of around 

10000 m3 of septic sludge filtrate

Site 7 - 25500 m3/yr Seasonal treatment, accumulation basin, 4 
aerated ponds, peat filtration

25500 2560000 4,28 $ 4,18 8,46 $ 215 732 $

Site 8 - 27140 m3/yr Seasonal treatment, accumulation basin, 2 
SMBR reactors, coagulation, flocculation 
and static decanter

27140 3300000 5,18 $ 5,15 10,33 $ 280 462 $
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Figure 7.1 Approximate Capital and Treatment Costs for Different Landfills in Quebec 

 

 

Based on WSP’s experience and considering that ammoniacal nitrogen treatment is 

a requirement for landfills with discharges into the environment, it is therefore 

possible to state that the capital cost of a complete treatment facility would be 

between $3 and $12M depending on the facility’s burial capacity and the required 

discharge standards or objectives. The majority of the projects completed in recent 

years have a cost of between $4 and $8M. 

 

7.2 Ex situ Leachate Treatment 

Ex situ treatment refers to treating leachate off-site, through a municipal wastewater 

treatment plant (WWTP). First, it is important to consider that the typical composition 

of leachate usually exceeds the capacity of WWTPs to handle and treat the 

leachate, except in special circumstances. The leachate’s organic and nitrogenous 

concentrations can be up to 500 times above those in municipal influents. Under 

these conditions, the hydraulic impact of the volume of leachate sent to the plant is 
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usually negligible, but DBO5 et NH4 loads mean that the WWTP cannot receive a 

large amount unless the leachate is pretreated or unless the municipal plant has 

been designed or modified accordingly. In our experience, a WWTP which has been 

designed for typical municipal influents, cannot usually handle more than 5% of its 

design flow in leachate, depending on the latter’s composition. It is also interesting to 

note that treatment of leachate by a municipal plant, for example an aerated pond-

type facility, can lead to other issues such as algae development in summer with the 

increase in nitrates in the last ponds following nitrification when the water 

temperature exceeds 10°C. 

 

While little data were obtained regarding the costs of off-site treatment by a WWTP, 

it appears that these costs are also extremely variable from one place to the next. 

According to the information obtained, in the US, this cost varies by a factor of 100 

between $2.50/m3 US and $250/m3 US ($1/usg). These costs vary according to 

region, discharge standards, the impact of treatment on the plant, transportation 

costs, etc. Furthermore, preferential landfill tariffs are sometimes negotiated with the 

municipality which takes over leachate treatment to reduce the treatment costs.  

 

The method used to transfer the leachate to the WWTP has a direct impact on off-

site treatment costs. Generally, direct flow into the municipal sewer system is the 

most economical solution and truck transport is the most expensive. The use of a 

discharge line from the landfill to the WWTP, or to the municipal sewer system, is 

generally cost-effective in the long term compared to tank transport, if the distance is 

not too far. 

 

In Quebec, costs of around $0.25/m3 are cited, but leachate receives relatively 

advanced on-site pre-treatment before being discharged into the municipal sewer 

system. When a municipal landfill transports or discharges its leachate to its own 

local wastewater treatment plant, the specific cost of leachate treatment is often not 

independently defined (Matane, Rimouski). 

 

In the case of private landfills, the discharge of leachate to a WWTP is usually the 

subject of an industrial discharge agreement with the municipality. These 

agreements set the maximum daily loads that the WWTP can handle in terms of flow  
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and various treatment parameters, usually COD or BOD5, TSS, NH4, pH at in at least 

one case, seasonal nitrate requirements. In cold climates, the discharge 

requirements are often adjusted according to the season to take into account the 

poorer performance in cold water of biological wastewater treatments used by the 

majority of cold-water municipal treatment plants. 

 

WSP’s experience in various projects involving landfills or other industrial discharges 

into municipal sewers shows that the unit cost set in the industrial agreement is often 

established according to the following elements: 

 Proportion of industrial discharge requested by the company with regard to the 

municipal wastewater treatment facility’s design flow and load; 

 Participation in capital cost: 

- Establishment of the industry’s participation according to an allocation 

formula of a first amount based on the capital costs of the treatment plant 

and, when applicable, of the part of the sewer network  including pumping 

stations used to transport the leachate; 

 Participation in real annual operational costs: 

- Establishment of the industry’s participation according to a formula which 

takes into account the real loads and flows handled throughout the year and 

the municipal plant’s real total operational costs. 

 

In the case of landfill leachate, flows are frequently negligible with regard to those 

from the municipal WWTPs that receive them. However, given their much greater 

organic and nitrogenous concentrations, they can have a significant impact on  

WWTPs in terms of energy consumption and other aspects (chemicals, sludge 

management). Landfills sometimes have in situ pre-treatment to reduce their impact 

on the municipal plant to an acceptable level. 

 

In Quebec, the Démarche d’autorisation des projets comportant le rejet d’une forte 

charge d’azote ammoniacal dans des ouvrages municipaux d’assainissement des 

eaux considerably limits the possibility of treating landfill leachate with municipal 

wastewater. Indeed, for all industrial discharges that represent over 5% of the  
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WWTP’s NTK design load, it must be demonstrated that the plant is able to handle a 

high ammoniacal nitrogen load. The municipal treatment plant must use biological 

treatment and allow nitrification during the period when it will be receiving this load. 

Aerated ponds, where nitrification occurs, at best, during a few summer months, are 

common in Quebec. This helps to considerably limit joint leachate/municipal 

wastewater treatment projects. 

 

In the UK, the document Guidance for the Treatment of Landfill Leachate (Integrated 

Pollution Prevention and Control (IPPC), Environment Agency for England and 

Wales and the Northern Ireland Environment and Heritage Service (EHS) and the 

Scottish Environment Protection Agency (SEPA, February 2007) favours the use of 

the Mogden formula for setting the cost of treating leachate at a leachate treatment 

plant. This formula links the unit cost to the volume and composition of the leachate 

and determines the level of treatment needed based on average regional municipal 

water treatment costs. The cost takes into account the following factors: reception 

and transport, primary treatment, biological treatment, treatment and discharge if the 

effluent is discharged at sea and the biological oxidation of the sludge generated. 

 

7.3 Economic Impact of the Use of Advanced Treatment Technology 

The addition of advanced treatment technologies targeting specific or persistent 

contaminants is generally done as a tertiary treatment, as this type of technology is 

not adapted to treating high organic and nitrogenous loads. 

 

Furthermore, this type of technology is often sensitive to clogging, meaning that 

advanced pre-treatment of the wastewaters/leachate and sufficient separation of 

suspended matter is usually required. 

 

The costs of advanced technologies, presented in Chapter 5, are therefore directly 

added to those established for high-efficiency conventional technologies. Depending 

on the established costs, advanced technologies can increase the overall cost of 

treatment by an estimated $1 to 10/m3 depending on the plant’s capacity. 
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The costs given by a company that operates eight leachate treatment plants using 

advanced RO treatment indicates an overall treatment price between $16 and 

$21/m3. In all cases, the concentrate generated by osmosis is returned to the landfill 

body. This recirculation will possibly lead to the oxidation of some of the compounds, 

but others that are harder to degrade and are more persistent could concentrate 

over time. None of the sites called upon for the present study that use RO treat the 

concentrate. In all cases, it was returned to the landfill. 

 

The Canadian climate is not an obstacle to the use of advanced technologies, as 

they are usually installed inside heated buildings to protect the equipment and make 

maintenance easier. Water temperature can however have an influence on the 

design of treatment equipment. Moreover, given the requirements for ammoniacal 

nitrogen treatment, some landfills, especially in Quebec, have in recent years used 

leachate heating systems so as to maintain efficient nitrification year-round. 
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8. KEY FINDINGS 

Based on the findings of this study, it is confirmed that PPCPs, BPA, PBDEs and 

PFCs are present in leachate in Canada, USA and elsewhere in the world. In some 

cases, the observed concentrations are well above detection limits and human 

health intake levels in water as recommended by different health agencies.  

 

A review of landfill leachate regulations also confirms that currently, there are no 

laws or regulations for leachate or municipal wastewater regarding the maximum 

PPCPs, BPA, PBDEs or PFCs concentrations for effluent. While a few 

recommendations have been issued regarding maximum concentrations of 

contaminants that are going to be either ingested or discharged (ex. PPCPs), 

legislative efforts are mainly focusing on limiting contaminant concentrations in 

consumer products and in manufacturing activities. 

 

Therefore, the current in situ advanced technologies are designed to act as tertiary 

treatment to allow the discharge of final effluent to the environment while complying 

with specific discharge criteria for that receiving environment. However, the 

substances studied in this report are not listed among these discharge criteria.  

 

Conventional Technologies 

 

Conventional treatment technologies include different processes, namely, physical, 

chemical and biological. Due to the fact that the composition of leachate varies 

greatly from one site to another, it is very difficult to identify the best conventional 

technology for leachate treatment. However, it appears that all high-efficiency 

biological treatment technologies, such as SBR, fluidized bed bioreactor, etc., are 

effective for a majority of conventional contaminants found in leachate. These 

technologies also allow efficient nitrogen removal prior to effluent discharge and if 

designed properly, their operational performance is consistent. For example, 

biological sequencing batch reactors are frequently used for medium- and large-

scale sites due to their operational flexibility which makes it possible to adapt to 

variations in the leachate’s composition over time. However, they do require a higher 

operational level and more technical expertise. 
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In recent years, fluidized bed reactors have been implemented for medium- and 

small-scale sites at numerous sites in Quebec. Their operational simplicity makes 

them well-adapted to regional sites which do not always have experienced technical 

treatment resources. Many other biological treatment technologies can be effectively 

adapted to treating leachate, with the basic principles remaining the same in all 

cases. The main disadvantage of conventional technologies is the high cost of 

energy due to the amount of aeration required in biological treatment for the removal 

of organic and nitrogenous matters.   
 

While a certain portion of the contaminants can be destroyed with conventional 

physico-chemical and biological technologies, the principles of absorption and 

adsorption, which come into play in the removal processes, have the effect of 

concentrating contaminants in the sludge. If the sludge is returned to the site for 

burial without any conditioning other than dewatering or thickening, as is generally 

the case, the problem is simply shifted. 
 

Conventional technologies are generally not effective in removing the specific 

substances identified in this report. The rare high removal rates obtained were 

mainly seen for biodegradable substances when oxygen was present, due to the 

nature of the biological treatment.  
 

Because leachate generally contains a combination of substances (including those 

studied in this report), it is unrealistic to depend on the performance of any 

conventional treatment in order to bring down concentrations in the effluent to below 

detection rates, regardless of the substance. 
 

Primary treatments, including coagulation-flocculation and dissolved air flotation, 

contribute to a marginal removal rate for PPCPs, while biological treatment and 

ultraviolet disinfection have shown a large range of effectiveness: from close to no 

removal for carbamazepine to 90% and above for substances such as caffeine and 

ibuprofen. 
 

Conventional treatment systems, which include coagulation-flocculation and 

biological treatment, are able to reduce BPA in leachate with average removal rates 

around 90%. However, since BPA adsorption in sludge could represent 15 to 18% of 

the BPA removal rate, the fate of sludge needs to be considered (drying followed by 

burial or use). This could maintain or worsen the problem. 
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The same concern is raised for PBDE removal where the average removal rate for 

conventional treatment (i.e. around 70%) is mainly attributed to the sedimentation 

step or sorption process. This results in PBDE accumulation in sludge rather than 

PBDE biodegradation. 

 

The overall PFCs removal rate observed in this study was close to zero and, in some 

cases, an increase in PFCs concentration was observed. This increase is due to the 

formation of several metabolites with unknown effects through degradation. 

 

Therefore, conventional technologies, including physico-chemical and biological 

treatments, have shown low efficiency in treating PPCPs, BPA, PBDEs and PFCs.  

 

Advanced Technologies 

 

PPCPs, BPA, PBDEs and PFCs are substances that react uniquely to different 

treatments, meaning that a combination of technologies may be required for their 

treatment.  

 

According to this study, reverse osmosis (RO) is probably the most effective 

technology in general for eliminating PPCPs. As reverse osmosis is an absolute 

barrier, it can achieve an elimination efficiency greater than 95% for most of these 

products. However, the disadvantage is that it produces a concentrated residue of 

these substances (discharge or concentrate) which must be disposed of one way or 

another. Another advanced technology that is fairly effective in eliminating PPCPs is 

hyper ozonation which, in some cases, is successful in oxidizing these molecules 

into elements (C, N, etc.). However, the efficiency will vary considerably, depending 

on the nature of the substance to be treated. Finally, activated carbon can be 

effective in certain cases, depending on the molecular structure (adsorption 

phenomenon). However, as for RO, it requires disposal of periodic backflushing 

residue. 

UV itself did not have any impact on BPA removal. However, the introduction of 

radical promoters increased the removal efficiency and showed an effectiveness of 

100% in wastewater. Among the above treatments, UV/K2S2O8 obtained the highest  
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removal efficiency for BPA (and total organic carbon) removal. MBR, NF and RO 

also achieved a BPA removal rate of 99%. 

 

Fenton oxidation removes the majority of PBDEs with around 70% of removal rate. 

Another advanced oxidation process tested for PBDE removal is photocatalysis with 

TiO2 combined with adsorption. This process, tested in the laboratory, achieved 90% 

removal of BDE 209 in less than 10 minutes. Therefore, advanced oxidation seems 

to be an effective process for removing PBDEs.  

 

Processes that are proven to remove PFCs are adsorption onto activated carbon 

and ion exchange (anionic) resins. Also, studies have shown that RO removes over 

90% of PFOs and, in certain cases, over 99%, but these results were obtained with 

synthetic water which does not have the same characteristics as landfill leachate. 

Therefore, pre-treatment would be needed to avoid membrane clogging. 

 

The best technology, in our opinion, is one that permanently destroys the 

substances, such as advanced oxidation. Based on the findings of this study, 

advanced technologies such as RO or vacuum evaporation only allow treatment of a 

certain volume of contaminated leachate which is actually recirculated to the landfill. 

While recirculation can promote the long-term degradation of some of these 

compounds, other more recalcitrant ones will probably concentrate over time. 

Membrane technologies could then be combined with advanced oxidation 

technologies. Also worth considering is the use of direct oxidation technologies as 

tertiary treatment of effluent. Although, in this case, the effect of oxidation on certain 

substances, such as PFCs, should be taken into account and be further studied as it 

was observed that other more or less harmful compounds can be generated by this 

oxidation. 

 

Costs 

 

The use of advanced leachate treatment technologies in Canada is not unrealistic, 

but there is a cost involved. In Quebec, new leachate treatment regulatory 

requirements have required the development of high-efficiency biological treatment 

plants, considerably increasing the treatment costs. The costs related to this kind of  
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treatment in Quebec are currently between $5 and $12/m3 according to the 

information obtained and depending on the leachate treatment system’s capacity.  

This is currently within the same cost range as the advanced technologies studied 

although the economic impact of advanced technologies is greater for smaller-

capacity disposal sites where the fixed costs have a significant impact on the overall 

cost of treatment. 
 

Advanced technologies are usually used as a tertiary treatment, following 

conventional treatment. Their economic impact is thus direct and complementary 

and can constitute a significant cost, especially for leachate treatment plants for 

smaller landfills. In the US, the use of reverse osmosis as a tertiary treatment usually 

doubles the overall treatment cost per cubic metre, without concentrate treatment. 

Adding concentrate treatments for membrane processes would further increase the 

unit cost. 
 

RO is the most expensive treatment system and GAC filters are the least expensive 

treatment per cubic metre of leachate treated. The results show that the GAC 

process offers the lowest operating cost. Although the Photo Fenton process 

(UV/O3/Fe2+), among other AOP methods studied, was found to demonstrate the 

best results, use of UV/H2O2 seems to show satisfactory removal performance and is 

a more cost-effective choice for leachate treatment. Moreover, as previously stated, 

Fenton oxidation generates sludge which can be easily separated from the leachate 

but requires thickening and, consequently, additional investment and operational 

costs not covered by this study. 
 

Most landfills in Canada and the US prefer to discharge leachate to a municipal 

WWTP for treatment, as this is usually the simplest and most cost-effective solution. 

It is important to note that a landfill will continue to produce leachate, albeit in smaller 

quantities and with progressively smaller contaminant loads, for many decades after 

its final closure. Discharge to a municipal WWTP greatly facilitates post-closure 

treatment of the leachate. Quebec is the exception to the norm, as the new 

provincial regulations in force and government policies mean that few municipal 

WWTPs are able to handle the typical composition of leachate. Furthermore, landfills 

can be far from municipalities, meaning that in situ treatment followed by discharge 

to the environment is most common treatment method, and in many cases depends 

on high-efficiency biological treatment technologies.  





Environment Canada 
Effectiveness of Conventional and Advanced In Situ Leachate Treatment 

WSP Canada Inc. Page 113 
131-24259-00 

9. CONCLUSION 

This study evaluated the effectiveness of conventional and advanced treatment 

technologies for reducing PPCPs, BPA, PBDEs and PFCs concentrations in landfill 

leachate. In general, advanced technologies achieve a better removal rate for all of 

these substances (i.e. effluent concentration closer to the detection limit). The  use 

of conventional technologies alone cannot achieve satisfactory results in removing 

such contaminants and it is thus preferable to combine advanced technologies 

together with conventional technologies such as, conventional biological treatment. 

However the use of advanced technologies in addition to conventional ones, can 

double the costs of treatment. This is a significant additional burden, especially for 

small- and medium-sized sites. The additional cost would be even more substantial 

for sites that only use a basic pre-treatment before discharging their effluent into 

municipal sewers. 

 

While there are various environmental and human health advantages in treating 

these substances, it is difficult to justify the high investment required for landfills to 

update their current treatment systems, without the impetus of legislation, which they 

do not currently have. Furthermore, the majority of sites in Canada and USA 

(approximately 90%) only perform basic pre-treatment before discharging their 

leachate into municipal WWTP. Finally, the quantity of treated leachate discharged 

to the environment in Canada is significantly lower than the one associated with 

municipal wastewaters that contain similar loads of PPCPs, PFCs and PBDEs. 

Leachate only typically represents 5% of the WWTP’s total flow. Therefore, the first 

step would be to focus on upgrading municipal WWTPs in order to reduce this 

environmental issue caused by these contaminants or at least address the issue 

simultaneously with landfills. As for leachate treatment, the first objective is to 

implement a more restrictive regulation across Canada, based on the one currently 

in force in Quebec or on the federal government’s Wastewater Systems Effluent 

Regulations. 
 

The type of appropriate leachate treatment depends on many factors and the final 

selection has to be based on a meticulous procedure which considers all 

environmental, social and economic aspects. Leachate treatment in a municipal 

WWTP can be optimal, in some cases, if the WWTP already has the capacity to 
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nitrify, for example, or if the receiving environment has a higher capacity for effluents 

and is less sensitive. In contrast, an in-situ treatment at a remote landfill site which 

(even if it is extremely efficient), discharges in a receiving environment with a low 

flow rate in a more sensitive environment, could have a greater impact despite the 

increased quality of its effluent. The optimal solution will therefore be specific to each 

site.  

 

For example, in Quebec, in order to treat a concentration of ammonia nitrogen in 

excess of 5% of the WWTP capacity, it has to allow nitrification of the ammonia 

nitrogen during the period when this additional load is received. Since high organic 

and ammonia nitrogen loads are generally found in leachate, the regulation 

considerably limits the use of WWTPs to treat the collected leachate. In fact, most 

WWTPs, based on the conventional aerated lagoon technology, cannot allow 

nitrification for more than a few months and only during the summer and at the 

beginning of the fall season. An advanced treatment combined with a final treatment 

at a WWTP could however be considered. 

 

In all cases, the new Wastewater Systems Effluent Regulations, which came into 

force in February 2014 in Canada, will cause municipal WWTPs to review their 

systems’ capacity to treat ammonia nitrogen, and the impact of receiving leachate. 

This will bring modifications required to upgrade current and future facilities in order 

to address the ammonia nitrogen issue, or will force landfill sites or industries to pre-

treat their wastewaters before discharging it to a municipal WWTP. In fact, the 

requirements concerning the concentration in ammonia nitrogen in the effluent or the 

level of toxicity leads to the use of biological treatment technologies and other 

advanced technologies. This often results in a better quality effluent, compared with 

the effluent from a municipal WWTP using, among other basic technologies, aerated 

ponds. 

 

In the USA, despite landfills being identified as potential sources of emerging 

contaminants, the low volume of leachate discharged into the environment annually 

compared with municipal wastewater, which contains relatively similar 

concentrations of these substances, means that the focus has shifted to advanced 

treatment of municipal wastewater. Reducing contaminants in landfill leachate is 

rather achieved by implementing coercive measures for reducing at the source or 

recycling to prevent these substances from finding their way into waste. These 
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include drug recycling programs which prevents a certain amount of PPCPs from 

finding their way into landfills. The same situation applies to some substances such 

as PFCs and PBDEs, since the development of recovery programs could reduce 

their concentrations in leachate. Similar programs are currently in place in Canada, 

but as in the US, it seems that their effectiveness needs to be improved. 
 

Furthermore, the use of BPA is now banned in some countries, specifically for 

certain consumer products. Canada was the first country, in 2009, to ban rigid plastic 

baby bottles made with BPA, a measure since adopted in other countries, including 

France and Denmark. France has since voted to totally ban BPA for all food 

containers starting in 2014 and as of 2013 for products intended for children less 

than 3 year old. In US, certain states have completely banned the use of BPA or the 

sale of the products containing BPA, in cases which these products are intended for 

children. Some states have added a ban on using BPA in the manufacture of 

reusable water bottles and require all food and drink containers having BPA to be 

labelled as such. These measures should result in BPA level reduction over time in 

leachate. 
 

It is therefore evidently clear that leachate composition should change over the next 

few decades with the measures to implement recovery and recycling programs 

where, in some cases, very strict regulations will be applied. Quebec’s situation is 

very interesting, with a ban on wood in 2014 and organic matter in 2020 in landfills. 

This reduction in organic matter in Quebec’s landfills will inevitably lead to a drop in 

organic and nitrogenous loads, thus reducing the scale of required biological 

treatments. During the last 5 to 10 years, a reduction in BOD5 in leachate at various 

newly-operated landfills has already been observed due to the development of 

composting projects in Quebec. In the early 2000s, BOD5 concentrations were often 

higher than 10,000 mg/l, which is no longer the case today.  
 

This reduction in the organic and nitrogenous loads could allow treatment plants to 

reduce the size of biological treatments, thus reducing the associated costs. 

Changing the composition of leachate could possibly lead to a complete revision of 

the treatment processes and current leachate treatment’s design principles. 

Compared to the current situation, lower demand for biological treatments could 

enable advanced technologies to be implemented without significantly increasing the 

cost of leachate treatment. 
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10. RECOMMENDATIONS 

It is important to note certain limitations which were encountered during this study. 

Due to a lack of field data, the effectiveness of various technologies was assessed 

using data from scientific articles (i.e. research involving very different conditions 

from one site to another, in terms of climate, type of landfill, operational methods, 

etc.). Therefore, the next recommended steps would be to: 
 

1. Assess the effectiveness of different treatment technologies through a 

partnership or pilot project with one or more landfills to analyze landfill leachate 

concentrations with different treatment technologies. Thus, the experimental data 

would then give a better indication of the effectiveness of different combinations 

of technologies and their associated costs. Furthermore, the removal efficiency 

for all contaminants could be assessed simultaneously. This information was not 

found in most of the scientific articles.  
 

2. Study the fate of contaminants in the sludge produced during different treatments 

processes and in the concentrate from membrane-based treatment technologies. 

This is an important factor that could have an adverse impact on the environment 

and it is not often taken into consideration when assessing the performance of 

different technologies. 
 

3. Implement stricter standards related to the discharge of effluents of both 

wastewater and leachate across Canada, such as those that are imposed by the 

Quebec’s REIMR, or  regulations concerning municipal wastewater facilities such 

as the federal Wastewater Systems Effluent Regulations or the provincial 

Règlement sur les ouvrages municipaux d’assainissement des eaux usée. In fact, 

the imposition of requirements regarding the ammonia nitrogen concentration in 

the effluent or the level of toxicity leads to the requirement for biological treatment 

technologies and other advanced technologies, in order to enhance the quality of 

landfill site effluents. 
 

4. When considering the use of advanced technologies, start with the assessment of 

each specific site location and its characteristics. The type of treatment suitable 

for leachate depends on many factors, and the final choice must be derived from 

a thorough process which considers the environmental, social and economic 

aspects.  
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Appendix A 
 

Summary of the Conventional Treatment Technologies used for the  
Treatment of MSW Landfill Leachate in Canada and the US 



 



Treatment Level Flow Control Physical Treatment Units Chemical Treatment Units Suspended Solids Removal

Equalization and primary settling pond Ammonia stripping Phosphorus amendment for biological treatment Primary clarification : settling pond or tank, Dissolved 
air flotation (DAF)

Winter storage, equalization and primary settling Neutralization or pH ajustment

Treatment pump station Chemical coagulation and floculation

BOD/COD Removal Temperature and Chemical Amendment Ammonia and Nutrient Removal (combined or 
separated from BOD/COD removal system) Suspended Solids Removal

Lagoons Phosphorus amendment often required

Aerated lagoons (completly mixed and facultative) Alcalinity amendment (caustic soda, lime, 
bicarbonates, etc.) often required

Aerated lagoons (completly mixed and facultative) 
Only in summer in Canada

Secondary clarification : settling pond or tank, 
Dissolved air flotation (DAF) often with initial 
coagulation/floculation

Activated sludge or extended aeration Activated sludge (only in summer if leachate is not 
heated above 10°C)

Sand filtration

Sequencing batch reactor (SBR) Sequencing batch reactor (SBR) (only in summer if 
leachate is not heated above 10°C)
Can also perform preanoxic denitrification (nitrate 
removal) and pre-BOD removal

Microfiltration (membrane bioreactor or MBR)

Moving bed biofilm reactor (MBBR) or suspended 
media biofilm reactor (SMBR)

Moving bed biofilm reactor (MBBR) or suspended 
media biofilm reactor (SMBR)
BOD must be remove almost completly before 
ammonia reactors

Ratating biological contactor (RBC) Organic and inorganic biofilters (Biosor, Ecoflo) 

Trickling filter

Sand filter

Disinfection Membrane Filtration Refractory Organics Compoud Reduction

Ultra-violet Ultra-filtration Activated carbon

Disinfectants : Hydrogen peroxyde, ozone Nanofiltration

Reverse osmosis
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Table A.1 - Summary of the Conventional Treatment Technologies used for the Treatment of MSW Landfill Leachate in Canada and the US
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Appendix B 
 

Advanced Technologies - Costs Evaluation 



 



Table 1 - 

DESIGN SPECIFICATIONS

Capacity m
3
/day 100 250 500 1 000

System to include: 

Empty Bed Contact Time (EBCT) min 20                20                20                20                

Vessels Diameter ft 3                   4                   6                   8                   

Flowrate m/h 6                   9                   8                   9                   

GAC Volume m
3 1,4               3,5               6,9               13,9             

Breakthrough days 183              183              183              183              

CAPITAL COSTS

Total Capital Costs 736 000  $    770 000  $    870 000  $    1 000 000  $ 

OPERATING COSTS

Electrical consumption kW/year 650              700              900              1 100           

@ 0,10 $ /kWh $/year 65  $              70  $              90  $              110  $            

Media Replacement $/year 8 333  $         20 833  $       41 667  $       83 333  $       

 @ 3 000 $/m
3

Labour h/day 1,5               2,0               2,0               3,0               

@ 50 $ /h 18 750  $       25 000  $       25 000  $       37 500  $       

Maintenance $/year 18 400  $       19 250  $       21 750  $       25 000  $       

TOTAL COSTS

Annual Ammortized Capital Costs 25 years @ 5% 52 221  $       54 633  $       61 729  $       70 952  $       

Annual Operating Costs 45 548  $       65 153  $       88 507  $       145 943  $    

TOTAL ANNUAL COSTS 97 769  $       119 787  $    150 235  $    216 896  $    

Costs per m
3
 processed 2,68  $           1,31  $           0,82  $           0,59  $           

 Activated Carbon Adsorption Filters

2 granulated activated carbon pressure filters and its acessories

Advanced Technologies - Costs Evaluation



Table 2 - 

DESIGN SPECIFICATIONS

Capacity m
3
/day 100 250 500 1 000

System to include: 

Recovery Rate 65% 65% 65% 65%

Number of membranes 12                30                60                120              

Fouling Factor 1                   1                   1                   1                   

Operating Pressure bar 60                60                60                60                

Frequency of Membrane Replac. year 1,5               1,5               1,5               1,5               

Cleaning Frequency every week every week every week every week

CAPITAL COSTS

Total Capital Costs 300 000  $    440 000  $    700 000  $    1 100 000  $ 

OPERATING COSTS

Electrical consumption kW/year 1 793 610   4 484 025   8 968 050   17 936 100    

@ 0,10 $ /kWh $/year 179 361  $    448 403  $    896 805  $    1 793 610  $ 

Membrane Replacement $/year 9 600  $         24 000  $       48 000  $       96 000  $       

 @ 1 200 $/unit

Chemical Cleanings $/year 3 650  $         9 125  $         18 250  $       36 500  $       

Labour h/day 3,0               4,0               4,0               6,0               

@ 50 $ /h 37 500  $       50 000  $       50 000  $       75 000  $       

Maintenance $/year 7 500  $         11 000  $       17 500  $       27 500  $       

TOTAL COSTS

Annual Ammortized Capital Costs 25 years @ 5% 21 286  $       31 219  $       49 667  $       78 048  $       

Annual Operating Costs 237 611  $    542 528  $    1 030 555  $ 2 028 610  $ 

TOTAL ANNUAL COSTS 258 897  $    573 747  $    1 080 222  $ 2 106 658  $ 

Costs per m
3
 processed 7,09  $           6,29  $           5,92  $           5,77  $           

Reverses Osmosis System

two-step reverses osmosis system, including its cartridge filter and CIP 

system
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Table 3.1 - 

DESIGN SPECIFICATIONS

Capacity m
3
/day 100 250 500 1 000

System to include: 

UV radiation mJ/cm
2 1 000           1 000           1 000           1 000           

Number of Lamps 2                   4                   6                   10                

Frequency of UV Lamps Replac. year 1                   1                   1                   1                   

H2O2 dose mg/L 50                50                50                50                

H2O2 required kg/d 5,0               12,5             25,0             50,0             

CAPITAL COSTS

Total Capital Costs 473 333  $    733 333  $    1 126 667  $ 1 913 333  $ 

OPERATING COSTS

Electrical consumption kW/year 192 720      394 200      525 600      1 138 800   

@ 0,10 $ /kWh $/year 19 272  $       39 420  $       52 560  $       113 880  $    

UV Lamps Replacement $/year 2 000  $         4 000  $         6 000  $         10 000  $       

 @ 1 000 $/unit

H2O2 consumption $/year 1 551  $         3 878  $         7 756  $         15 513  $       

50% @ 0,85 $/kg

Labour h/day 1,5               2,0               2,0               3,0               

@ 50 $ /h 18 750  $       25 000  $       25 000  $       37 500  $       

Maintenance $/year 11 833  $       18 333  $       28 167  $       47 833  $       

TOTAL COSTS

Annual Ammortized Capital Costs 25 years @ 5% 33 584  $       52 032  $       79 940  $       135 756  $    

Annual Operating Costs 53 407  $       90 631  $       119 483  $    224 726  $    

TOTAL ANNUAL COSTS 86 991  $       142 663  $    199 423  $    360 482  $    

Costs per m
3
 processed 2,38  $           1,56  $           1,09  $           0,99  $           

Ultraviolet - Hydrogen Peroxide System

hydrogen peroxide dosing system, hydrogen peroxide storage tank and 

UV reactors
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Table 3.2 - 

DESIGN SPECIFICATIONS

Capacity m
3
/day 100 250 500 1 000

System to include: 

UV radiation mJ/cm
2 600              600              600              600              

Number of Lamps 1                   2                   4                   8                   

Frequency of UV Lamps Replac. year 1                   1                   1                   1                   

H2O2 dose mg/L 50                50                50                50                

H2O2 required kg/d 5,0               12,5             25,0             50,0             

Fe
2+

 dose mg/L 10                10                10                10                

FeSO4 required kg/d 5,0               12,4             24,8             49,6             

CAPITAL COSTS

Total Capital Costs 1 368 114  $ 2 870 285  $ 5 300 570  $ 10 091 139  $  

OPERATING COSTS

Electrical consumption kW/year 96 360         192 720      394 200      744 600      

@ 0,10 $ /kWh $/year 9 636  $         19 272  $       39 420  $       74 460  $       

UV Lamps Replacement $/year 1 000  $         2 000  $         4 000  $         8 000  $         

 @ 1 000 $/unit

H2O2 consumption $/year 1 551  $         3 878  $         7 756  $         15 513  $       

50% @ 0,85 $/kg

FeSO4 consumption $/year 388  $            3 850  $         7 701  $         15 402  $       

@ 0,29 $/kg

pH Adjustment Chemicals $/year 17 995  $       44 986  $       89 973  $       179 945  $    

Labour h/day 4,0               5,0               6,0               8,0               

@ 50 $ /h 50 000  $       62 500  $       75 000  $       100 000  $    

Maintenance $/year 34 203  $       71 757  $       132 514  $    252 278  $    

TOTAL COSTS

Annual Ammortized Capital Costs 25 years @ 5% 97 071  $       203 654  $    376 088  $    715 991  $    

Annual Operating Costs 114 773  $    208 244  $    356 364  $    645 598  $    

TOTAL ANNUAL COSTS 211 844  $    411 898  $    732 452  $    1 361 589  $ 

Costs per m
3
 processed 5,80  $           4,51  $           4,01  $           3,73  $           

Photo Fenton Oxidation System

chemical dosing systems and storage tanks (hydrogen peroxide, iron 

catalyst, sulfuric acid and caustic soda), UV reactors, oxidation tank and a 

solid-liquid separation unit
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Table 3.3 - 

DESIGN SPECIFICATIONS

Capacity m
3
/day 100 250 500 1 000

System to include: 

UV radiation mJ/cm
2 1 000           1 000           1 000           1 000           

Number of Lamps 2                   4                   6                   10                

Frequency of UV Lamps Replac. year 1                   1                   1                   1                   

O3 dose mg/L 5,0               5,0               5,0               5,0               

O3 required kg/d 0,5               1,3               2,5               5,0               

Contact Time min 10,0             10,0             10,0             10,0             

CAPITAL COSTS

Total Capital Costs 550 253  $    975 633  $    1 651 267  $ 3 002 533  $ 

OPERATING COSTS

Electrical consumption kW/year 196 005      490 013      717 225      1 171 650   

@ 0,10 $ /kWh $/year 19 601  $       49 001  $       71 723  $       117 165  $    

UV Lamps Replacement $/year 2 000  $         4 000  $         6 000  $         10 000  $       

 @ 1 000 $/unit

Labour h/day 3,0               4,0               4,0               6,0               

@ 50 $ /h 37 500  $       50 000  $       50 000  $       75 000  $       

Maintenance $/year 13 756  $       24 391  $       41 282  $       75 063  $       

TOTAL COSTS

Annual Ammortized Capital Costs 25 years @ 5% 39 042  $       69 224  $       117 161  $    213 037  $    

Annual Operating Costs 72 857  $       127 392  $    169 004  $    277 228  $    

TOTAL ANNUAL COSTS 111 899  $    196 616  $    286 166  $    490 265  $    

Costs per m
3
 processed 3,07  $           2,15  $           1,57  $           1,34  $           

Ultraviolet - Ozonation

ozone generator, UV reactors and contact tank

Advanced Technologies - Costs Evaluation



Table 4 - 

COSTS BASIS

Power consumption 0,10 $ /kWh

Hydrogen Peroxide H2O2 0,85 $/kg at 50% of concentration

Iron Catalyst FeSO4 .7H2O 0,21 $/kg

Sulphuric Acid H2SO4 0,29 $/kg at 98% of concentration

Caustic Soda NaOH 0,56 $/kg at 50% of concentration

Labour 50 $ /h

Costs Basis for Commodites

Advanced Technologies - Costs Evaluation
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