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ABSTRACT 

THE CHARACTERIZATION OF BIODIESEL WASH WATER AND THE 

POTENTIAL FOR MICROBIAL REMEDIATION 

Anton Lamers         Advisors: 

University of Guelph      William David Lubitz & Rob 
Nicol 

 

Biodiesel is a fuel produced from vegetable oils or other lipids that can be substituted for 

petroleum diesel in many internal combustion engines. Substitution of biodiesel for petroleum 

diesel has the potential to reduce green house gas emissions, decrease dependence on fossil 

fuels, add value to agriculture products and localize energy production. The production of 

biodiesel is a straight forward process and the scale of production varies from backyard brewers 

producing twenty litres at a time, to large industrial operations which produce thousands of 

litres. Biodiesel production in Ontario will see a great expansion in the next few years. 

Amendments to the Clean Air Act in 2006 incorporate a mandate that 2 % renewable content be 

blended into all diesel fuel by 2012. Since biodiesel is the primary fuel blended with petroleum 

diesel, the production of biodiesel in Canada will need to increase approximately five-fold from 

today’s capacity.  

 Raw biodiesel must be refined and one of the most common approaches is water 

washing, in which clean water is passed through the biodiesel. Water is an excellent medium for 

neutralizing residual catalyst, as well as removing residual methanol and glycerol. However, the 

resulting biodiesel wash water (BWW) is high in organics and cannot be disposed of in municipal 

waste streams. 
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 Biodiesel wash water from several laboratory and industrial biodiesel production 

facilities was characterized. The lab produced BWW chemical oxygen demand  (COD) levels were 

150,000 ± 20,000 mg/L and total solids content averaged 11,170 ± 600 mg/L of which the 

majority was total dissolved solids. Soap content averaged 7,900 ± 800 mg/L and a high pH near 

10 was commonly seen. The industrial samples had higher levels of COD (754,200 ± 162,600 

mg/L) and solids (328,900 ± 24,300 mg/L again mostly containing dissolved solids). Soap content 

was typically 778,100 ±  306,500 mg/L, and pH ranged from very alkaline (10 ± 0.4) to very acidic 

(1.1 ± 0.2). Biodiesel wash water nutrient content was very limited, with typical C:N:P of 

2,430:0.7:1. A wide range of contaminant concentrations in BWW was common and dependent 

on the details of the production process. 

 Biological remediation of BWW using algae and fungi was investigated. Algal and fungal 

environmental isolates from near Ridgetown ON, and known stock isolates were also screened 

for their ability to grow in industrial and lab BWW.  

Out of fifty six algal isolates, only a few grew in very dilute BWW. Growth was inhibited 

by residual methanol and soap in the BWW. In contrast, nineteen of the fifty-eight fungal 

isolates grew better than controls in dilute BWW. When grown in 10% BWW diluted in potato 

dextrose broth (PDB), several fungal isolates were successful in lowering COD by 30 to 40%. 

Mycoremediation was found to have potential for treating BWW before disposal and the use of 

fungal biomass for secondary bioenergy or bioproduct applications would improve the 

feasibility. 
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1 Introduction 

Biodiesel seems destined for growth in Ontario, especially in rural settings where small 

production facilities are being developed. This is largely due to the Clean Air Act 2006 

government mandate which requires renewable biodiesel to be blended into petroleum diesel 

by 2012 (Environment Canada, 2006). Batch plus water washing is the preferred production 

method and the effluent biodiesel wash water (BWW) has been demonstrated to be 

contaminated with glycerol, methanol, oil feedstock, and biodiesel product from biodiesel 

production, with carbon and chemical oxygen demand (COD) being of particular concern in 

terms of municipal water treatment loading (Berrios and Skelton, 2008; Di Felice et al. 2008; 

Suehara et al., 2005; Jaruwat et al., 2010). BWW production increases proportionally with 

biodiesel production and disposal solutions are required for this nutrient rich effluent stream 

which would overload municipal water treatment plants (Metcalf and Eddy, 2003; Kissner, 

2010). 

 Microbial remediation has potential applications for many industrial chemicals. 

Microorganisms carry out biodegradation in many different environments. Of particular 

relevance to BWW remediation are sewage treatment plant effluent, industrial chemical wastes, 

vegetable oil manufacturing plants and soapy water effluents. The simple photosynthetic 

metabolism of algae requires rather simple nutrients such as nitrogen, phosphorous, light and 

carbon dioxide to grow. This makes them excellent candidates for tertiary water treatment of 

heavily nutrient loaded waters (Park et al., 2011, Chinnasamy et al., 2010; Lim et al., 2010). 

Fungi are microbes commonly known to degrade complex components in contaminated waters. 

They are able to digest complex polysaccharides, proteins, lipids and other organic compounds 

into smaller chemical components (Singh, 2006). There has been no reported testing of algae in 
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BWW, but fungi have been used to lower the contamination of the effluent (Suehara et al., 

2005; Kohda et al., 2009; Kawai et al., 2009). 

2 Biodiesel 

Rudolph Diesel was the pioneer not only of the diesel engine, but also the idea of biodiesel 

– a diesel engine fuel substitute made from naturally derived oils as opposed to petroleum 

deposits. He introduced the world to the compression combustion engine at the 1900 World’s 

Fair and his vision was that small industries, farmers and common folk could supply fuel for 

themselves using commonly available oils such as peanut and other vegetable crops (Knothe et 

al., 2005). Alas, the petroleum-fuelled gasoline and diesel engines became more popular and as 

diesel engine technology was optimized for petroleum diesel, vegetable oils were too viscous for 

direct use as a fuel and somewhat forgotten while petroleum dominated the market.  

However, to gain independence from petroleum fuels, experimenters continued to try 

to find a way to use vegetable oils in diesel engines during times of energy need. Knothe et al. 

(2005) mention that vegetable oils were used in WWII as emergency fuels and in America 

shortly after WWII the “dual fuel” project at Ohio State University aimed to use cottonseed, 

corn oil, and blends thereof in diesel engines. These experiments found that by combining 

vegetable oil with alcohols, the viscosity could be decreased and these converted vegetable oils 

could be substituted into diesel engines. The energy supply concerns of the 1970’s sparked 

renewed interest into biodiesel and today there are many small-scale home brewers and large-

scale industries making biodiesel to reduce their dependence on petroleum (Radich, 2005; Van 

Gerpen et al., 2006). 
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All fats and oils, including vegetable oils, animals fats, and newly re-discovered algae 

lipids are potential feedstock for biodiesel conversion via alcoholic transesterification. The cost 

of biodiesel production can be high depending on the feedstock, production process and level of 

refinement (Van Gerpen et al., 2006); however, there are potentially valuable production co-

products.  Glycerol and water are considered waste by most producers but they can have value 

for diligent producers. Innovative ideas and technologies like microbial remediation can add 

value to the glycerol and wastewater and make biodiesel more cost competitive. 

2.1 Biodiesel Production in Ontario 

Biodiesel production scales in Ontario include basement or backyard brewers, rural-

municipal biodiesel facilities, and large commercial operations. Basement brewers are defined 

as any person producing biodiesel for their personal use on a small scale, typically less than 100 

L per batch. Several techniques for producing biodiesel on this scale exist: a popular approach 

involves converting water heaters into biodiesel reaction tanks (Addison, 2009; Street 2009). 

Rural and municipal production facilities sometimes operate on a co-operative basis, obtaining 

feedstocks from the local community or farmers, producing the fuel in batch reactions in larger 

tanks (300 to 500 L) and selling the fuel locally (Zuraw, 2010). Commercial operations are orders 

of magnitude larger and perform either a continuous or batch process with outputs near or 

greater than 1 million litres annually. Ontario-based examples of each type of production are 

shown in Table 1. 
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Table 1: Examples of Ontario Biodiesel Producers at different scales. Volumes in body 
of table are annual production capacity. 

Basement <100L Rural / Municipal 300-500 L Commercial >500L 

Joe Street, Waterloo Everpure, Hillsburgh 200,000 L BIOX Corporation, Hamilton 67 ML 
 

Many other local farmers Regional Municipality of Peel’s 
Biodiesel Plant, Mississauga -
15,000 L 

Methes Energies, Mississauga – 5 ML, 
Springfield – 5 MML, Montreal – 5 ML 
 

  Rothsays Biodiesel, Guelph, plant in 
Ville Sainte Catherine, QC -45 ML 

  Ridgetown Campus, Ridgetown - 
800,000 L 

*ML = million litres 

The Canadian government mandated that all diesel fuel sold after 2010 will require at 

least 2% renewable content. This means that the Canadian industry needs to expand its current 

annual 130 million capacity to between 500 to 600 million (Environment Canada, 2006; Schill 

2009). The Canadian biodiesel market will need to grow substantially to meet this requirement.  

2.1.1 Ridgetown Project 

The University of Guelph’s pilot scale biodiesel production plant (800,000 L/yr capacity) 

in Ridgetown Ontario aims to operate as a closed-loop system, effectively utilizing every input 

and output. Their aim is to produce biodiesel from soybeans grown by local farmers. Figure 1 

displays the process.  Inputs of soybean seed, alcohol and catalyst would be the only purchased 

inputs when running on a complete closed loop. As seen below, there are research 

opportunities for the glycerol and wastewater usage. 
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2.2 Biodiesel Definition, Usage, and Standards  

International standards organizations, such as the American Society for Testing and 

Materials (ASTM) have defined standards for biodiesel as a fuel. ASTM D6751-09a defines 

biodiesel as a fuel comprised of mono-alkyl esters of long chain fatty acids derived from 

vegetable oils or animal fats (ASTM, 2009). Mono-alkyl esters are the product from the reaction 

of a straight chain alcohol, such as methanol or ethanol, with a fat or oil (triglyceride) to form 

glycerol and the esters of long chain fatty acids, otherwise known as biodiesel or fatty acid 

methyl esters (FAME) if methanol is used. Any oil with triglycerides can be a feedstock for 

biodiesel production. Converting these oils to biodiesel decreases the viscosity and increases the 

volatility allowing them to be used in diesel engines (Balat and Balat, 2010).  

RIDGETOWN 

SOYBEANS 

CRUSHER 

LIVESTOCK 

MANURE 

BIODIESEL PLANT 

BIODIESEL 

 

GLYCEROL WASTE WATER 

 

FUEL SALES 

Re-Use, Possible New 
Products 

FARM 

FERTILIZER TRACTOR 

Beans 

Dry Meal 

Soy oil Alcohol & 
Catalyst 

Figure 1: Ridgetown Campus pilot biodiesel plant flow diagram 
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Biodiesel can be used as B100 (neat biodiesel) or in a blend with petroleum diesel. B20 

is a blend of 20 percent biodiesel with 80 percent petroleum diesel by volume. Similarly, B2 

would have 2 percent biodiesel and 98 percent petroleum diesel. Benefits associated with 

blending include; better cold weather performance, more stable long-term storage and the 

ability to fuel any diesel engine without modification (Knothe, 2005; Radich, 2005). Biodiesel 

does corrode some rubber components in older vehicles, generally ones built before 1985; 

otherwise, no engine alterations are required before biodiesel is used (Demirbas, 2009; National 

Renewable Energy Laboratory [NREL], 2009). In addition, biodiesel acts as more of a solvent 

than petroleum diesel so fuel and oil filters should be changed shortly after switching to 

biodiesel if the engine has been running on petroleum diesel prior to the switch (Kemp, 2006; 

Knothe, 2005; NREL, 2009; Van Gerpen, 2006). 

Biodiesel is broadly similar to No. 2 petroleum diesel (commercial on-road diesel). 

Biodiesel’s low heating value (LHV), which is an indicator of its energy content is approximately 

12% less than No. 2 diesel fuel on a weight basis, but since biodiesel has a higher density, the 

LHV is only 8% less on a volume basis (Table 2)  (Balat, 2010).  Other general property 

comparisons between the two fuels are listed in Table 2 below. It should be noted that 

properties such as kinematic viscosity, flash point, cloud point, cetane number and performance 

of biodiesel (in either combustion or in storage) depend on the fatty acid profile of the feedstock 

(Fassinou et al., 2010). For example, feedstocks with long – saturated fatty acids such as peanut 

oil, behinic (C22:0), and lignoceric (C24:0, carbon length 24 with zero double bonds) produce 

biodiesel with very poor cold weather performance since the cold flow plug point is at 17°C. 

Better oils are soybean, canola and algae (Ramos et al., 2009). 
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Table 2: Properties of No. 2 petroleum diesel and typical standard biodiesel (Modified 
from Balat, 2010) 

Property* No. 2 Petrodiesel Biodiesel 

Lower heating value (GJ/Kg) 42 37 (12% less) 
Lower heating value (GJ/L) 515 474 (8% less) 
Kinematic Viscosity (mm2/sec, at 313K) 1.9-4.1 1.9-6.0 
Specific Gravity (g/mL) 0.85 0.88 
Flash Point (K) 333-353 373-443 
Cloud Point (K) 258-278 270-285 
Cetane Number 40-55 48-60 

*For definition of these terms, please refer to the Appendix A 

. 

Table 3: Defining characteristics of biodiesel (Modified from Van Gerpen et al., 2006) 

Common Name Biodiesel 
Common Chemical Name Fatty acid (m)ethyl ester, FAME 

Chemical formula range C14 – C24 methyl esters or C15-25H28-48O2 

Kinematic viscosity range (mm2/s, at 313K) 1.9-6.0 
Density Range (kg/m3, at 288K) 860-894 

Boiling point range (K) >475 
Flash point range (K) 420-450 
Distillation range (K) 470-600 

Vapor pressure (mm Hg, at 295K) <5 
Solubility in water Insoluble in water 

Physical appearance Light to dark yellow, clear liquid 
Odour Light musty/soapy odour 

Biodegradability More biodegradable than petroleum diesel 
Reactivity Stable, but avoid strong oxidizing agents 

 

Biodiesel must meet the ASTM D 6751 standard in order to be designated biodiesel or 

B100 in North America.  Products that meet these standards will perform properly in 

combustion ignition engines as B100 or in blends with petroleum-derived diesel (Van Gerpen et 

al., 2006; Knothe et al., 2005, Biodiesel Association of Canada, 2008; ASTM, 2009).  The 

European Union also has a set of standards, EN 14214, and the limits on most properties are 
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recognized as being more stringent than the ASTM standards. Table 4 summarize the 

requirements of ASTM D6751 and EN 14124 (from Knothe et al., (2005) and ASTM (2009)). 

Table 4: Biodiesel Standards (B100) 

Property ASTM D 6751 EN 14214 Unit 

    

Flash Point 130 min 120 min °C 

Water and Sediment 0.050 max 0.050 max % vol. 

Kinematic Viscosity 40°C 1.9-6.0 3.5-5.0 mm
2
/sec 

Sulfated Ash 0.020 max 0.020 max % mass 

Total Sulfur 0.05 max 0.01 max ppm 

Copper Strip Corrosion No. 3 max Class 1 - 

Cetane 47 min 51 min - 

Cloud Point Report Report - 

Carbon Residue 0.050 max 0.30 max % mass 

Acid Number 0.80 max 0.50 max mg KOH 
/gm 

Free Glycerol 0.020 max 0.020 max % mass 

Total Glycerol 0.240 max 0.250 max % mass 

Phosphorus Content 0.001 max 0.001 max % mass 

Distillation Temperature, 
Atmospheric Equivalent 
Temperature, 90% Recovered 

360 max  °C 

Storage Stability TBD TBD - 

 

All biodiesel production facilities include extensive post-reaction processing to ensure 

compliance with these standards.  Not meeting the standards listed does not mean that the 

biodiesel fuel cannot be used in a compression engine, but it does mean that the engine and 

fuel performance could be greatly reduced. Examples of possible issues associated with using 

fuels not meeting standards are given in Appendix A.  
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2.3 Biodiesel Conversion 

There are several ways to combine or use oleaginous feedstock such as vegetable oils 

with diesel fuel. Common techniques include; dilution or blending with petroleum diesel, micro-

emulsions of raw oil with diesel, and transesterification (Balat and Balat, 2010; Van Gerpen et 

al., 2006). Each method comes with its own benefits and drawbacks but of these methods, 

transesterification with straight chain alcohols is the best and most commonly used method 

(Akgun and Iscan, 2007; Noureddini and Zhu, 1997; Di Serio et al., 2006; Kim et al., 2009; 

Predojevic, 2008; Lam et al., 2010; Wang et al, 2006; Van Gerpen et al., 2006, Knothe et al., 

2005). 

An overall process flow diagram of biodiesel conversion via a two-step esterification and 

transesterification is below.  
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2.4 Feedstock 

Throughout the world, the most common lipid feedstocks for biodiesel conversion are 

refined vegetable oils. Choice varies with location and availability. Rapeseed and sunflower oils 

are commonly used within the European Union, palm oil dominates in tropical countries and 

soybean and animal fats are the major biodiesel feedstock in North America (Knothe et al., 

2005; NREL, 2009). There are many other potential feedstocks; coconut, rice bran, safflower, 

Figure 2: Process flow diagram of biodiesel production by two-
step esterification and transesterification 

Feedstock Filter 
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Reaction 
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Settling 
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Settling 
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Alcohol 

Catalyst 
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castor oil, palm kernel, Jathropa curcas, Ethiopian mustard, waste vegetable oils (e.g. used fryer 

grease),  animal lard, and algae. Factors such as supply, cost, storage properties, and qualities of 

the resulting biodiesel determine whether feedstocks are adopted for commercial production 

(Knothe, 2005). 

 Performance of biodiesel is greatly dependent on the quality of feedstock. Typically, a 

prevalence of triglycerides, three fatty acids molecules esterified with a molecule of glycerol, are 

the best for biodiesel conversion (Ramos et al., 2009). 

Filtering is required if oils contain solids, such as when waste vegetable oil (WVO) from 

restaurant fryers is used. Other pre-treatment such as the removal of foots (sediments from 

vegetable oil refining) and degumming of phospholipids is required for raw vegetable oils 

(Newkirk, 2009). 

Prior to processing, free fatty acid (FFA) titrations are used to ascertain feedstock 

quality. A simple alkaline titration (which is recognized by the American Oil Chemist Society 

(AOCS) as the acid value, AOCS official method Cd 3d-63) determines the FFA content. The acid 

value is expressed as the number of milligrams of potassium hydroxide necessary to neutralize 

the free acids in 1 gram of an oil sample. With samples that contain virtually no free acids other 

than fatty acids, the acid value is directly related to percent free fatty acids. To determine free 

fatty acids as percent oleic, lauric or palmitic acid, the acid value (AV) is divided by 1.99, 2.81 or 

2.19, respectively (AOCS, 1997).  FFA may create soaps when reacted with catalyst. To avoid this 

outcome an initial esterification step is suggested to lower the FFA content. (Patil and Deng, 

2009; Pjedojevic and Skrbic, 2009; Knothe, 2005; Nekirk, 2009; Van Gerpen, 2006). 



 

12 
 

2.5 Esterification 

Esterification is recommended when feedstocks have a percent FFA value higher than 4% 

v/v (AV < 8) (Knothe et al., 2005; Patil, 2009; Newkirk, 2009; Marchetti, 2007). Commonly, a 

reaction of the oil with methanol and sulphuric acid lowers the FFA content to below 1 or 2%. 

Preliminary esterification is important in preventing soap and emulsion formation during 

transesterification. A standard esterification reaction is shown below. 

      (1) 

Water and biodiesel are products of the esterification. It is important to remove the 

water and any excess sulphuric acid or methanol that may remain. These products may interfere 

negatively with the new reactants during subsequent transesterification. The separation is quite 

simple because of density differences between biodiesel, oil, water, methanol and sulphuric acid 

(Knothe et al., 2005; Van Gerpen et al. 2006). 

2.6 Transesterification Reaction 

Chemical conversion via transesterification of the oil is the most commonly used method 

for producing biodiesel. Transesterification reacts one mole of triglyceride and three moles of an 

alcohol in the presence of a catalyst to form three moles of methyl esters and one mole of 

glycerol. Three fatty acid chains (R groups, long chains of carbon and hydrogen) bonded to a 

glycerol backbone define a triglyceride. Likewise, diglycerides, and monoglycerides have only 

one or two fatty acid chains attached. The transesterification process reacts in a stepwise 

fashion, each time cleaving off a fatty acid and attaching a methyl group on the carboxyl end 

group of the fatty acid (R group) resulting in a fatty acid methyl ester (FAME).  
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   (2) 

     (3) 

During production, as long as the glycerol is physically separated from the esters the 

reaction will not reverse. As demonstrated in equation 2 the reaction is shown as reversible, 

meaning it can react backwards to form products if the reaction is balanced more favourably to 

the reactants (i.e. more products, enough catalyst, low methanol concentration).  Knothe et al. 

(2006) state that this is not a major concern because the products are not soluble and 

Noureddini, (1997) state that the reverse reaction is slower than the forward reaction. The 

reaction rate is diffusion controlled and poor diffusion between phases results in a slow rate. 

The products, glycerol and FAME are not soluble thus making it a slower reaction without 

adequate mixing or solubilising agents (Knothe, 2006; Noureddini, 1997).  

Solid-state catalyst membrane systems have been developed for efficient semi-batch 

and continuous transesterification. Liu et al. (2007) demonstrated that a solid strontium oxide 

(SrO) catalyst membrane converted nearly 100% of soybean oil to biodiesel is under 30 min at 

50°C. As the oils passed through, there is greater interaction between the oils and catalyst and 

more product is made faster. Dube et al. (2007) also claimed that membrane reactors perform 

faster, more efficient and help with the purification step, especially in terms of un-reacted oil 

separation. 

Industrial processes will often use molar ratios of methanol to oil that are much higher 

than the 3:1 stoichiometric amount shown in equation 2 to ensure that the reaction will 

proceed in the forward direction. Common practice is usually around a 6:1 methanol to oil molar 

ratio (Van Gerpen et al., 2005 & 2006; Haas et al., 2004; Kemp, 2006; Knothe et al., 2005). 
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 A catalyst is required to ensure the reaction proceeds at a reasonable rate. Alcohol is 

sparingly soluble in the oil and non-catalyzed reactions are extremely slow, if they progress at all 

(Knothe, 2006; Kemp, 2006). A catalyst acts as a solubilizer for the alcohol in the oil. Due to its 

increased efficiency and reaction speed, alkali transesterification is more commonly used over 

acid catalyzed reactions (Van Gerpen, 2006).  Potassium hydroxide (KOH) and sodium hydroxide 

(NaOH) are common catalysts. 

2.6.1 Chemical Reactions of Transesterification 

The catalysts react with alcohols. 

       (4) 

Alkoxide (CH3O
-) is the species that attacks the ester moieties on the glycerol molecule as seen 

in equation 5 and creates one mole of FAME.  

       (5) 

The triglyceride anion in equation 5 needs to pick up a proton to give a stable product (a 

diglyceride in this case) and if methanol donates this proton, then the methyl oxide (alkoxide) 

catalyst will be recovered, 

      (6) 

More methyl esters are cleaved from the diglyceride when it reacts with more alkoxides. 

This will continue until there are no more side chains left on the glycerol backbone, leaving it 

bare, yet stable. 
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Issues arise during production when contaminants such as water are present. Hydroxide 

ions (OH-) from water will react with the triglyceride to form fatty acids under alkaline 

conditions.  

      (7) 

These fatty acids could react further to form soap. When a free fatty acid reacts with an 

alkali catalyst, K+ or Na+, saponification occurs. Saponification is the hydrolysis of an ester under 

alkaline conditions to form water and the salt of a fatty acid, soap. The soap has the same 

hydrocarbon chain of the FFA (i.e. the FFA oleate will react with potassium hydroxide to form 

potassium oleate). 

      (8) 

 Some water in the system is tolerable, because alkoxides are stronger bases than OH-.  

However, the effect of either too much catalyst or too much water leads to formation of 

undesirable mono- and diglycerides as well as free fatty acids. Too much catalyst can also lead 

to soap formation if free fatty acids are present or are created (Van Gerpen, 2006). This shows 

the importance of good feedstock selection with low water content and the need for accurate 

catalyst measurement. 

Transesterification will proceed at room temperature but the rate of reaction can be 

increased with higher temperatures and complete mixing. Haas et al. (2004) conducted 

experiments to increase the rate and efficiency of the transesterification reaction. Reactions at 

60°C with constant agitation and with a molar ratio for methanol/triglyceride/NaOH of 6:1:1.6 

with a reaction time of 1h were the most efficient. Higher temperature aids in the reaction 

because it decreases the activation energy of the catalytic reaction (Haas et al., 2004). Methanol 
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has a boiling point at 64.7°C at 1 atm and processing is conducted at a safe temperature below 

65°C to avoid methanol loss (Van Gerpen et al., 2006, Knothe et al., 2005). Knothe et al. 2006, 

Patil et al. 2009, and Predojevic et al., 2009, state 50-60°C, 6:1 – 9:1 methanol/oil molar ratio 

and constant agitation for 1 hour have become the standard procedure for batch biodiesel 

production through transesterification. 

 Most producers define a two-step transesterification to include both esterification and 

transesterification. There is also a secondary definition of two step transesterification. The first 

step uses 80 % of the reactants on 100 % of the feedstock, and is completed up to glycerol 

separation. The second step uses the remaining 20 % of the reactants on the decanted methyl 

esters (from step 1). A two-step transesterification reaction is recommended by some producers 

(Kemp, 2006; Van Gerpen, 2006; Knothe, 2005; Addison, 2009; Street, 2009; Uher, 2010). The 

benefits of this procedure include; better mixing of methanol to oil, more efficient reactant use 

due to better oil conversion and most importantly, better oil conversion. Many of the producers 

referenced above state better conversion in larger batches using a two-step process. Laboratory 

experiments in the literature usually use a single step transesterification because of smaller 

batches sizes which are under controlled environments and have better mixing (Haas et al. 

2004; Ma and Hanna, 2009; Marchetti et al., 2007; Munari et al., 2010; Noureddini, 1997; Patil 

and Deng, 2009; Pjedojevic and Skrbic, 2009). 

2.7 Glycerol Separation 

As noted above, glycerol separation is important since transesterification is reversible and 

removing glycerol from the products avoids any possible reversal.  Glycerol is also not the 

desired product and causes clogging of injectors and carbon residues in the engine when not 

fully removed (Van Gerpen et al., 2006) Simple decanting using a separatory funnel or tank are 
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common techniques (Knothe et al., 2005; Patil et al., 2009; Pjedojevic et al., 2009;Van Gerpen, 

2004). When adequate time has passed, a clear separation occurs between the light (FAME, 

biodiesel) and heavy (glycerol) phases (Stloukal, Komers, and Machek, 1997). This is often a 

quality control checkpoint. If there is no separation, problems may have occurred during 

reaction. Either there was not enough methanol or catalyst, the temperature was too high, or 

water was present and the reaction produced an emulsion. Emulsions can be recognized by a 

lack of a distinct phase separation and white soap layers. These can be throughout the reaction 

tank or partly throughout depending on the severity (Van Gerpen, 2006; Knothe, 2005). 

2.8  Methanol Recovery 

Following transesterification, it is highly recommended that any remaining methanol be 

removed to avoid loss of potential reactant to the waste stream. Flash evaporation or boiling 

utilizes the low evaporation temperature of methanol to remove it from the FAME and 

methanol. The methanol can then be recovered by condensing the vapour and re-used for 

subsequent batches (Van Gerpen, 2006; Knothe et al., 2005). 

2.9 Refining 

In order to make good biodiesel that meets the ASTM or EN standards the finished FAME 

must essentially be free of residual glycerol, methanol, un-reacted fats and fatty acids (Table 4 

listed the ASTM and EN standards). Common procedures of refining raw FAME (post glycerol 

separation and methanol removal) to remove these contaminants include but are not limited to; 

water washing, ion exchange resins, membrane separation or use of adsorbents such as Florisil 

and Magnesol (magnesium silicate) (Atadashi, 2010; Berrios and Skelton, 2008, Sdrula, 2009; 

Wang et al., 2008). These all come with their respective benefits and downsides. 
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2.9.1 Purpose of Refining 

The purpose of refining the biodiesel is to neutralize any residual catalyst, remove any 

soap, glycerol, methanol or free fatty acids. The best practice for decreasing the amount of post 

processing is to ensure proper esterification reactions, yet even when following best practices 

most producers do require washing of the raw FAME layer (Van Gerpen et al., 2006; Berrios and 

Skelton, 2008).The negative effects of impurities found in unrefined FAME are listed in Table 5.  

Table 5: Effects of impurities in biodiesel on engines (Modified from Berrios, 2008) 

Impurity  Effect 

Free Fatty Acids (FFA)  Corrosion 
Low oxidation stability 

Water  Hydrolysis (FFA formation) 
Corrosion 
Bacteriological growth (filter blockage) 

Methanol  Low density and viscosity 
Low flash point (transport, storage and use problems) 
Corrosion of Al and Zn engine components 

Glycerides  High viscosity 
Deposits in the injectors (carbon residue) 
Crystallization 

Metals (soap, catalyst)  Deposits in the injectors (carbon residue) 
Filter blockage 
Engine weakening 

Glycerol  Deposits in the injectors (carbon residue)  
Increase aldehydes and acrolein emissions 

2.9.2 Types of Refining 

Berrios and Skelton, (2008) compared three different refining techniques to look at the 

efficiency of removing methanol and glycerol from biodiesel. Subsidiary objectives included 

evaluating the efficiency of soap removal and effect of processes on the final acid value, 

glyceride concentrations and oxidation stability. They compared refining raw biodiesel using ion 

exchange resins BD10 Dry from Rohm and Hass, Purolite PD260, Magnesol absorbent 

(magnesium silicate) and washing with three wash waters; de-ionized water, municipal water 

(pH = 6.9, hardness 174 mgCaCO3/L, turbidity = 1 NTU) and acidified water (5% phosphoric acid). 
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Standard refining time was 30 min and gas chromatography (GC) analyses were completed. The 

ion exchange resins decreased the free glycerol level and removed soaps. Methanol content 

remained the same and the acid value showed slight increase but that may have been because 

the resins themselves were acidic. Magnesol treatment results were similar to the resins but 

there was some, though not large, effect on the methanol content. Higher methanol removal 

occurred at 60°C and could be due to evaporation losses. The best results were with the highest 

tested Magnesol concentration (1.00%) at 60°C. The oxidation stability and acid value was not 

affected by either ion exchange or Magnesol. Neither resin or ion exchange decreased the 

methanol limit to meet EU 14214 standards. Water washing was the only process that reduced 

both methanol and free glycerol levels down to those required by the EN 12214 standard. 

Similar to the other processes, it did not have an effect on the various glyceride concentrations.  

It was possible to meet methanol standards with a 0.5/1.0 water to oil ratio at any temperature. 

There was no observed advantage in using de-ionized or acidified water or increasing agitation 

to remove methanol.  Soap removal was decreased to some extent by increased agitation and 

soap was completely removed with acidified water. In general, soap removal was on par with 

ion exchange and slightly better than with Magnesol. Overall the best conditions for water 

washing were; ambient temperature, municipal water, 200 rpm agitation and a water/biodiesel 

ratio of 0.5/1 L. The Berrios and Skelton (2008) results show that all three methods can remove 

glycerol and are reasonably good at removing soaps but only water washing could remove 

methanol. No method affected the glycerides, acid value or oxidation stability. It is interesting 

that in their results the water content did not change in either the dry (absorbent) or wet 

(water) methods. Instead it remained the same as the un-washed biodiesel, 1050 mg/kg. In the 

paper they reference a value of 1500 mg/kg as the equilibrium solubility of water in biodiesel. It 

may be that 1050 mg/kg is the equilibrium value for their fuel. It would also explain why the 
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water washing did not increase the water content since it was so near, or already in equilibrium.  

It should also be mentioned that there were no large differences found between NaOH 

catalyzed biodiesel or KOH catalyzed biodiesel.  

 Wang et al. (2008) used ceramic membrane filters with pore sizes of 0.6, 0.2 and 0.1 µm 

to purify raw FAME. Resulting potassium, sodium, calcium, and magnesium levels were all below 

the EN standards with the 0.1 µm filter. The free glycerol retention was over 90% and similar 

values were seen for soaps. They claimed that the process was a good substitute for water 

washing because no water effluent was created and good flux through the membrane was 

observed, decreasing the time necessary for refining. The downside however was the 

production of a concentrated retentate that would need careful treatment before disposal. 

Berrios and Skelton (2008) found water washing was the most practical refining method. 

It was economical and produced fuel that met the standards. Water washing is the most 

common method used in small scale batch processing (Balat and Balat, 2010; Atadashi et al. 

,2010; Kemp, 2006; Knothe et al., 2005; Ma and Hanna, 1999; Van Gerpen et al, 2006). 

Membrane refining of biodiesel is an option, as demonstrated by Wang et al. (2008) but the 

increased cost relative to water washing may be a hindrance for smaller producers.  

2.9.3 Water Washing 

Water washing is able to produce high quality FAME (Berrios and Skelton, 2008; Gonzalo 

et al., 2010; Jaruwat et al., 2010). Water washing is completed by mixing water in with raw 

FAME and only adds a short period of time for post reaction purification.  Different introduction 

methods of the water are possible and simple settling and decanting allows for water to be 

removed. Washing time is longer with water than most of the purification technologies available 
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but does produce better final product (Atadashi et al.; 2010; Berrios et al.; 2008; Gonzalo et al., 

2010). 

Water acts as a good medium for the addition of acid for neutralization of catalyst and 

as a carrier of impurities (Berrios and Skelton, 2008; Gonzalo et al., 2010). Catalyst which may 

have been added in excess during the transesterification process, or any other unreacted 

catalyst is commonly neutralized during the second wash in a water washing refining process. 

Commonly 0.2% sulphuric acid solution is added during the acidic second wash (Newkirk, 2009; 

Van Gerpen et al., 2006; Knothe et al., 2005). Methanol, glycerol and catalyst are all more 

soluble in water than FAME and therefore are taken out with washing and settling (Di Felice et 

al., 2008). Since the density of water is higher than FAME, it will sink to the bottom of a washing 

tank thus making separation easy.  

Di Felice et al. (2008) modelled the non-electrolyte components (biodiesel, glycerol, 

methanol and water) between the light and heavy phases of biodiesel separation within 6% of 

the actual experimental value. They also investigated the effect of electrolyte components (soap 

and catalyst) on the distribution. They measured the component distribution for two phase 

(glyerol-biodiesel), three phase (glycerol-biodiesel-water) and four phase (glycerol-biodiesel-

methanol-water) mixtures.  Some of the relevant results of Di Felice et al. (2008)  are 

summarized below; 

 The water solubility of biodiesel and glycerol is negligible and only slightly 

increases at 65°C compared to 20°C. 

 The heavy phase of biodiesel separation contains up to 97% of the glycerol and 

no more than 1% of the biodiesel after 60 min. 
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 Methanol is soluble in both the light and heavy phases; 0.8 kg/kg methanol in 

the heavy phase (glycerol) and 0.2 in the light phase (biodiesel). This shows that 

methanol has a greater affinity to glycerol than to biodiesel. 

 In a three phase system of biodiesel-methanol-water, water is not soluble in 

biodiesel and methanol is soluble in both water and biodiesel. Methanol is again 

found mostly in the heavy (water) phase rather than the light (biodiesel) phase. 

 Soap is found almost completely (97% - 99.55%) in the heavy glycerol-rich 

phase. The addition of soap however increased the biodiesel quantity in the 

heavy phase (effect of emulsions). Soap does not affect the heavy phase 

biodiesel concentration until a critical concentration of 1-2% soap concentration 

after which it increases proportionally. 

Di Felice et al. (2008) showed the component distribution and similar results are seen in 

other literature (Stloukal et al., 1997; Zhou and Boocock, 2006). The table below summarizes the 

solubility of components. 

Table 6: Solubility of biodiesel production components 

Components Biodiesel Glycerol Methanol Water 

Biodiesel Yes No Yes No 

Glycerol - Yes Yes Yes 

Methanol - - Yes Yes 

Water - - - Yes 

 

The strategies commonly employed for washing are bubbling of air through the wash 

tank filled with the FAME and water, misting the surface of the raw FAME with water and direct 

mixing with water (Van Gerpen, 2006). Greater surface area between the water and FAME 

phase results in greater washing efficiency. That is why spray-washing procedures were 
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developed. A fine mist sprayed over top of the raw FAME settles to the bottom of the wash 

tank. As the water molecules sink through the FAME they pick up water soluble impurities 

(Table 6). For bubble washing, water is added to the FAME via direct mixing. As air blows into 

the tank via an air stone at the bottom of the tank, bubbles rise up through it. The principle here 

is that bubbles created at the bottom of the tank are covered with a thin film of water. When 

the bubble reaches the surface it bursts and the water will sink to the bottom, collecting 

impurities along the way. 

Water washing does have some disadvantages. The resulting effluent is highly polluting, 

some product may be retained in the water, and emulsions may form due to water washing with 

poor feedstocks or processing (Atadashi et al., 2010; Banjeree et al., 2009; Berrios and Skelton, 

2008;  Gonzalo et al., 2010; Jaruwat et al. 2010; Kawai et al., 2009, Knothe et al., 2005, Nekirk, 

2009).  Yet it is the accepted method for small-scale producers. Some referenced wash water 

(BWW) characteristics are given in Table 7. 
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Table 7: BWW characteristics from literature sources 

Parameter 
(- = not reported) 

Berrios and 
Skelton 
(2008) 

Suehara 
et al. 

(2005) 

Siles, Martin, Chica and Martin (2009) 
Jaruwat, 

Kongjao and  
Hunsom 
(2010) 

“TDI Steve” 
(2002) 

Banjeree, 
Bhattacharya, 

and Gupta 
(2009) 

Raw BWW Acidified and Electro 
coagulated (Pre-
treated) BWW 

15% Glycerol 
and 85% 

BWW 
mixture 

Total Chemical Oxygen 
Demand, COD (mg/L) 

18,362 - 428,000 ± 
12,000 

185,000 ± 5,000 300,000 ± 
5,000 

312,000 - 
588,800 

65,317 ± 60,045 
(depending on 
pre-treatment) 

690,000-
746,000 

Carbonaceous CBOD 
(mg/L) 

- - - - - - 38.733 ± 37,589 - 

Biological Oxygen Demand, 
BOD (mg/L) 

- - - - - 168,00 – 
300,000 

-  

pH 6.7 11.0 10.35 ± 
0.03 

6.80 ± 0.03 7.13 ± 0.05 9.25-10.76 8.9 ± 0.73 8.8-9.1 

Alkalinity (mg CaCO3/L) - - - 100 ± 5 125 ± 5 - - - 

Conductivity (µS/cm) 1,119 - - 3,270 ± 250 6,740 ± 380 - - - 

Total Solids, TS (mg/L) - 2,670 - - - - 20,000 - 

Total Suspended Solids, 
TSS (mg/L) 

8,850 - - - - - - - 

Volatile Suspended Solids, 
VSS (mg/L) 

8,750 - - - - - 9,400 – 18,600 - 

Mineral Suspended Solids, 
MSS (mg/L) 

100 - - - - - - - 

Oil  (mg/L) - 1,510 - - - 18,000 – 
22,000 

- 1,433 – 1,640 

Total Carbon, TC (mg/L) - 1,480 - 49,820 ± 24 82,410 ± 44 - - - 

Total Organic Carbon, TOC 
(mg/L) 

- - - 49,770 ± 23 82,350 ± 42 - - - 

Inorganic Carbon, IC (mg/L) - - - 50 ± 1 60 ± 2 - - - 

Nitrogen – NH4
+
 (mg/L) - 64.7 - 1.16 ± 0.11 0.16 ± 0.02 439 – 464 

(TKN) 
- - 

Phosphorous – PO4
3-

  
(mg/L) 

- - - <5 <5 - - - 

C:N - 229 - - - - - - 
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The high levels of organics contained in the BWW are most likely the reason for the high 

BOD, COD and solid content (Berrios et al., 2008; Suehara et al., 2005; Lopez et al., 2010, 

Jaruwat et al., 2009). Heukelekian and Rand (1955) show the BOD of some of the organic 

components discharged in the BWW. 

Table 8: BOD of several biodiesel production components (Heukelekian and Rand, 
1955) 

Component BOD (mg/mL) 

Sodium stearate 466 – 1,453 
Sodium oleate 1,304 – 1,640 
Methanol 609  - 887 
Glycerol 731 – 1,103 

 

The sodium stearate and sodium oleate would be the common soaps found in soybean 

biodiesel (sodium oleate means the soap of oleic acid, which is commonly 25% of the soybean 

oil fatty acid profile (Sanford et al., 2009)). As noted in the preceding sections, the purpose of 

water washing is to remove these contaminants so high nutrient-loading in BWW is 

unavoidable. 

2.9.4 Emulsions and Soaps 

Caution must be taken during washing to avoid emulsions (soaps) at all costs. Emulsions 

represent a loss of product and are expensive to separate (Knothe, 2005). The presence of mono 

and diglycerides in feedstock can lead to the formation of an emulsion layer at the water-FAME 

interface and in extreme cases it can envelope the entire reaction tank (Knothe, 2005, Van 

Gerpen, 2006; Addison, 2009) (Equation 8).  

Soap forms when fatty acid side chains hydrolyze from the glycerol backbone and 

convert into salts of sodium (hard soap) or potassium (soft soap) in the presence of NaOH or 
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KOH respectively (Thomssen, 1922; Alsberg and Taylor, 1928).  As long as there is sufficient 

hydrate and either NaOH or KOH, the reaction goes to completion. 

A soap molecule is hydrophilic on one side and hydrophobic on the other (Thomssen, 

1922; Alsberg and Taylor, 1928). There are many issues associated with soaps in either the 

processing or the final product.  Soap formed during production cause problems during 

component glycerol separation and water separation (Di Felice et al., 2008). The hydrophilic end 

of the soap molecule will tend towards the heavy glycerol or water phase while the hydrophobic 

end will remain in the ester (biodiesel) phase. There is an increased ester content in the glycerol 

phase due to this multi phase distribution, and as the soap fraction increases so does the 

biodiesel fraction in the heavy water phase.  Di Felice et al. (2008) found that when up to 6% 

soap content by weight was added to the biodiesel, methanol, and glycerol mixture almost all 

(97% to 99.55%) of the soap was found in the heavy glycerol rich phase. The presumption here is 

that the soap can drag a large amount of biodiesel into either the glycerol or water phase and 

cause a loss of product. Jaruwat et al. (2009) also recorded 6-7% v/v biodiesel and oil in the 

water phase. 

All the contaminants pulled into the water phase during refinement add to the organic 

loading of BWW. Literature examples (Table 7) show the types of water which may be 

discharged into municipal treatment plants by biodiesel operations. These producers must abide 

to the water discharge by-laws  regulated by local public utility commissions (PUC).  
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2.10 Wash Water Disposal: Meeting the disposal regulations for the 
Municipality of Chatham Kent County  

Ridgetown Biodiesel plant water discharges will be regulated under By-Law number 4-2000 

of the Municipality of Chatham-Kent managed by the Public Utilities Commission which controls 

the discharge of wash water (BWW) to the municipal sewer systems within Chatham-Kent. The 

regulations can be found in Appendix B. 

By meeting the disposal requirements small scale biodiesel producers can avoid entering 

an Extra Strength surcharge agreement as outlined in the by-law. The extra costs associated 

with this type of agreement are approximately $0.11/L (Kissner, 2010). Assuming BWW to be 10 

to 20 % v/v of the produced biodiesel, approximately 80,000 to 160,000 L/yr of BWW will be 

produced at the Ridgetown plant, incurring disposal costs of $8,800 to $17,600 / yr.  

The relevant sections of Part 2 – Sanitary and Combined Sewer Requirements of the 

Chatham-Kent by-law state the following limitations: 

2.1 No discharger shall cause or permit the deposit or discharge of sewage into a sanitary or 
combined sewer in any of the circumstances set out in 2.1.1 to 2.1.4. 

… 

2.1.2 Sewage with any one or more to the following characteristics: 

(a) a pH less than 5.5 or greater than  9.5; 

(b) consisting of two or more separate liquid layers; 

(c) having a temperature greater than sixty (60) degrees Celsius. 

2.1.3 Sewage containing one or more of the following: 

… 

 (b) combustible liquid; 

(c) fuel; 

… 

(f) ignitable waste; 
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… 

 

2.1.4 Sewage containing a concentration, expressed in milligrams per litre, in excess of any 

one or more of the limits in Table 1 (Table 9)) of this by-law entitled “Limits for Sanitary and 

Combined Sewers”. 

Table 9: Relevant limits of By-Law 4–2000 Table 1 – Limits for Sanitary and Combined 
Sewers 

Parameter Limit (mg/L) 

Biochemical Oxygen Demand (BOD) 300 

Total Kjeldahl Nitrogen (TKN) 100 

Total Phosphorus (TP) 10 

Total Suspended Solids (TSS) 350 

Solvent Extractables (i.e. oils) – animal or vegetable in origin  150 

 

It is well known around the world that BWW does not meet disposal regulations 

(Atadashi, Aroua and Sziz, 2010; Berrios and Skelton, 2008; Jaruwat, Kongjao and Hunsom, 

2010).  Examining the BWW characteristics listed in Table 7, the limits set out by the Chatham-

Kent by-laws are not met. The BOD is upwards of 100,000 mg/L for most BWW, while the 

disposal limit is 300 mg/L. The TKN was 430 mg/L for the Jaruwat et al. (2010) samples while the 

limit is 100 mg/L.  The phosphorous levels reported in Table 7 are below 5 mg/L, meeting the 

requirements. The suspended solids from Berrios and Skelton (2008) are 8,850 mg/L which are 

well over the 350 mg/L limit listed here. There were no reports indicating the solvent 

extractables, however, Jaruwat et al., (2010) did state between 6-7% oils were recovered from 

BWW samples, again, well above the 150 mg/L allowed. Other points of concern are; section 

2.1.2 (a) because the pH of BWW can be very alkaline  (pH = 11.0), section 2.1.3 (b, c, and f) 
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because residual methanol may be present in BWW. It is improbable that untreated BWW will 

meet regulations for regular disposal in Chatham-Kent. 

2.11 Possible wash water uses and pre-treatment technologies 

There are several recent studies investigating the treatment of BWW. In terms of 

traditional treatment techniques, Jaruwat et al. (2010) were successful in removing 100% of the 

COD and 95% of the BOD while recovering 6-7 % biodiesel and oil from the BWW of a WVO 

biodiesel production plant.  The biodiesel and oil found in the water was most likely due to 

emulsions increasing the fraction of biodiesel in the water or bad decanting of water with some 

biodiesel poured out during water removal. Jaruwat et al. (2010) used a two-step process; acid 

protonation followed by electro-chemical treatment. The initial BWW characteristics compared 

to the treated BWW are shown in Table 10. 

Table 10: Jaruwat et al. (2010) treated wash water properties 

Property Raw BWW First-Step 
 (acid protonation) 

Second-Step 
(electrocoagulation) 

pH 9.25-10.76 2.5 2.2 
COD (mg/L) 312,000 - 588,800 129,600 1.2 
BOD (mg/L) 168,000 – 300,000 204,000 18,000 
Oil and Grease (mg/L) 18,000 – 22,000 320 1.5 
TKN (mg/L) 439 – 464 0 0 

 

Acid protonation involved acidifying raw BWW with concentrated sulphuric acid to pH 

2.5, 3.9, 6.0, 8.0 and 9.3 and mixing for 2 h. When the acid was added to the raw BWW, there 

was an immediate separation into two phases. The lower phase was an aqueous phase with low 

turbidity and transparent colour, where the upper phase was oil rich and yellow in colour similar 

to biodiesel. This is where approximately 20,000 mg/L of biodiesel and oil was recovered. This is 
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important to producers who may be losing product in their water effluent. Chavalparit and 

Ongwandee (2009) also showed electrocoagulation as an effective means of BWW treatment. 

It is interesting to note that the Jaruwat et al. (2010) results demonstrated that all the 

COD was completely removed while some BOD remained. Commonly COD is measured higher 

than BOD because COD is chemically treated and BOD biologically treated so generally it is 

easier and more consistently measured to be higher (Metcalf and Eddy, 2003; Attiogbe et al. 

unknown). 

Siles et al. (2010) proved it possible to anaerobically digest a mixture of 85% treated 

BWW and 15% glycerol slurry with 100% biodegradability. Digestion resulted in a methane yield 

of 310 mL CH4/g COD (at 1 atm, 25°C) and a mean specific methane production rate of 1.55 mL 

CH4/ (g VSS g COD h). The process required chemical pre-processing before successful utilization 

in the anaerobic digestors. In general, the heavy glycerol phase contained water, methanol, salts 

and fatty acids. Before anaerobic digestion, the glycerol was acidified with phosphoric acid 

(H3PO4) and centrifuged in order to recover the catalyst used in the transesterification reaction 

(KOH) as agricultural fertilizer (potassium phosphates). Then the glycerol was mixed in with the 

water phase. The BWW was rich in biodiesel, oil, glycerol, free fatty acids and methanol so it 

was pre-treated before microbial treatment. It was acidified with sulphuric acid (H2SO4) to a pH 

≤ 4 and then centrifuged to remove the FAME and oil (light phase). It was neutralized with NaOH 

and subjected to electrocoagulation. The resulting aqueous phase remaining after the 

electrocoagulation was mixed with the treated glycerol phase in the 85/15 water to glycerol 

ratio mentioned before. The characteristics of the pre-treated BWW and the glycerol-WW 

mixture are in Table 7 above. 
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 It is possible to remove the COD and BOD from BWW. However, as seen in the studies 

above, there is quite an involved pre-treatment phase in order to make the biodiesel effluents 

tolerable to microorganisms. The purpose was to lower the organic loading of the BWW but 

pretreatments such as electro-coagulation would not be suitable for small scale producers to 

use. 

 

3 Microbial Remediation 

There is increasing interest in using algae as a source of lipids for biodiesel production. 

Algae grow ubiquitously throughout the world and thousands of species exist. They are capable 

of extreme culture conditions, hot or cold, acidic or alkali and can grow into large biomass 

clusters (Grima et al. 2003). This eukaryotic microorganism is capable of harvesting light energy 

and carbon dioxide through photosynthesis. Several species contain high levels of oil but require 

expensive culturing conditions and harvesting techniques (Chisti, 2007; Grima et al. 1999; Grima 

et al., 2003; Xu et al., 2006). The cost of these can be a hindrance to large-scale growth, 

however, innovative growth conditions using effluent streams have been used to supplement 

major nutrients. Tertiary wastewater treatment from municipal treatment plants with several 

alga species have been attempted, but the idea of using biodiesel effluent has not. Nutrients in 

the biodiesel water may support the growth of algae into a useable biomass while lowering the 

waste load of a biodiesel production plant. 

 Similarly, another ubiquitous group of microorganism known to remediate waste 

streams are fungi. They exist in many environments and are known to remove many recalcitrant 

chemicals in the environment (Singh, 2006). The term mycoremediation defines the use of fungi 
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to remove unwanted contaminants from either soil or water (Singh, 2006). Due to their simple 

structure and nutrient requirements, fungi could also possibly be used to lower the nutrient 

load of wastewater. 

3.1 Phycoremediation 

Algae are eukaryotic photosynthetic organisms that mainly live in aquatic environments. 

There are many different kinds, each with unique metabolism and environmental requirements. 

They are uni- or multi-cellular and have a relatively simple composition compared to higher 

forms of eukaryotic species. Algal biomass is rich in proteins (10-50 %), carbohydrates (10-25 %), 

lipids (15-50 %) and  minerals (5 %) (Xu, Miao and Wu, 2006). 

Algae use lipids to store energy either for regular use or for use during times of 

environmental stress (Graham and Wilcox, 2000). Fatty acids are stored as saturated 

triglycerides for more efficient storage. Triglycerides are made in the mitochondria of eukaryotic 

cells and in the cytoplasm of prokaryotic cells (Courchesne, Parisien, and Wang, 2009; Grima, 

Belarbi, and Fernadez, 2003; Sheehan, Dunahay, Benemann, 1998).  

Table 11: Range of lipid levels found in different algal species (Modified from Chisti, 
2007) 

Microalga Oil Content (% dry weight) 

Botryococcua braunii 25-75 
Chlorella sp. 28-32 
Crypthecodinium cohnii 20 
Cylindrotheca sp. 23 
Isochrysis sp. 25-33 
Nannochloropsis sp. 31-68 
Phaeodactylum tricornutum 20-30 

 

The total lipids extracted by Gouveia et al. (2009) from Chlorella vulgaris were 15% of 

the total dry biomass with 29% being saturated and 52% unsaturated. Other reports have shown 
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much greater values of total lipids in algal biomass. Widjaja et al. (2009) showed lipid contents 

up to 52% of the dry biomass for C. vulgaris. Kawat et al. (2008) showed Neochloris sp. to have 

35-54% lipids dry weight and 80% of those were TAGs. On larger scale outdoor photobioreactor 

(PBR) experiments Rodolfi et al. (2009) showed that Nannochloropsis sp. could achieve up to 

50% dry weight fatty acid content.  

It has been proven that the lipids produced by the algae are viable for conversion into 

biodiesel that meets ASTM standards (Chisti, 2007; Sheehan et al., 1998; Xu et al. 2006).  The 

amount and type of lipids found in the algal species do vary, so consideration must be given to 

which oils the species produce and if that oil is suitable for use as a biodiesel. The amount of 

saturation and length of the hydrocarbon chain greatly affect the quality of the diesel produced 

(Chisti, 2007; Sheehan et al., 1998; Xu et al. 2006).  

The difficulty with algal lipid based biodiesel is that the nutrients required for growth, 

the purification of the biomass and extraction of the lipids is very costly (Grima et al., 2003). By 

using a waste stream as the algal growth medium, the cost of algal biomass production could be 

decreased and the possibility of producing using algal biodiesel could be realized (Chisti, 2007, 

Sheehan et al., 1998; Xu et al., 2006).  

Algae mainly grow in aquatic environments. They can be heterotrophic, feeding off 

organic carbon as a carbon source, or autotrophic, fixing carbon dioxide as a carbon source. 

Some species are able to switch their metabolism depending on their environment, adding to 

their versatility and hardiness (Graham and Wilcox, 2000). Algae require dissolved nutrients, 

similar to terrestrial flora, namely, nitrogen (in the form of nitrates (NO3
-) or ammonia (NH3), 

phosphorous, sodium and silicates (for diatom species). They also require carbon dioxide and 

light for photosysnthesis.  
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 Chinnasamy et al. (2010) investigated the use of untreated carpet industry effluent as a 

growth medium. Chlamydomonas, Chlorella and Scendesmus sp.  were used in 2,000 L 

bioreactors. When diluted with 10-15% municipal sewage the water contained adequate 

quantities of total nitrogen (33-46 mg/L) and phosphorous (5-14 mg/L) to support algal growth. 

The outdoor conditions were generally sufficient, however CO2 , pH and temperature controls 

were needed. Three bioreactor types were tested. Each had different productivities; raceway, 

7.4 g/m2/d, vertical tank reactors, 23.9 g/m2/d, and polybags, 66.4 g/m2/d.  

 Similarly, Chlorella vulgaris successfully removed 44-45% of the NH4
+, 33 % of the PO4 

and 38-62 % of the COD while grown in textile wastewater (TW) diluted in basal bold medium 

(Lim et al., 2010). Large high rate algal ponds were used to grow the C. vulgaris after having 

been screened as the best candidate from 10 potential algae. The C:N:P ranged from 88:2:1 – 

8470:45:1, heavy metals were present and the pH ranged from 3.8 – 11.4. The algae were 

successful in 100% TW but biomass was higher for more dilute samples (80-20% TW). 

3.2 Mycoremediation 

Fungi are eukaryotic microorganisms and include the molds, yeasts and filamentous fungi. 

They exhibit growth on various substrates and are quite useful in the remediation of wastes and 

wastewater. The area of mycoremediation as an engineered process is gaining importance 

(Singh, 2006).  

 Mycoremediation is the process of using fungi to remove unwanted contaminants from 

either water or soil. Fungi have successfully treated effluent water from dairy, pharmaceutical, 

oil-manufacturing, silage, distillery, brewery, pulp and paper mill and olive mill industrial waste 

streams (Singh, 2006; Giubilei, 2009). The contaminants in these waste streams include; 

petroleum hydrocarbons, polychlorinated biphenyls and dioxins, pesticides, polycyclic aromatic 
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hydrocarbons, oils, starches, proteins, carbohydrates and many other chemicals. The diverse 

nature of fungi allows them to grow in many different culture conditions including extreme cold 

and hot temperatures, very acidic and alkaline pH conditions, and both anaerobic and aerobic 

atmospheres, all of which occur in the waste streams listed above.  

Biologically treating BWW with fungi is not a novel idea. Suehara et al. (2005) worked 

with Rhodotorula mucilaginosa, a yeast isolated from the aeration tank of a BD plant 

wastewater system, and developed good growth conditions for the fungi. The focus was on the 

removal of growth inhibitors which were present in the BWW and establishing the optimum C:N 

(carbon:nitrogen) ratios to increase oil remediation and fungal growth. Test cultures of 100 mL 

and 7 L of artificial BWW from a plant were incubated with the fungus at 30°C for 24 hrs. They 

had previously found that the optimal C:N was 31:1 for kitchen wastewater degradation by R. 

mucilaginosa while the  BWW had a C:N of 229:1 (Table 7). The addition of urea (nitrogen 

source) helped lower this number to a reasonable value.  The optimal C:N range for fungi 

growth in BWW developed  by them was between 17 and 68:1 (0.92 to 0.23 g/L urea) and 

resulted in 97% degradation of the oil and a dry weight of 5.25 g/L.  Kohda et al. (2009), found 

that ammonia could be used as a nitrogen source and also for neutralization of the BWW after 

oil removal. Their procedures were similar to those of Suehara et al. (2005), but Kohda et al. 

(2009) added 3% methanol into the broth and remediation was still possible but growth was 

slightly hindered. 

Another concern Suehara et al. (2005) wanted to address was the pre-treatment of the 

raw BWW. Their initial testing was done with artificial BWW they developed so that variables 

could be changed independently to determine which constituents were inhibitory. Artificial 

BWW composed of; 0.46 g urea, 1.0 g yeast extract, 0.2 g KH2PO4, 0.2 g MgSO4·7H2O, isolated 
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BWW solid content (variable content), and 10 g of hexane-extracted oil per litre. The isolated 

solid content came from the aqueous phase after hexane extraction of the BWW. When they 

attempted to use 100% aqueous phase there was no fungal growth after 26h (regular tests were 

24h). Their results showed that as the solids content increased the maximum specific growth 

rate decreased. In particular, the microorganisms could not grow in media with higher than 2.14 

g/L of solid content. So in the larger scale 7 L fermentation tank experiments they diluted the 

raw BWW with an equal volume of dilution broth (0.46 g urea, 1.0 g yeast extract, 0.2 g KH2PO4, 

0.2 g MgSO4·7H2O per litre) resulting in a solids content of 1.40 g/L.  

Kawai et al. (2009) also showed R. mucilaginosa remediation of BWW, but using slightly 

different pre-treatment. They used HCl to acidify the BWW, let it settle for 2 days and then were 

able to remove the oil fraction easily. Their results showed that the glycerol and methanol 

concentration in BWW effluent was gone after 80 hr and 160 hr of cultivation with 

R.mucilaginosa respectively. 

 From the work of Suehara et al. (2005), Kohda et al. (2009) and Kawai et al. (2009) it can 

be seen that BWW effluent oil degradation is possible by the yeast R. mucilaginosa. However, 

there were several pre-treatment steps required to ensure cell growth; oil removal via hexane 

extraction, acidification and dilution with nutrient broth to lower the solids content. Several 

other literature sources show the mycoremediation of different oil substrates including soybean 

oil mill effluent, and palm oil mill effluent (Singh, 2006).  

A bioreactor with nine strains of yeasts isolated from decomposing oil to treat soybean 

oil wastewater without pre-treatment was described in Singh (2006). Of the nine strains, seven 

belonged to the Candida genus, which is commonly selected as a high producer of lipase (a 

water-soluble enzyme that catalyzes the hydrolysis of ester bonds in water-insoluble lipid 
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substrates). Some individual strains were successful in removing up to 78% of hexane extracts as 

well as 94% of the glycerides. However, the mixture of all nine yeast strains was superior to any 

single strain in both β-oxidation (fatty acids metabolism in citric acid cycle) capability and lipase 

activity.  

 A similar pilot plant described in Singh (2006) operated for one year removing 99% of 

the oils using yeasts isolated from effluent similar as described above. During operations, the 

most dominant yeast was Candida hellenica, followed by C. schatavii and C. fluviatilis. The 

mycelia of these species become intertwined during growth, forming pellets. Such pellets have a 

better sedimentation rate and can stabilize water quality since the cells can be removed more 

easily than suspended cells. 

 Singh (2006) reported a more than 95 % reduction of COD in palm oil mill effluent 

treated with mycelium of Trichoderma viride after a 14 day incubation period. Biomass recovery 

was 1.21 g/L (dry wt). Similarly, treatment of palm oil by Yarrowia lipolytica NCIM 3589, a 

marine hydrocarbon-degrading yeast, reduces 95% of the COD within 2 days. A chemical 

coagulant further reduced the COD to zero. A consortium developed from garden soil showed a 

clarification of effluent and a pH adjustment between 6 and 7 and the complete treatment 

eliminated 99% of the excess COD, to 1,500 mg/L (Singh, 2006). 
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4 Methods 

Microbes have been successfully used to remediate contaminated BWW but more work is 

possible in obtaining the best microbial isolate(s), optimization of growth conditions, and scale-

up.  The research presented in the remainder of this thesis characterized Ontario BWW from 

three industrial plants as well as biodiesel produced in the lab.  Algal and fungal isolates were 

screened for BWW remediation potential, and to determine which isolate(s) showed real 

industrial promise.  Specifically, the objectives were;  

1. Characterize contaminants in biodiesel BWW from industrial and lab biodiesel 

operations, 

2. Test algal growth in wash water, 

3. Test fungal growth in wash water, and 

4. Quantify the remediation abilities of the best microbial isolates. 

 If this approach is successful, it would reduce the environmental impact of biodiesel 

production and add value to a waste stream. The microbial biomass grown could be useful for 

other bioproduct or bioenergy applications. This thesis aimed to find algal and fungal 

isolates that could grow in BWW. The hope was that the addition of BWW into culture media 

would increase the biomass yield and because of the growth, lower the organic loading of the 

BWW.
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Since biodiesel production is relatively new to Ontario it was difficult to source producers 

however a wide range of samples was collected. Local connections helped source out some 

producers, and several came online during the research. In the meantime, lab biodiesel batches 

were made to gain experience with the production process and to observe the water 

characteristics.  

 The algal isolates were sourced similarly. Local connections had several strains and 

isolates available for immediate screening while environmental isolates were sourced to expand 

the range of algae tested. Local isolates would be more practical if larger scale cultures would be 

grown since contamination by unwanted local microorganisms is a common problem in algal 

cultivation that local algae are more resilient to. 

 Fungal isolation was completed to expand the number available for similar reasons to 

why algae were isolated and there was also previous experience at the Ridgetown lab with 

fungi.  

 This section will outline; the research timeline, how and where the BWW was produced 

and collected, how the water analysis was completed, how the algae and fungi were isolated 

and how the screening process was completed. Standard methods of water analysis and 

microbial laboratory work were followed, and a lot of help was available from fellow students, 

staff and faculty working in the labs.  

4.1 Research Approach 

The research involved many related experiments. The characterization of BWW could not 

be completed until samples were collected and screening could not occur until isolates were 

available. Some experiments occurred simultaneously and are shown accordingly in Figure 3, a 

timeline of the research completed.
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Figure 3: Research Timeline 
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4.2 Wash Water Collection 

4.2.1 Lab Biodiesel Production Procedures 

The process flow diagram in Figure 4 shows the steps followed to make biodiesel in the 

lab. Lab biodiesel production occurred in either the Guelph School of Engineering lab (GL) or the 

Ridgetown microbiology lab (RL). 
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Figure 4: Lab biodiesel production process flow diagram with either waste 
vegetable oil (WVO) or refined soybean oil (SO) feedstock. 



 

42 
 

Lab scale (300 mL to 1000 mL) biodiesel batches were made to 1) compare to industrial 

processes and 2) to characterize any nutrients which may be available for microbial growth. 

Sixteen batches were made with both soybean oil (SO) and waste vegetable oil (WVO). The 

standard procedures are outlined below. 

Table 12: Standard procedures for lab biodiesel production 

 FFA determination 

Method  Oil Sample Titrant Calculation 

Newkirk, CIGI, 2009 1mL 0.1% KOH =1g/L mL titrant = Acid Value 

AOCS Acid Value Method 10g 0.1N KOH = 5.61g/L mL titrant * N * 56.1 / W = Acid Value 

*CIGI = Canadian International Grains Institute. Method from Advanced Biodiesel Production Seminar, 
Newkirk (2009) 

  Esterification Reaction 

Oil MeOH H2SO4 Time Temp 

Soybean Oil (SO) -* v/v oil -* mg/g oil -* min -* C 

Waste Vegetable 
Oil (WVO) 0.20  v/v oil 1.4 – 3.33 mg/g oil 60 min 50-60 C 

* The FFA value for the SO used was below 1.0 and so it did not require esterification. 

Transesterification Reaction 

 Process   MeOH   KOH 

Two Step 1st Reaction 0.12  v/v 7.2 – 10.4  mg/g 

 2nd Reaction 0.08  v/v 1.8 – 2.6    mg/g 

One Step  0.20  v/v 9.0 - 13.0 mg/g 

 

The soybean oil (SO) did not require an esterification reaction because the acid value 

(AV) was below 1.0. Nealanders Vegetol was used which is a refined, bleached, and deodorized 

food grade soy bean oil with a very low free fatty acid value. It would be somewhat 

representative of the soybean oil used in the Ridgetown plant except the bleaching and 

deodorizing may not be done in the Ridgetown process. The waste vegetable oil (WVO) was not 

as soybean oil (SO). It was collected from the Everpure Plant (EP) on different occasions and 

would consistently be a dark brown colour and contain residual solids which had to filtered out. 
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If the AV was higher than 2.0 mg KOH/ g oil than esterification was preformed as per the 

standard procedures outlined (Table 12). Esterification was completed by heating the oil to 

between 50-60°C, while the methanol and sulphuric acid were mixed in a separate flask. The 

acidic catalyst solution was poured slowly into the oil and let mix for approximately 60min. The 

initial AV of some samples was higher than 14.0 mg KOH/g oil and required multiple 

esterifications. This was completed by following the procedures as described above but with 

lower sulphuric acid volumes. Generally, 0.2mL / L H2SO4 was used with 20 % v/v methanol.  

4.2.2 Lab Washing Procedure 

The small biodiesel batches produced in the lab were washed up to 6 times to refine the 

fuel. Warm (30°C) municipal tap water was used. The water, 10% v /v (water/biodiesel) was 

poured gently into a separatory funnel used for phase separations. The funnel was gently 

inverted three times to mix the water through the biodiesel. The water / biodiesel mixture was 

allowed to settle for 20 min. Sometimes longer settling was required for the early washes (W1, 

W2) or if high amounts of soap were made. Samples were collected in glass mason jars, labelled 

and stored in the fridge at 4°C until tested. 

4.2.3 Industrial Biodiesel Production Procedures 

Contact was made with several biodiesel manufacturers in south-western Ontario to 

collect wash water samples; Joe Street(JS) from Waterloo Ontario, Everpure Biodiesel Co-op (EP) 

in Erin Ontario and the Ridgetown Biodiesel Plant (RP) in Ridgetown Ontario.  

Joe Street is a basement biodiesel producer with a lot of experience creating small 

biodiesel reactors and fuel. He produced biodiesel from the Nealanders Vegetol Soy oil (SO) for 

the purpose of this thesis but normally he normally produces fuel from WVO. More information 
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on him can be found on his website; http://www.nonprofitfuel.ca/; last visited November 22, 

2010. 

 Everpure is a co-operative biodiesel production company that serves the local 

Wellington area with locally produced biodiesel made from local restaurant WVO. For more 

information go to http://www.everpurebiod.ca; last visited November 22, 2010. 

 The Ridgetown plant was developed to operate on soy oil yet at the time of this thesis 

they were producing biodiesel from WVO. Analysis was completed on several samples from 

each industrial plant. 

Table 13: Industrial biodiesel producers information on scale, location, feedstock and 
samples collected. 

Producer Scale Location Feedstock Number of Samples Collected 

Joe Street JS Basement Brewer: 20 L per 
batch (when the gas tank 
is empty) 
 

Waterloo 
ON 

Soybean 
Oil 

2 full series of washes (i.e. 
W1,W2, W3, W4) 

Ridgetown RP Commercial: 9,500 – 
11,355 L per batch, 
800,000 L annually 
 

Ridgetown 
ON 

WVO 3 Comb washes and 1 series 
of washes 

Everpure EP Commercial: 160 L per 
batch, expanded to 300 L 
batches summer 2010 

Erin ON WVO 5 series of washes 

 

The production processes for each plant can be found in Appendix 10.8 Appendix H: 

Industrial Biodiesel Procedures while a comparative summary is given here. 

 

 

 

http://www.nonprofitfuel.ca/
http://www.everpurebiod.ca/
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Table 14: Industrial Producers Process Comparisons 

 AV / FFA determination 

  Oil Sample Titrant Calculation 

Joe Street JS 1mL 0.1% KOH =1g/L mL titrant = Acid Value 

Everpure EP 10g 0.1N KOH = 5.61g/L mL titrant * N * 56.1 / W = Acid Value 

Ridgetown RP 1mL 0.1% KOH =1g/L mL titrant = Acid Value 

Note: The AV titrations here calculate the same value. 5.61 g/L for 10g sample is the same as using 1g/L for 
1mL (1g) sample since molecular weight of KOH is 56.1g/mol 
 

Esterification Reaction 

  MeOH H2SO4 Time Temp 

Joe Street 0.12 v/v oil 1 mL / L oil 60 min 50 – 60 °C 

Everpure 0.12 + 10% v/v oil 0.1 + 10% L / LFFA 45 min 50-60 °C 

Ridgetown 0.088 v/v oil 2 L/1000L oil 180 min 58 °C 

 

Transesterification Reaction 

 MeOH  KOH Time Temp 

Joe Street 1st Reaction 0.12 v/v 0.80 x (5.5 + AV / purity of KOH) g/L 45 min 50 - 60 °C 

 2nd Reaction 0.08 v/v 0.20 x (5.5 + AV / purity of KOH) g/L 30 min 50 - 60 °C 

Everpure Single Stage Reaction 0.22 + 10% v/v 9 + AV g/L + 10% g/L 60 min 50 - 60 °C 

Ridgetown 1st Reaction 0.1056 v/v 0.80 x (8 + AV g/L) g/L 40 min 58 °C 

  2nd Reaction 0.0264 + 20L v/v 0.20 x (8 + AV g/L) g/L 30  min 58 °C 

 

Overall the procedures used were quite similar. All use a two-step, esterification and 

transesterification process. All use KOH as the catalyst and methanol as the alcohol. The scales 

of production are quite different, JS is 20 L per batch, EP is 160 L per batch and RP is near 10,000 

L per batch. Because more reactants are being used, RP uses increased reaction time to ensure 

good mixing. The process flow diagrams of each producer is shown in Figure 5 -7. 
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 Figure 5: Ridgetown plant (RP) Process Flow Diagram using WVO feedstock and two 
step transesterification. 
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Figure 6: Everpure plant (EP) process flow diagram using WVO feedstock and a single 
step transesterification. 
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4.2.4 Industrial Washing Procedures 

Joe Street washed raw biodiesel by mixing in 10% v/v municipal tap water (hard, not 

softened) into his reaction tank (a modified water heater). The water was pumped into the 

reactor the same way the oil was, through the vacuum pump. It was evenly mixed via the 

recirculation pump and once the water was fully mixed the pump was turned off and it was left 
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Figure 7: Joe Street (JS) process flow diagram using soybean oil (SO) 
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to settle overnight. The water was taken out via a valve on the bottom of the tank in the 

morning. Washing was repeated 3 or 4 times depending on the batch.  

Everpure washed using warm water (30°C) misted on top the raw FAME through small 

spigots over the wash tank. Ten percent volume was estimated by looking on the side of the 

wash tank. The water is left to settle for 60 min and washing was repeated until clear water was 

seen (usually 6-7 washes). The second wash was an acid wash done by mixing the 0.2 % H2SO4 

into a bucket which was poured over top the raw FAME. No mixing was performed. All water 

was poured into the grease trap on location before discharge. Samples were collected from the 

discharge valve leading to the grease trap. 

At Ridgetown, the total volume of wash water used was 10% of the volume of in-process 

biodiesel (i.e. 2% of the volume per wash). The W2 was acidified with 10% H2SO4 water solution. 

The FAME was mixed for 5 min each prior to, during and after the water was added. Two 

percent volume was estimated through the site glass. The water was poured in through a pipe 

on top the FAME in the reaction tank. The water was allowed to settle to 10-60 min, longer for 

the latter washes. All water was pumped into the wash water storage tank. 

Samples were collected in polyethylene bottles or glass mason jars labelled with the date, 

location, wash number and any other observations relevant to that sample. The samples were 

stored at 4°C until completion of the chemical analysis. 

For some batches only four washes were conducted (mainly lab samples and RP 

samples); only up to W4 results are shown for these in the results section.  

The combined “Comb” samples, in which wash water from different washes are mixed 

together, are representative of real life BWW storage. It is standard procedure at RP and EP to 
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collect all BWW in the same tank (Uher, 2010; Zuraw, 2010). Several lab batches were combined 

in equal volumes to determine the affect of combining samples. The affect of this will be 

identified in the results section and discussed afterwards.  

Several of the BWW components are sensitive to acid washing, i.e. soap. Acid washing 

was used by several producers, RP, EP and some Lab samples. Comparisons were made between 

BWW samples for acid wash and no acid wash. The data is presented by taking the average of all 

data collected, whereas the “no acid wash” results averaged the data from only samples without 

acid wash. These were samples from JS and some batches from EP when it was asked that acid 

washing not be used. This would show the effect that acid washing had on BWW.  

Control samples were taken directly from the wash water supply when samples were 

collected. When relevant to the results, they are presented. 

4.2.5 Quality Control of Biodiesel 

The biodiesel passed quality control checks to determine if quality biodiesel was made for 

both the lab and industrial batches.  The quality control tests procedures can be found in 

Appendix 0 Appendix D: Biodiesel Quality Control Tests.  

4.3 Neutralizing Industrial Wash Water 

Industrial BWW with a low pH was neutralized and purified by titration with KOH. By adding 

potassium hydroxide (KOH), the sulphuric acid (H2SO4) would combine with the base to form 

potassium sulphate (K2SO4) which settled out over time. The aqueous phase thereafter was 

autoclaved and used for testing. 

Prior to proceeding the pH meter was calibrated and two alkaline solutions: 10 M KOH 

(561.1 g/L) and 1 M KOH (56.11 g/L) were made. These were slowly added to a mixed sample of 
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industrial BWW until a pH of 7 was reached. The mixture was then allowed to settle for 60 min 

to allow the newly formed precipitate to settle. A clear separation was seen within 15 min. 

4.4 Wash Water Analysis 

Testing was completed in the University of Guelph, School of Engineering Environmental 

Labs (SOE) or by the University of Guelph Lab Services Division (Lab Services).  

Lab Services performed water analysis on several of the wash water samples collected.  

Table 15 outlines the services used. The procedures of the tests can be found in Appendix 0. 

Table 15: Tests performed by Lab Services 

Carbon - TC Total Carbon- Includes Organic and Inorganic 
Carbon - TOC Total Organic Carbon  

Carbon - IC Inorganic Carbon 
Dissolved Elements K, Mg, Na, Ca, Mn, Zn, Cu, Fe 

E.C. Electrical Conductivity 
Nitrogen - NH4

+ 
Ammonium Dissolved 

Nitrogen - NO3
- 

Nitrate Dissolved 
Nitrogen - NO2

- 
Nitrite Dissolved 

Nitrogen - TKN Total Kjeldahl Nitrogen 
Phosphorus Total reactive Phosphorus 

 

The SOE tests completed were according to Standard Methods for the Examination of 

Water and Wastewater (Eaton et al., 2005), an alternative referenced standard method, or 

developed by the author and advisors. 

4.4.1 Biological Oxygen Demand 

The Standard Method 5210 Biochemical Oxygen Demand (BOD) procedure was followed 

(Eaton et al., 2005). Dilution water was made with HACH BOD Nutrient buffer pillows and seed 

inoculation was with Inter Lab Supply Polyseed capsules.  
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4.4.2 Chemical Oxygen Demand 

HACH TNT Plus COD vials were used. The mg/L COD results are defined as the mg of O2 

consumed per litre of sample under conditions of this procedure. The samples were heated for 

two hours with a strong oxidizing agent, potassium dichromate. Oxidizable organic compounds 

react, reducing the dichromate ion to green chromic ion (Cr3+). With this method, the amount of 

yellow Cr6+ remaining is determined. The COD reagent also contains silver and mercury ions. 

Silver is a catalyst and mercury is used to complex chloride interferences. Test results are 

measured at 620 nm using a Thermo-Scientific AquaMate Vis Spectrophotometer and 

referenced to calibration curves. 

 Samples were tested as soon as possible, generally within 48 hours after production. 

The samples were acclimatized to room temperature before testing and blank samples were run 

for every set of tests. The HACH DRB200 reactor with 13 mm well adapters was used and heated 

to 150 °C 30 min prior to testing.  

 The samples were homogenized prior to testing. The vials were inverted to bring the 

sediment in the bottom of the vial into suspension. Samples (0.3 mL) were carefully transferred 

into the vial with a clean pippette, then capped and inverted gently to mix. Caution was taken 

because the sample vials became very hot during mixing. The vials were placed in the COD 

reactor and heated for two hours. It was found that more consistent results were obtained 

when the vials were inverted 3 times at 30 min, 60 min and 120 min of digestion. This ensured 

that the sediment remained fully mixed. After digestion the vials were left to cool to 120°C in 

the reactor, approximately 20 min. The vials were again inverted and set into vial holders to cool 

to room temperature. The outside of the vial was thoroughly cleaned with Kim wipes before 

being read in the Aquamate. Aquamate spectrophotometer readings showed some deviations 
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during readings (at 620 nm) of the same sample. To resolve this issue, samples were measured 

three times and the average was reported. A calibration curve equation was used to calculate 

the COD in mg/L. 

 Calibration curves were made with the KHP standard solution. Solution with 20,000 

mg/L COD was made by adding 1.7 g KHP per 100 mL DI water. Serial dilutions were made to 

obtain 15,000, 12,000, 10,000, 7,500, 5,000, and 2,500 mg/L COD and a blank (0 mg/L, DI water) 

was also included. Using this procedure the following example standard curve was produced. 

For each batch number of TNT vials used, a new standard curve was developed. 

 

Figure 8: COD calibration curve produced with KHP standard solution and serial 
dilutions. The curve is corrected for DI blanks. Standard curves were made for each 

batch number of HACH TNT vials used as recommended by the supplier. 
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4.4.3 Acidity 

The Standard Methods for Examination of Waste Water test 4500 H+ pH Value were 

followed using an Accumet pH probe (Eaton et al., 2005).  Samples were fully mixed for 60 

seconds with a magnetic stir bar prior to readings and calibration of the pH meter was done 

prior to pH readings with Fisher buffer solutions of ph 4, 7 and 10. 

4.4.4 Soap 

The American Oil Chemists Society – AOCS method Cc 17 – 95 was used (AOCS, 1997) to 

measure the soap content in the water samples. Acetone containing 2% water, 0.1 N HCl 

solution, 1.0% bromophenol blue indicator solution in water, and 0.1 N NaOH solutions were 

required. The acetone test solution was created by adding 0.5 mL of indicator to each 100 mL of 

aqueous acetone solution and titrating with HCL or NaOH until the test solution was just yellow 

in colour. Sample weights varied depending on the expected value of soap, but 5-10  g of sample 

was generally sufficient. Larger sample weights required very long titrations and smaller weights 

titrated too quickly resulting in a very low detectable limit. Higher sample weights and lower 

titrant solutions  were used to increase accuracy and the detection limit was 640 ppm and 320 

ppm for 5 g and 10 g samples respectively. The water sample was added into approximately 50 

mL of acetone test solution and titrated with 0.01 N HCl solution until the bromophenol end 

point (pH = 4.5). The ppm soap as potassium oleate calculation was; 

                 (10) 

Where; A = mL of HCl used to titrate the sample to bromophenol end point. 
 B = mL of HCl used to titrate the blank to bromophenol end point. 

C = Molarity of HCl titrant. Usually 0.01N was used unless samples were very soapy and 
then 0.1N was used. 

W = Weight of sample, g. 
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4.4.5 Solids 

The Standard Methods – 2540 B Total Solids Dried at 103 - 105°C methodology was used 

to measure total solids (TS) (Eaton, 2005). A measured liquid sample is dried in an oven set near 

the evaporation temperature of water over an 8-12 hours period resulting in only solids being 

left behind in the dish. Generally, volumes of 10 mL – 20mL were enough to give over 200 mg 

residue which is defined in the standards as an adequate residue weight. The initial dish weight 

was subtracted from the dry weight and divided by the volume to obtain the Total Solids (mg/L). 

Blank samples were run with deionized water. 

The Standard Methods – 2540 D Total Suspended Solids Dried at 103-105°C 

methodology was used to measure total suspended solids (TSS) (Eaton, 2005). This method was 

very similar to the Total Solids above, except that the sample was first filtered through 1.5 µm 

Whatman 934-AH Glass microfiber filters under vacuum and then dried on the aluminum dish. 

The filter paper itself was cleaned and dried prior to testing to ensure only sample solids were 

measured. Blank samples were run with DI water. 

The Standard Methods – 2540 E Fixed and Volatile Solids Ignited at 550°C methodology 

was followed to measure total volatile suspended solids (VSS) (Eaton, 2005). After the TSS test 

was finished, that same dish was transferred to a muffle furnace programmable to 550°C. The 

dish was heated over the 2 hours oven cycle and cooled in a desiccator for 30 min afterwards. 

The after ignition weight was subtracted from the TSS weight to determine the VSS (mg/L). 

Blank samples were run with DI water. 

Total dissolved solids (TDS) was calculated by subtracting the TSS value from TS. This 

indicates the amount of solids dissolved in the sample (Metcalf and Eddy, 2003). 
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4.5 Algae Isolation 

Lab stock isolates were obtained from lab stock cultures (Dr. Josef Ackerman, Integrative 

Biology, care of Kelly McNichols, University of Guelph and Dr. Ken Wilson, Department of 

Biology, University of Saskatchewan) and environmental isolates were collected from around 

the Ridgetown Campus using standard microbial plating and purification techniques (Anderson, 

2005). A complete list of all fifty six algal isolates tested can be found in Appendix E. 

Isolation of algal colonies was performed at the Ridgetown microbiology lab. Soil or 

water samples were collected in clean labelled 50 mL tubes. For soil samples 1 g of soil was 

added to 9 mL of purified water before dilutions. Serial dilutions (100 to 10-3) were made of the 

environmental samples and 500 µL of each dilution was added to Chu #10 media plates (see 

Appendix F for media recipe). Some plates had 50 µL of Ampicillin added to limit the amount of 

unwanted microorganism colonies grown on the plates. Ampicillin has negligible effect on algae 

(Anderson, 2005). The plates were allowed to settle for at least 1 hour at room temperature 

before being wrapped in parafilm wax and placed in the incubator (22°C ± 5°C, 12:12 light dark 

cycle). Individual colonies were sterilely transferred to new Chu plates and these new plates 

were monitored to ensure single isolates were streaked per plate. Further sub-culturing was 

completed if the plates were contaminated. Each new isolate was labelled with a letter and 

number.  

Cultures were grown at both Ridgetown and SOE labs. The algal isolates were grown on 

Chu #10 plates. When a liquid isolate culture was required for testing, it was transferred to 

sterile liquid media and grown under fluorescent light, 22°C ± 5 °C in autoclaved flasks tightly 

covered with aluminum foil. The cultures were ready for testing when the cell concentration 

reached near 105 cell/mL. The cultures acted as master cultures for tests and for successive 
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master cultures. Microscopic observations monitored colony viability and sterility. If any 

contamination was noticed, new master cultures were made from the plates. 

4.6 Algal Bioassay Screening 

The initial screening of the algal isolates consisted of a qualitative bioassay screening. 

Small cultures of algae in 10% Wash 2 (W2) Lab BWW diluted in Chu media were grown for 5 – 

15 days and compared to control cultures. Small test volumes (10mL -20 mL) cultures were 

grown in autoclaved 50 mL flasks tightly capped with aluminum foil. Growth was under 

fluorescent lighting and at 22°C ± 5°C.  

Each test was rated for the algae’s ability to grow based on macro-level observations. 

The BWW dilutions in Chu media were usually a faint white colour making biomass easily 

identifiable. Macro observations were made in comparison to the master cultures and given a 

rating (Table 16). Periodically microscopic observations were made to ensure culture cleanliness 

and uniformity.  

Table 16: Qualitative ratings for algal bioassay. 

0 Limited to no algal growth noted. No change from 
observations of media at day of inoculation or a serious 
source of contamination grew in the media.  

1 Algal growth similar to the control. 

2 Algal growth better than the control.  
 

4.7 Algal Quantitative Growth 

The algae that received a rating of 2 in qualitative bioassay screening were then used for 

quantitative testing. Hemocytometer counts were used to track algal cultures over time and 

triplicate tests were cultured to ensure reliance on the tests. Hemocytometer procedures can be 

found in Appendix 0 Appendix G: Hemocytometer Protocol. Small test volumes of 20 mL, were 
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used to decrease the scale and allow for more tests to be done simultaneously in the incubator. 

Growth was again under fluorescent lighting and in an incubator at 22°C ± 5 °C. 

4.8 Algae Growth Inhibitors 

All algae screening tests used wash 2 from biodiesel produced in the lab from soy bean oil 

which had been coarse filtered (coffee filter equivalent), and autoclaved (121°C, 15 min).In 

subsequent tests several pre-treatments were done on the BWW to determine which 

contaminants in the BWW inhibited algal growth.  

 0.45 µm mixed cellulose syringe filters were used to lower the solids content 

 Methanol was added to Chu media to final concentrations of 2%, 5% and 20% of 

the total volume. 

 5 mg/L Florisil (magnesium silicate) was added to the BWW and mixed for 60 

min to lower the salt concentration (i.e. soaps). The florisil was removed by 

coarse filter and the filtrate was used. Florisil is a highly selective absorbent 

made up of magnesium silicate and often used for the refining of biodiesel 

(Knothe et al., 2005; Newkirk, 2009; Karaosmanolu et al., 1996). 

Similar growth conditions and the qualitative and quantitative methodologies were used. 

4.9 Fungi Isolation 

Fungal isolates from the local environmental around Ridgetown campus were collected 

similarly to the algal isolates mentioned above. Standard fungi culturing techniques were used. 

The differences from algal screening is that the plates used were potato dextrose agar (PDA) 

instead of Chu and no ampicillin was used. Similar procedures were followed; dilutions were 

made of the liquid or soil environmental samples and serial plating was used for to grow 

individual fungal colonies. 
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 No liquid master fungal cultures were made, instead, inoculation was done directly from 

plates by taking a plug (sterilely removed section of agar containing colony) and dropping it into 

sterile control potato dextrose broth (PDB) or test BWW solution. For media recipe see 

Appendix F. 

4.10 Fungal Screening 

Mycoremediation attempts began with a preliminary bioassay screening of 58 

environmental fungal isolates to determine which could grow in BWW diluted in potato 

dextrose broth (PDB), Czapek broth or potato dextrose agar (PDA) plates.  

The initial screening determined which fungi grew in the neutralized industrial 

combined-wash water from the Ridgetown (RP) biodiesel plant. This wash water is comparable 

to the industrial RP Comb presented in Section 5.1.  

Initially tests with different culture BWW concentrations with either PDB or Czapek Dox 

media determined an acceptable media for dilution and an acceptable range of BWW 

concentration for the isolated fungi.  

Tests used fresh fungal cultures from PDA plates to ensure that actively growing cultures 

were used. Small 10-20 mL test tubes with lids were sterilely isolated with 10 % and 50 % BWW 

diluted in PDB and Czapek broth. Five to ten days of growth at room temperature under 

fluorescent lights determined if the fungal isolate was able to grow. 

Table 17: Qualitative ratings for fungal bioassay. 

0 Limited to no fungal growth noted. No change from 
observations of media at day of inoculation or a serious 
source of contamination grew in the media.  

1 Fungal growth similar to control  

2 Fungal growth better to the control.  
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Similarly, solid media tests measured colony growth on PDA plates diluted with RP 

Comb BWW at 5, 10, 20 and 30 % v/v concentrations. The bioassay results suggested PDB was 

the better media compared to Chapek-Dox, so only PDB was used for subsequent tests. Growth 

was measured with a digital calliper. Results showed growth rate and adaptation ability as 

growth rate changes over time. Tests used fresh fungal cultures from PDA to ensure that actively 

growing cultures were used. Aseptic fungal plugs were used as inoculations. 

Another round of tests, similar to the bioassay screening, were completed but with 

different BWW concentrations (2%, 6%, 20% and 40% BWW in PDB). This time the biomass dry 

weight was measured after 10-14 days growth period. Only 16 of the top fungal isolates were 

used. 

4.11 Waste Water Mycoremediation 

These tests quantitatively determined the amount of fungal growth in larger scale 

cultures using PDB diluted with neutralized industrial biodiesel wash water. Chemical testing of 

the diluted BWW prior to incubation would show initial characteristics. After the 14 day growth 

period, biomass and COD were measured.  Blank tests (un-inoculated) as well as control tests 

created base line data for corrections attributed to environmental conditions which affected the 

media chemical characteristics. Larger, 400 mL cultures of autoclaved 10 % BWW / PDB media 

were inoculated with fungal colony plugs (3 mm by 3 mm). After 14 days of growth, the fungal 

biomass was filtered through pre-weighed filter papers (1.2 µm) and dried at 100 °C for 8-12 

hours.  

The analytical methods used after fungal growth are as outlined in section 4.4 Wash 

Water Analysis. The change in COD was calculated by subtracting the day 14 values from the day 
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1 values. The total COD change was calculated by subtracting the un-inoculated culture COD 

change, and the filter COD change from the test culture COD change:  

      (9) 

Where; ΔCODd14  = COD change over 14 days incubation calculated from the measured COD 
values of the test or control cultures at day 1 and day 14. 

 
ΔCODUI = COD change in the un-inoculated samples calculated from the measured COD 

values of the un-inoculated culture at day 1 and day 14. 
 
ΔCODfilter = COD change in the filtered samples calculated from the measured COD 

values of culture broth before and after it was filtered on day 1. 
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5 Results 

Three results sections are presented for each of the major research topics; 5.1 BWW 

characterization, 5.2 Algal screening, and 5.3 Fungal screening with mycoremediation. Note: 

One sample is defined as one wash sample from a biodiesel batch. i.e. Wash 2 from soybean 

based biodiesel made in the Guelph lab. 

5.1 Wash Water Characterization 

Industrial BWW and lab BWW will be compared for successive washes (W1, W2 W3, W4) 

and for mixtures of every wash, combined washes (Comb). The results are broken down into 

four sections; 5.1.1 Lab BWW compared to Industrial BWW, 5.1.2 Contaminants from Biodiesel 

Production,  5.1.3 Neutralizing Industrial Wash Water, 5.1.4 Oxygen Demand and 5.1.5 Nutrients 

available for algal and fungal growth namely; nitrogen (N), phosphorous (P) and carbon (C) 

5.1.1.1 Lab BWW Compared to Industrial BWW 

The BWW from industrial and lab biodiesel are quite different in several regards but 

came from biodiesel batches that were made with the same waste vegetable oil (WVO) (Table 

18). The pH trend differs because industrial samples used acid washing while lab samples did 

not. The COD, soap content, and solid content was much higher from industrial samples than lab 

samples.  The appearance of the water was also quite different. Lab samples tended to be an off 

white colour while industrial samples were only slightly white, and a brown colour was more 

prevalent. All lab samples made with soybean oil (SO) were mostly all white with no brown 

colour. 
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Table 18: BWW results from waste vegetable oil (WVO) made at the industrial 
Everpure plant (EP) and in the Guelph lab (GL). The same WVO was used as the 

feedstock and similar procedures were followed in the lab. The industrial samples 
were acid washed for W2 while the lab were not. 

Short Label pH COD (mg/L) 

Soap 
(ppm as 

potassium 
oleate) TS (mg/L) TSS (mg/l) 

TDS 
(mg/L) VSS (mg/L) 

EP WVO W1 10.6 798,600 1,906,000 367,800 17,500 350,300 16,400 
 W2 2.0 475,700 - 134,600 2,900 131,700 2,100 
 W3 7.9 435,600 179,400 76,800 4,300 72,500 3,800 
 W4 8.5 260,800 312,300 44,500 500 44,000 400 

GL WVO W1 10.2 108,800 10,100 12,200 5,000 7,100 4,500 
 W2 9.2 15,200 7,000 4,800 2,900 1,900 2,300 
 W3 8.9 9,100 3,200 3,800 1,100 2,500 800 
 W4 7.5 7,200 3,000 2,300 900 1,400 600 

 There are more comparisons between the industrial and lab samples in the following 

sections.  

5.1.2 Contaminants from Biodiesel Production 

5.1.2.1 Soap 

During preliminary lab biodiesel trial production (results not reported) several batches 

became thick emulsions when stirred, showing signs of high soap content. The biodiesel process 

parameters were changed to avoid this outcome. The results considered here were from 

subsequent good biodiesel batches, however, in some Guelph Lab (GL) samples white residue 

streaked along the side of the separatory funnels during washing. This was indicative of soap in 

the biodiesel and thus in the BWW. The longer the water and biodiesel was allowed to phase 

separate, the more clearly defined the separation line was, and the better the soap rinsed out 

into the water. If the mixing of the wash water and the raw FAME was more aggressively done, 

as opposed to a gentle inversion three times to mix, the occurrence of white soapy residue 
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increased. When de-ionized (DI) water was used to wash (results not reported), a more defined 

separation line was noticed. Phase separation of the same calibre with tap water was possible 

but longer settling times were required. Tap water was used for all the results presented here 

because it was more similar to the industrial processes. In terms of values, Table 19 shows the 

trends measured. . Results from a titration with HCl to bromophenol end point can be correlated 

to soap concentration. The lower detection limit was 480 ppm. 

Acid washing decreased the amount of soap and the wash water after the acid wash 

(W3 and W4) would be clearer than prior to, and during, the acid wash (W1 and W2). In terms of 

value, acid washing decreased the soap content 50% for industrial W2 samples and 25% for lab 

W2 samples. The third wash (W3) values also decreased, 25% and 12% for industrial and lab 

samples respectively. 

Industrial samples from RP showed a steady decrease in the soap content for successive 

washes, as did the lab BWW samples. However, the results in Table 19 show an increase for 

industrial BWW soap content after W2 acid wash. 3 out of the 5 samples reported here are from 

EP which tended to have higher soap concentrations. There are other possible reasons why this 

occurred which will be explained in the discussion.  
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Table 19: Average and SE soap results for industrial and lab samples for all samples 
and all samples without acid washing completed. 

    Industrial 
Ind – no acid 

wash completed Lab 
Lab – no acid 

wash completed 

    
Soap  

(ppm as potassium oleate) 
Soap  

(ppm as potassium oleate) 

W1 Average 427,600 417,500 7,900 8,200 
  n 5 4 8 6 
  SE 138,900 234,600 770 1,000 
W2 Average 59,800 119,650 3,700 4,950 
  n 5 4 8 6 
  SE 37,800 65,400 1,100 1,000 
W3 Average 96,700 129,000 3,000 3,500 
  n 5 4 8 6 
  SE 43,900 56,000 800 800 
W4 Average 144,400 171,800 2,600 2,550 
  n 5 4 8 6 
  SE 54,100 70,200 400 560 

 

Residual catalyst would be the cause of soap formation and so it was important to 

measure potassium (K) concentration. Table 20 shows the average concentration for  each 

wash. 

Table 20: Average potassium concentrations and standard error of JS, and RP 
industrial water from both soybean oil and waste vegetable oil. A total of three 

sample of each wash were sent to Lab Services for K measurement.  

  K (mg/L) 

W1 1,650 ± 210 

W2 445 ± 290 

W3 29 ± 0.5 

W4 6 ± 8.5 

Comb 1,100 N/A (n=1) 
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5.1.2.2 Solids 

The solids can be divided into total solids, TS (all solids in a liquid sample), suspended 

solids TSS (solid filterable by 1.5 µm filter paper), volatile suspended solids, VSS (suspended 

solids which ignite at 550°C) and total dissolved solids, TDS (equal to TS – TSS).  

Table 21: TS, TSS, VSS and TDS for industrial and lab BWW for successive washes. 

  Industrial (mg/L) Lab (mg/L) 

  TS TDS TSS VSS TS TDS TSS VSS 

W1 Average 328,900 319,600 9,300 8,000 11,100 6,800 4,300 4,100 

 Max 373,900 362,700 12,800 10,900 12,200 7,700 5,400 5,100 

 Min 284,500 279,500 3,400 2,700 10,100 5,600 2,400 2,300 

 n 4 4 4 4 4 4 4 4 

 SE 24,300 22,700 2,000 1,800 600 400 700 600 

W2 Average 173,400 167,400 6,000 5,700 4,600 2,200 2,400 2,200 

 Max 273,600 270,000 7,300 6,800 5,100 2,900 2,900 2,800 

 Min 134,500 127,800 3,600 3,400 3,700 1,600 2,000 1,800 

 n 4 4 4 4 4 4 4 4 

 SE 33,600 34,400 800 800 300 300 200 200 

W3 Average 67,600 62,200 5,500 4,900 3,400 2,000 1,400 1,200 

 Max 99,800 92,300 7,600 6,900 4,300 2,600 2,000 1,900 

 Min 13,300 10,400 2,900 2,800 1,700 600 1,200 800 

 n 4 4 4 4 4 4 4 4 

 SE 18,800 17,800 1,100 1,000 600 500 200 300 

W4 Average 51,100 47,500 3,600 3,500 2,200 1,200 1,000 800 

 Max 92,300 91,600 12,700 12,600 2,800 1,700 1,100 900 

 Min 21,500 8,800 500 400 1,200 300 900 700 

 n 4 4 4 4 4 4 4 4 

 SE 14,800 17,000 3,000 3,000 300 200 BDL BDL 

 *BDL = below detectable limit. 

 

Table 22: TS, TSS, VSS and TDS for industrial and lab combined BWW. 

  Ind (mg/L) Lab (mg/L) 

  TS TDS TSS VSS TS TDS TSS VSS 

Comb Average 90,500 84,500 6,000 5,700 12,000 10,600 1,400 1,100 

 Max 97,700 91,400 6,300 6,100 14,000 12,400 1,700 1,300 

 Min 83,300 77,700 5,600 5,200 9,900 8,800 1,100 900 

 n 2 2 2 2 2 2 2 2 

 SE 7,200 64,600 400 4,300 2,100 1,800 300 200 
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Acid washing did not have a large effect on the solid content and so the comparative results 

were not shown. 

5.1.3 Neutralizing Industrial Wash Water 

The addition of 10 M KOH solution precipitated potassium sulphate salt out of industrial BWW 

within minutes. After approximately 1 hr, the salts settled down to the bottom of the beaker. 

The upper layer wash water was clearer after the salt settled, meaning that some of the 

sulphuric acid and soaps were initially dissolved in the water phase. The resulting pH of the 

treated BWW was 7.  

Table 23: Volumes of KOH solution used to get the BWW to pH 7 are shown. The 
amount of salt that precipitated was measured after leaving the neutral BWW to 

settle for 1 hour.   

BWW volume Amount 10M KOH added K2SO4 Salt Precipitate 

1,800 mL 82mL ± 5 mL ≈15 % v/v 

 

The autoclaving turned the water a darker brown colour meaning some burning of 

organics may have occurred. Only 50% of the initial COD remained after neutralization 

treatment, and 40% remained after neutralization followed by autoclaving 121°C for 15 min 

(Table 24). 

Table 24: COD change due to neutralizing and autoclaving (121°C, 15min) of 
Ridgetown Plant (RP) industrial BWW. 10 M KOH was first used to precipitate out 

K2SO4 and the remaining liquid portion was autoclaved. The remaining liquid media 
was used for fungal screening. 

Sample COD Ave (mg/L) % COD Remaining 

RP Comb BWW Raw 527,000 ± 15,500 100% 
RP Comb BWW Neutralized 264,000 ± 12,400 50% 
RP Comb BWW Neutralized ACLVD 212,000 ± 15,900 40% 

 



 

68 
  

5.1.4 Oxygen Demand 

5.1.4.1 Chemical Oxygen Demand 

The first (W1) and second washes (W2) were murky-white water that tended to have higher 

COD values (Figure 9).  The washes cleared as more washing were done and so did the COD 

values. As more washes were completed, the COD value decreased. The large SE values (shown 

in the graphs) are due to the large difference in maximum and minimum values observed. 

Compared to W1 and W2 the COD values for W3 and W4 were lower and the standard error (SE) 

was a lot more consistent. There tended to be a lot of variation for W1 and W2 samples. 

Lab samples showed a consistent trend; The COD average for W1 samples was near 

150,000 mg/L (as high as 265,500 mg/L and as low as 85,700 mg/L). The second wash, W2 

averaged at 29,000 mg/L with a maximum near 73,000 mg/L and minimum near 7,500 mg/L. 

The W3 and W4 samples had averages near 20,500 and 16,200 mg/L respectively and the 

maximum and minimums were relatively close to those values. 



 

69 
  

  

 

Figure 9: Graphical representation of average and SE COD results to visually show the 
down ward trend. Lab and industrial wash water (BWW) samples are shown for; a) lab 

samples, n = 12, b) industrial samples, n= 5, c) lab samples no acid wash, n=10 d) 
industrial samples no acid wash, n=2. 

Several of the EP samples had very high COD levels, but they were not as consistently 

high as the RP samples COD. The RP samples with an acid wash had the maximum COD of 

1,800,000 mg/L but that same batch had much lower COD values compared to the other 

samples for all the following washes. The same trend was seen in the lab samples; if an acid 

wash was completed during wash 2, the COD for that W2 water would be the highest, but all 

successive washes afterwards had much lower COD values. The minimum values observed were 

from JS samples which had first wash (W1) COD values near 355,000 mg/L and COD decreased 
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consistently for the consecutive washes, with W4 samples averaging 5,500 mg/L and appeared 

almost transparent. The processing at JS was a lot cleaner due to the smaller scale and regular 

cleaning performed. 

  The effect of using an acid wash step during refining is that the COD values decrease 

after the acid wash is completed. Compared to samples that did not perform acid washes the 

percent increase is at most 10% COD increase for industrial W2 and W3 samples while most only 

increased 4 – 7%.  

5.1.4.2 Biological Oxygen Demand 

Only partial BOD data was collected for BWW samples. There was a long period of 

adapting the test volumes, changing the seed inoculation volume and ensuring the quality of the 

dilution water. Over 4 weeks of BOD testing only two reliable results were found (Table 25), 

meaning they met the Standard Methods oxygen depletion limitation for accurate tests (1mg/L 

residual dissolved O2, >2mg/L depletion of O2).  

The BOD:COD results show that there is much less biodegradable material in the BWW 

compared to chemically oxidizable matter.  

Table 25: BOD Results and COD values. 

Sample BOD (mg/L) COD (mg/L) BOD:COD 

RP WVO 1 37,500 1,321,000 1:35 

RP WVO Comb 12,300 515,000 1:41 

  Ave 1:38 
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5.1.5 Nutrients 

5.1.5.1 Nitrogen 

Residual methanol in the BWW prevented the completion of TKN tests however no nitrogen as 

NH4
+, NO3

- or NO2
- were found in the RP and JS samples tested (Table 26). The W1 samples had 

very low values, except one RP WVO combined sample which had a higher NH4
+ value of 14.5 

mg/L. No lab produced BWW had nitrogen present. There was no nitrate present in any sample 

tested for either lab or industrial.  

Table 26: Lab Services measured ammonium (NH4
+) and nitrite (NO2

-) for two 
industrial BWW samples made with WVO and SO by RP and JS. 

 

 NH4
+ 

NO2
- 

Sample mg/L mg/L 

W1 10.5 4.78 

W2 1.49 0.104 

W3 0 0.039 

W4 0 0.004 

 

5.1.5.2 Total Phosphorous 

Ridgetown plant industrial combined BWW had very high total phosphorous (P) averaging 50.9 

mg/L compared to the soybean oil BWW samples in Table 27.  
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Table 27: The Lab Services results of total P for industrial washes made with soybean 
oil (SO). 

    Total P mg/L 

SO W1 Average 23.45 

  n 2 

  SE 12.15 

SO W2 Average 2.46 

  n 2 

  SE 1.20 

SO W3 Average 1.63 

  n 2 

  SE 1.09 

SO W4 Average 2.21 

  n 2 

  SE 0.82 

 

5.1.5.3 Carbon 

Most of the constituents of biodiesel production have a hydrocarbon structure meaning that 

BWW samples would have high C measurements. Joe Street soybean oil (JS SO) derived BWW 

carbon values are shown in Table 28. Table 29 shows the values for Ridgetown waste vegetable 

oil (RP WVO) derived BWW for comparison. 

Table 28: Total carbon (TC), Inorganic carbon (IC), and Total organic carbon (TOC) for 
industrial samples (n=2) BWW made from soybean oil (SO).  

         

    TC IC TOC 

    mg/L mg/L mg/L 

Ind SO W1 Average 56,950 45 60,300 

  n 2 1 1 

  SE 3,450 - - 

Ind SO W2 Average 19,400 49 18,100 

  n 2 1 1 

  SE 1,200 - - 

Ind SO W3 Average 6,020 47 6,840 

  n 2 1 1 

  SE 870 - - 

Ind SO W4 Average 3,120 47 3,000 

  n 2 1 1 

  SE 50 - - 
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Table 29: Total carbon (TC), Inorganic carbon (IC), and Total organic carbon (TOC) for 
industrial BWW (n=2) combined BWW from industrial biodiesel made from waste 

vegetable oil (WVO). 

    TC IC TOC 
    mg/L mg/L mg/L 

Ind WVO Comb Average 67,021 0 67,021 
  Max 134,000 0 134,000 
  Min 42 0 42 
  n 2 2 2 
  SE 66,979 0 66,979 

 

Table 30 shows several of the characteristics of Ridgetown Lab soybean oil derived 

BWW for the early washes, W1 and W2.  

Table 30: pH, COD, Soap, Nitrogen, Carbon and Salts for Ridgetown Lab (RL) soybean 
oil (SO) samples. 

   COD 
Soap (ppm 

as potassium 
oleate) 

NO3
- 

TKN TC IC TOC 

Total 
Salts 
E.C. 

 pH mg/L mg/L mg/L mg/L mg/L mg/L mS/cm 

RL SO W1 9.7 97,549 4,875 0.0835 0 5060 0 5060 0.27 

RL SO W2 8.0 30,343 934 0.27 0 24500 0 24500 0.995 

 

5.1.5.4 C:N:P Ratio 

An important parameter to report for both algal and fungal growth media is the carbon 

and nitrogen to phosphorous ratio because these elements are essential for their growth. Two 

JS, one EP and combined RP set of wash samples had C:N:P ratios measured with very high 

levels of carbon (Table 31). 

Table 31: Average C:N:P ratios for industrial washes (Wash 1-4) and combined samples 

 C:N:P n 

Ind W1 2,429:0.65:1 3 

Ind W2 7,902:0.65:1 3 

Ind W3 3,685:0.02:1 3 

Ind W4 1,415:0.00:1 3 

Ind Comb 1,317:0.28:1 1 
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5.1.5.5 Acidity 

Generally water washing is considered complete when the BWW is neutral, pH 7. The 

results here only present up to W4 but several more washes were completed for most of the 

batches. 

 Four out of the eight water samples from different sources performed acid washing 

which changed the pH of W2 and subsequent washes (Figure 10). Biodiesel wash water showed 

no buffering capacity since only small amounts of sulphuric acid (0.2% v/v) in the washes would 

decrease to pH 1.3 in some industrial samples, Figure 11. Even one EP W3 sample had a pH of 

1.6 after an acid wash was completed. The pH slowly rose to neutral after 4 or 5 washes. 

 

Figure 10: Average and SE pH of successive BWW for a) all samples collected and b) all 
samples without acid wash samples. Control water was 7.3 ± 0.1 for Industrial 

samples, and 7.1 ± 0.1 Lab samples. 

 The effect of acid washing on lab samples was not as pronounced since only 2 acid 

washes were completed and a total of 16 samples were tested. However, the pH of W2 and 

successive washes showed a similar trend as that of the industrial samples. There was a very low 

pH for W2, near 1.5 and which slowly rose to neutral after 4 or 5 washes. 
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Figure 11: Average and SE pH of combined BWW samples for a) all samples and b) all 
samples without acid washing completed. Control water was 7.3 ± 0.1 for Industrial 

samples, and 7.1 ± 0.1 Lab samples. 

5.1.5.6 Electrical Conductivity 

Electrical conductivity was measured for a few cases of lab and industrial cases. A large 

difference in ionic strength was observed between industrial combined WVO BWW and lab SO 

BWW (Table 32). The industrial BWW normally had a lot more residual material from the 

feedstock, which may have conducted electrical current. 

Table 32: Electrical Conductivity of industrial and lab BWW from various sources. The 
BWW were from either soybean oil derived biodiesel (SO) or waste vegetable oil 

biodiesel (WVO). 

 
EC 

Ms/cm 

SO W1 1.27 
SO W2 0.995 

SO Comb 1.15 
WVO Comb 37.45 
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5.2 Algal Screening 

5.2.1 Bioassay Screening 

Of the fifty-six isolates that were tested, the top performers were A20, A34, A40, A41, 231, 244, 

and 246 (Figure 12). Isolates 244 and 231 received ratings of 1, however hardy growth was 

noticed in some cultures and these isolates tended to be fast growers and were therefore 

considered in the top 7. Isolate A20 tended to be a very fast grower and within 4 days of 

inoculation would show signs of biomass accumulating. Similarly, A34 and 244 showed fast 

growth rates.

 

Figure 12: Algal bioassay screening. All tests were grown in 10% wash 2 diluted with 
Chu media The BWW came from soybean based biodiesel produced in the Guelph Lab. 

 A rating of 2 indicates comparatively better growth than other algae, where a rating of 1 

indicates worse than control growth. It should be stated that none of the isolates grew much 

better than the controls. The rating above was somewhat subjective, and the isolates which 

were rated 2 (better than control) were really only the top performers relative to the other 

isolates which did grow in the dilute BWW, but there were no algae that really “took off” in the 
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test media. The quantitative results that follow show the relative percentage of growth as 

measured by cell counts in test cultures compared to growth in a comparable control sample. 

5.2.2 Algal Quantitative Growth 

There was no algal isolate that performed better because of BWW. Several tests were 

conducted and clean cultures were used to try to reproduce any relatively positive results. As 

can be seen in Figures 13 and 14, the growth relative to control tests was very low. Isolates A40 

and A34 grew to 55% and 33% of the control cell counts, respectively (Figure 14). The other 

isolates could not even grow to 25% of control cell density, Figure 13. 

 

Figure 13: Growth of A20, 244 and 246 algal isolates in diluted BWW. Algae were 
cultured in triplicate in Chu’s medium (control) or Chu’s medium plus 10% or 30% 

BWW.  Growth was assessed by direct cell counts after 5 to 9 days incubation and the 
values presented are the average with standard error. 

During growth of the algae it was noted that they went into stationary phase growth 

after about 7 to 10 days. Test and controls cultures were always counted on the same day 

during the 5 to 9 culturing period which produced a direct comparison between controls and 

tests. 
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Figure 14: Growth of A41, A40, A34 and 231 algal isolates in dilute BWW.  Algae were 
cultured in Chu’s medium (control) or Chu’s medium plus 10 % BWW.  Growth was 

assessed by direct cell counts after 5 to 9 days incubation and values are an average 
with standard error. 

Algal isolate A20 showed some promise during growth tests at Ridgetown lab (RL) but 

the results could not be reproduced at the Guelph lab (GL). There were several instances of 

biological contamination seen in the GL cultures. During RL tests, A20 grew up to 50% and 60% 

of the control tests cell density while in GL it only got up to 40% cell density. Several cleaner 

cultures of A20 were tested but the results were not successfully reproduced. From literature 

research, it was deduced that contamination was not the only inhibitory factor to algal growth. 

5.2.3 Algae Growth Inhibitors 

Assumptions were made that contaminants in the BWW hindered algal growth. The high solids 

content, residual methanol and soap were assumed to be the major factors to be tested and 

tests were conducted to characterize the importance of each of these. The pH of the diluted 

BWW Chu test media was near neutral which is adequate for most algae. 
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After filtering, A41 grew to 91% cell density of the control growth compared to 66% in 

the non filtered media. Filtering helped A20 grow to 49% cell density of the control compared to 

40% in the non filtered media (Figure 15). 

 

Figure 15: Effect of filtering on growth of A41 and A20 isolates grown in dilute BWW. 
Algae were grown in Chu’s media (control) or BWW diluted with Chu’s media to an 
amount equalling 20 % BWW in the final volume. Growth was assessed by direct cell 
counts. 

Methanol negatively affected the growth of A20 (Figure 16). Growth comparable to the 

control was noticed in 2% methanol, but growth was down to 50% of the control cell density at 

5% methanol concentration. 
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Figure 16: Effect of adding methanol to Chu media for the algal isolate A20. Two cell 
counts were taken after 3 days and 8 days of growth. 

The untreated 244 test culture grew to 20% of the control cell density while the Florisil 

treated cultures grew to 41% and 46%. Up to 5 different tests were conducted to test the 

accuracy of this result since it was assumed that the osmotic pressure of BWW soaps would 

have had more of an effect and that Florisil treatment would have bettered algal growth more 

than it did (Figure 17). 
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Figure 17: Effect of Florisil (magnesium silicate) treatment on the growth of algal 
isolate 244 in 10 % biodiesel wash water (BWW).  Algae were cultured in Chu’s 

medium (control) or Chu’s medium plus BWW that had been treated with Florisil (5% 
w/v for 60 min).  Final volume of treated BWW in Chu’s was 10 %.  Growth was 

assessed by direct counts after 5 to 9 days incubation and values are an average with 
standard error.  The experiment with Florisil was completed twice, denoted by FL1 

and FL2 in the graph, and an earlier result with isolate 244 in untreated BWW is 
included for comparison.  

5.3 Fungal Screening and Mycroremediation 

5.3.1 Bioassay 

The initial bioassay results show that fungal species could grow well in the treated and dilute 

BWW at 10% dilution. Similar growth was seen in potato dextrose broth (PDB) and Czapek-Dox 

(Czapek) dilution except S64, S36, X4 and F14 grew better in 10 % Czapek than 10% PDB. 

Predominantly the fungal isolates grew better in PDB. All subsequent experiments used PDB. In 

terms of dosage, very few fungal isolates grew in the 50% BWW broth and none grew better 

than controls in the 50% broth. 
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Figure 18: Fungal bioassay screening results for growth in 10% PDB after 5-10 days 
incubation. Results greater than 1 indicate better than control growth. Fifty-eight 

fungal isolates were screened and 19 grew better than the control cultures. 

As opposed to the algal bioassay screening, the fungal isolates that grew better than control 

actually grew better than the controls. There was much more biomass for several of the isolates 

and these were given a rating of 2. 

Table 33 lists of all fungal isolate colony size ranked from largest to smallest after 5 days 

of growth on solid media diluted with various levels of BWW.  

 

  

0

1

2

F1
9S9

S1
2

5
F1

5
F3

5
S9

3
F2

6
F1

3S1
F1

1
B

F1
S1

2
4

F1
8F6

F2
4

V
1

9
V

2
4

F3
6

S8
3

S6
4

S3
6x4

F1
4F8

EB
 P

u
rp

le
S5

7
V

2
2

F3
2

C
o

n
 F

F1
0

S1
0

1F7
F1

2
S1

4
1

F1
6

T2
R

1
5

a
F2

7
x1

4
EB

 p
in

k
S8

2
S7

0
S7

5
S1

1
5

S1
0

8x2
F2

9
T7

R
1

5
a

F1
7

F2
1F3

F2
3F3

S1
2

2
T1

 C
anx3F9F1F4



 

83 
 

Table 33: Fungal colony size (mm) ranked from largest to smallest based on day 5 
growth on solid media for fastest growing 23 isolates of the total 58 isolates available. 
Different dilutions of neutralized industrial BWW were added into PDB agar to test for 
effect of higher percentages.  C indicates control with no BWW.

Fungi - Dilution Day 5(mm) 

BF1 - C 81.2 

BF1 - 5% 80.3 

BF1 -10% 80.3 

BF1- 20% 79.4 

BF1 - 30% 78.1 

F6 - C 68.3 

F6 - 5% 71.9 

F6 - 10% 53.7 

F6 - 20% 48.5 

F6 - 30% 46.4 

F14 - C 65.8 

F14 - 5% 64.2 

F14 - 10% 64.1 

F14 - 20% 62.6 

F14 - 30% 62.4 

V19 - C 45.1 

V19 - 5% 43.2 

V19 -10% 43 

V19 - 20% 42.1 

V19 - 30% 40 

F24 - C 41.2 

F24 - 5% 39.1 

F24 -10% 38.2 

F24 - 20% 37.1 

F24 - 30% 37 

S124 - C 24.4 

S124 - 5% 35.5 

S124 -10% 34.2 

S124 - 20% 33 

S124 - 30% 34.1 

S1 - C 34.1 

S1 - 5% 33.9 

S1 - 10% 33.2 

S1 - 20% 32 

S1 - 30% 30.9 

F11 - C 31.2 

F11 - 5% 34.1 

Fungi - Dilution Day 5(mm) 

F11 - 10% 32.3 

F11 - 20% 28.1 

F18 - C 31.1 

F18 - 5% 31 

F18 - 10% 28.3 

F18 - 20% 27.1 

F18 - 30% 26.3 

S125 - C 28.5 

S154 - 5% 27.8 

S125 -10% 26.4 

S125 - 20% 26.4 

S125 - 30% 23.1 

F26 - C 24.1 

F26 - 5% 24.8 

F26 - 10% 23.2 

F26 - 20% 22.1 

F26 - 30% 18 

S9 - C 25.3 

S9 - 5% 24.1 

S9 -10% 18.2 

S9 - 20% 16.3 

S9 - 30% 22.8 

S121 - C 21.1 

S121 - 5% 22.3 

S121 - 10% 20.9 

S121 - 20% 20.8 

S121 - 30% 19.2 

S83  - C 19.6 

S83 - 5% 19.4 

S83 -10% 19.6 

S83 - 20% 18.7 

S83  - 30% 18.3 

F13 - C 15.3 

F13 - 5% 18.5 

F13 -10% 13.2 

F13 - 20% 12.3 

F13 - 30% 12.1 

Fungi - Dilution Day 5(mm) 

V24 - C 16.7 

V24 - 5% 14.6 

V24 -10% 11.1 

V24 - 20% 7.3 

S64 - C 18.9 

S64 - 5% 17.4 

S64 - 10% 17 

S64 - 20% 16.4 

S64 - 30% 13.1 

S98 - C 17.6 

S98 - 5% 17.4 

S98 - 10% 17.4 

S98 - 20% 16.5 

S98 - 30% 14.1 

S93 - C 15.3 

S93 - 5% 16.1 

S93 - 10% 15.4 

S93 - 20% 13.9 

S93 - 30% 12 

F19 - C 16.1 

F19 - 5% 16.3 

F19 - 10% 16.4 

F19 - 20% 15.8 

F19 - 30% 15.9 

F35 - C 14.1 

F35 - 5% 14.5 

F35 - 10% 13.8 

F35 - 20% 12.6 

F35 - 30% 12.1 

F36 - C 12.8 

F36 - 5% 12.4 

F36 -10% 11.1 

F36 - 20% 10.7 

F36 - 30% 11 

F15 13.1 

F15 - 5% 12.8 

F15 - 10% 12.7 
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BF1 had the largest colonies for all concentrations of BWW. On day 5 the colony 

reached the outer edge of the plate (81.5 mm) and could not grow any further. BF1, F14 and F6 

showed excellent growth rates of 10 mm/day. After day 4, the growth of these isolates was 

faster than any other isolates; 63 mm/day for the control and up to 70 and 71 mm/day for 20% 

and 30% BWW tests. The colonies of BF1, F14 and F6 in the test plates grew faster than the 

control during this period. The results suggest that there may have been an adaptation to an 

inhibitory agent present in the diluted BWW which F6 overcame after 4 days.  

The other two top performers, V19 and S124 show continuously progressing growth 

over the 8 days. The test colonies in 10% BWW and 30% BWW for S124 grew better than control 

plates over the entire duration of the experiment. S124 was the only isolate that had better 

growth than controls for all test BWW concentrations.  

After day 4, the growth of F6 accelerated faster than any other isolate; 63 mm/day for 

the control and up to 70 and 71 mm/day for 20% and 30% BWW tests showing that the colonies 

in the test plates grew faster than the control during this period. 

5.3.2 Dose Response 

Presenting the fungi  dose response results in descending order based on their 

standardized growth shows which isolates prefer to grow in BWW, namely; F24, V19, in 20% 

BWW and BF1, S124, S1 and F13 in 6% BWW (Figure 19). None preferred 40% BWW. Isolate BF1 

showed the most growth at higher BWW concentrations. 

There was no reason why the BWW concentration change from 5%, 10%, 20% and 30% 

for the solid media testing to 2%, 6%, 20% and 40% for the dose response testing. The media 

that was made diluted to different concentrations by the lab assistant and tests were conducted 

with it. 
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Figure 19: Standardized test growth to control growth for multiple BWW 
concentrations. A positive value indicates better than control growth, a value of zero 
indicates the same growth as control and negative means worse than control. Four 
concentrations of industrial BWW were used in PDB. The graph shows the isolates 
with the lowest relative growth at 20 % BWW on the left and the highest relative 

growth on the right. 

 

5.3.3 Waste Water Mycoremediation 

In terms of biomass accumulated, several of the fungal isolates were successful in growing 

better than the controls in dilute BWW. Figure 20 shows that several test cultures had higher 

biomass yields after 14 days of growth compared to the controls cultures. It was possible to 

measure biomass because the mycoremediation test cultures were larger, 400mL.  
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Figure 20: Dry weight after 14 days of 400 mL cultures with 10% BWW diluted in PDB. 
Ranking is from best COD removal on the right to least COD removal on the left. Only 
V19 and BF1 had triplicate tests completed. BF1 was grown in 20 % BWW because it 

showed preference to higher BWW in the bioassay studies. 

 

Even after taking into account any external factors which could also lower the COD of 

BWW / PDB diltuions, several isolates successfully lowered the COD of the test media. Some 

were able to achieve close to 50% reductions (Figure 21). The BF1 test showed no COD 

reduction during its growth. 

The fungi were recovered with 1.5 µm filter paper. Un-inoculated media was incubated 

under similar conditions to allow for correction. The COD of un-inoculated samples was taken 

before and after filtering to allow for filtering COD reduction correction. The initial COD of un-

inoculated 10% BWW was 56,500 ± 3,500 mg/L and the initial COD of the control was 26,300 ± 

850 mg/L. 
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Figure 21: COD decrease after fungal growth, corrected for un-inoculated sample COD 
reduction (-3,120 mg/L), and filtering (-8,500 mg/L). The cultures were incubated 

under constant agitation for 14 days in 10% BWW and PDB media.  
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6 Discussion 

The results for the three major research topics will be discussed and possible applications 

for future work are introduced. 

6.1 Wash Water Characterisation 

Biodiesel wash water tended to be high in COD, solids, and soaps. There was residual 

methanol, oil, and catalyst which make it a very hard to treat BWW effluent. Generally industrial 

samples made with WVO have higher COD levels, contain more solids and were contaminated 

with food stuffs from the feedstock compared to lab samples made with the same feedstock. 

There were general downward trends noticed in the water characteristics as subsequent 

washing occurred, meaning that W4 was a lot clearer and lower in contaminants compared to 

W1. This shows that as more washing is completed the biodiesel is becoming cleaner. More of 

these trends will be discussed further. 

 There is also a discrepancy depending on where the BWW came from. Three industrial 

sources, namely Ridgetown (RP), Everpure (EP) and Joe Street (JS), all had different BWW 

characteristics.  Generally the samples from EP tended to have higher levels of COD, soaps and 

what seemed to be residual oil and catalyst since the addition of water tended to create more 

soap. The RP and JS samples tended to be consistently lower than EP samples for these 

parameters. This was probably because of two reasons; the feedstocks used by RP and JS were a 

lot cleaner than EP’s feedstocks, meaning that less solids, water and possible cleaners used in 

the restaurants fryers were not present in RP’s feedstock. Joe Street converted soybean oil so 

that lead to much cleaner BWW. Also, the processing was more established in RP and JS 

compared to EP. Everpure did not have as elaborate and standardized process procedure in 
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place compared to RP and JS. Both of the latter producers have been producing for a much 

longer time and would consistently be able to spot any errors that EP may have overlooked. 

Possible slight indications during transesterification or settlement may be missed by EP while 

picked up by RP or JS as being major errors in reaction which could lead to a poor fuel and also 

difficulties during washing. There may have also been issues with the water quality used for 

washing, but the results showed no major differences in the fresh wash water used by the 

producers. Something may have been overlooked however. 

The test results confirmed that none of the wash water from the investigated biodiesel 

operations meets disposal regulations. Since the purpose of water washing is to remove 

contaminants, it is not surprising that the water is highly loaded with organics from the biodiesel 

production. The levels of COD are thousands of times higher than what is allowed in Chatham-

Kent, the solid content is 150 to 1,000 times higher than the disposal limit and pH levels 

measured over a very wide range, from being very alkaline (pH = 11, for W1 samples) to 

extremely acidic (pH = 1.1, Combined industrial samples and W2 samples) all of which are not 

allowed to be disposed in municipal wastewater systems. The BWW tested in this thesis had 

comparable characteristics to other BWW documented  in literature (Table 7). 

 BWW characteristics are dependent on the biodiesel production process used and are 

indicative of the fuel quality. Concentration of contaminants in lab BWW were orders of 

magnitude lower than in the industrial BWW for a number of parameters, namely; COD, soaps 

and solids. This can be explained by looking at the level of process control, the magnitude of 

operation, cleanliness of the reactors, and the feedstock used.  

The lab batches are made in small quantities, 200 to 500 mL, while industrial batches 

can be 3,000 to 11,000 L. The level of mixing, temperature, and reactant measurement is more 
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controlled in small lab samples compared to industrial samples. The transesterification reaction 

is expected to be more complete in a more controlled environment because there are better 

interactions of reactants, less loss of methanol due to evaporation, and a faster response to any 

possible errors in the process. Noureddini (1997) describes the transesterification reaction as 

being diffusion controlled, meaning that better mixing makes for better reactions. This is one 

parameter being investigated for increasing the efficiency of biodiesel conversion technologies.  

Cleanliness of equipment is also critical to avoid any contamination in the biodiesel 

batches and thus the BWW. The phosphorous and nitrogen detected in the soy oil (SO) BWW 

results (Section 5.1.5) are believed to be from contamination from previous waste vegetable oil 

(WVO) batches. At Joe Street’s (JS) facility, all the previous batches made in the reactor had 

been WVO. There is a very good chance that some residual WVO was left in the reactor and was 

washed out during the SO batch. There is a chance that phospholipids were in the SO, but the 

Nealanders Vegetol oil that was used claim negligible amounts of phosphorous in their SO. 

Nitrogen could not have come from the SO biodiesel reaction, so it must have come from 

residual proteins or similar material from the previous WVO batch. Other WVO BWW batches 

tested did have elevated levels of nitrogen and phosphorous but only in the early washes (W1) 

and the combined wash (Comb).   

 A direct comparison between the lab and industrial BWW was shown in Section 5.1.1.1. 

The overall trends in pH, soap, COD and solids were similar to other BWW made in the same 

way (industrial or lab). As washing progressed the industrial BWW pH was first alkaline, then 

very acidic and then levelled back out towards neutral after a few washes.  

The pH response of the EP WVO samples is indicative of an error during production 

processing (Table 18). The pH rising above 7 indicates that the acid wash was not sufficient to 
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neutralize the catalyst during W2, and thus residual catalyst increased the pH afterwards. The 

soap results for this case show that more soap was made during W3 and W4 after the 

insufficient W2 acid wash. This particular batch required 7 washes in order to clear the 

biodiesel. A recommendation was made to EP to increase their acid wash concentration and 

carefully measure their catalyst. Once these recommendations were implemented, the biodiesel 

batches turned out cleaner and required less washing afterwards (Zuraw, 2010).  

The lab WVO BWW samples however, show a steady decrease in both the pH and soap 

concentration. While no acid wash was completed, good quality fuel was made, seeing as the 

soap concentration decreased as more washes were completed and only 5 washes were 

required. This means that any residual catalyst and oil were washed away early on, or were not 

present at all, meaning good reactions took place. From good quality fuel the chances for 

making soap decrease since there is less residual catalyst (Table 20) and un-reacted oils. Gonzalo 

et al. (2010), Karaosmanolu et al. (2009) and Di Felice et al. (2008) all stated the importance of a 

complete transesterification during the washing steps. They all claimed that soap concentration 

and un-reacted oils interfered with the water and biodiesel separation. The results of section 

5.1.1 show the difficulties of ensuring complete mixing for the larger industrial batches. The 

BWW samples compared in section 5.1.1.1 should have been very similar. Comparable 

procedures were used to convert similar WVO into quality biodiesel, but different techniques, 

different processing equipment and levels of process control, affected the fuel quality and are 

indicated by the BWW results.  

 In terms of oxygen demand, there was a general downward trend in COD results for 

successive washes. The trend is consistent in both industrial and lab samples regardless of 

whether acid washes were done or not. Industrial W2 and W3 samples had a 10% reduction in 
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COD because of acid washing. The combined lab samples (Comb) had a 21% reduction in COD 

when an acid wash was done (Figure 9). Similarly, the soap content in Comb lab samples 

decreased 18% when acid washing was completed. This is indicative of a possible correlation 

between soap and COD. Heukelekian and Rand (1955) did state that soap had a BOD value 

(which is related to COD) of 450 to 1,600 mg/mL of soap. A COD value of 600,000 mg/L would 

mean 6 kg of oil/L which is impossible. There must have been another contaminant in the BWW 

that has a much higher COD and BOD measure. 

A direct comparison between COD and BOD may not be possible as well. There are 

many parameters that affect the BOD to COD ratio such as water conditions (pH, temperature) 

and possible toxic contaminants, such as methanol. The COD tests claim not be to affected by 

these conditions or contaminants, but there may have been small effects during actual testing. 

The tests may not have fully reacted all the chemicals present, resulting in lower COD values. 

Since the COD measurement is colorimetric, there is a higher chance error if blank colour effects 

are not properly considered. Blank samples were run, but there is a chance that all colour 

effects were not always accounted for if any discolouration between the blank and sample was 

present. A soap and COD correlation could be possible because the lab samples had a consistent 

value of 0.4 mg soap / mg COD for W2 through W4. The value for W1 was 0.1 mg / mg. Similar 

results were not seen in the industrial samples, however, there may have been contaminants in 

the industrial water which affected this and not detected in these results. The reason for W1 not 

having a similar ratio could be because COD is dependent on other contaminants only present in 

large quantity in W1, such as methanol, and glycerol. These are known to have high COD levels 

(Heukelekian and Rand, 1955) and Gonzalo et al. (2010) stated that most of the methanol, 

catalyst and glycerine are almost completely removed in the first wash step. The COD in BWW is 

difficult to explain and more in depth analysis via gas chromatograph (GC) spectrophotometry or 
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similar would allow for a better breakdown of the chemical composition. The use of a GC was 

attempted for this thesis but water samples are very hard to analyze in a GC column. 

 Biodiesel wash water results were very widespread. The industrial wash 2 (W2) COD 

values had maximum values almost 3 times higher than the average (Figure 9, max value of 

1,790,000 not shown but large SE is indicative of wide range over the average value of 625,000). 

The maximum soap content in the industrial W2 samples was about 4 times higher than the 

average (Table 19). Another interesting point is that the maximum COD value for W2 industrial 

samples was higher than W1. This might be because during the first wash mostly glycerol was 

rinsed out, while during W2, more soap rinsed out. This could explain why the acid washing has 

a larger affect on the W2 soaps (50% reduction) than any other wash.  Di Felice et al. (2008) 

confirm that the glycerol is washed out in the first wash and has a lower COD than soap.  

Determining a COD and BOD calibration would be extremely useful because COD testing 

takes two and a half hours while BOD takes five days or more. COD is also a more stable method 

with more consistent results since BOD relies on the bacterial seed viability, while COD tests 

degrade organics regardless of water conditions (pH, temperature). Generally, because of this, 

COD will measure higher than BOD. Yet, BOD, must still be tested directly to meet municipal 

discharge regulations. Also, BOD more accurately depicts real-world impact on receiving waters 

(Metcalf and Eddy, 2003). This is the reason why BOD testing was attempted on the BWW 

samples. Due to the complexities of BWW more time was needed for an adapted BOD testing 

procedure to be developed limiting the time available to develop a COD/BOD correlation. Such 

procedure would probably have included a better seed inoculation source, such as a vegetable 

oil mill effluent. The relationship between BOD and COD (Table 25) showed that the Polyseed 

microorganisms were not adapted to digesting the chemicals in the BWW. Polyseed is an EPA 
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recognized test procedure and has a minimum of 4.00 109 cfu/g, which is more than sufficient 

for BOD testing (Metcalf and Eddy, 2003).  

The issues may have been that the microorganisms needed to digest BWW have to be 

more adapted to growing in the severe BWW conditions. Singh (2006) described fungal 

degradation reactors for palm oil mill effluent water is remediated to 100% COD reduction with 

fungal isolates from the water treatment plant that accepts the effluent from the mill. This 

effluent was fairly similar to BWW effluent; 250,000 mg/L of COD, 11,000 mg/L of BOD, 65,000 

mg/L total dissolved solids and 9,000 mg/L of oil. The microorganisms were isolated from the 

treatment plant and used in a controlled bioreactor for the purpose of remediating the water. If 

such remediation values are possible with single species of microorganisms it should be possible 

with a population near a similar effluent stream. It is hard however to find such a stream in the 

local southwestern Ontario area for the BWW BOD seed inoculation. 

 The BOD results presented here are by no means final. It took a very long time in order 

to get a good BOD procedure and then the lab equipment was moved because the 

undergraduate class required use of the equipment when classes commenced. After five series 

of BOD tests, the only two positive tests had similar Polyseed inoculation sizes and sample 

volumes that allowed for acceptable results to be obtained using 10 mL fresh Polyseed culture, 

and 7 mL of sample. From the results obtained, more tests can be completed in the future and it 

is recommended that a statistically significant correlation between BOD and COD be established.  

 The very high BOD:COD ratio of 1:38 indicates that there are a lot of un-biodegradable 

contaminants in BWW. However, this was the case when using Polyseed inoculation. If another 

seed, say from a river system downstream of a vegetable oil processing plant, soy bean oil, 

canola oil, palm oil etc. the microorganisms present in the water would be more adapted to the 

BWW and the BOD:COD ratio would decrease.  
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The addition of sulphuric acid during acid washing lowers the pH of the BWW samples. 

The extremely low pH near 1.3 for the combined industrial samples shows that the BWW does 

not have buffering capacity. The amount of sulphuric acid added was 0.20% of the second wash 

and once combined with the other washes it would be diluted 4 or 5 times depending on how 

many other washes were completed. The combined samples contained between 0.05 to 0.04% 

v/v of concentrated sulphuric acid and the pH was still extremely low. The first wash for 

industrial samples is usually around pH 10 and can be as high as 11.5. After an acidic second 

wash the pH drops to nearly 1.0, the pH gradually rises until almost neutral in the 5th or 6th wash. 

When no acidic washing was completed the pH gradually decreased as more washes were 

completed. This is an indication that the alkali catalyst (Table 20) and alkali soaps were being 

washed out (Table 19).  

Downward trends were noticed in the soap results; as more washes were completed, 

the amount of soap in the water decreased. As more of the contaminants such as residual oil, 

and catalyst were washed away, the chance of producing soap decreased. The downward trend 

in catalyst concentration provides evidence for this (Table 20) since when there is less catalyst 

present, the chance for making soap decreases (Equation 8). 

Comparison between acid wash BWW samples and no acid wash BWW sample results 

shows the purpose of acid washes. The amount of soap in the BWW which performed an acid 

wash was lower. This was quite important because soap represents lost product since soap is 

the product from biodiesel or oils reacting with residual catalyst and water. The lost catalyst also 

costs money and represents more production losses. However, it can be seen in the results 

(Section 5.1.2) that several of the industrial samples had very high soap counts and in these 

cases soap content is almost un-avoidable (Knothe et al., 2005). Even after acidic washes had 
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been completed there were high soap counts of 216,000 and 17,800 mg/L for washes 5 and 6 

(results not shown). These values came from samples produced at EP where there were several 

problems noted during production. The preliminary acid value counts of the feedstock were 

completed with the wrong concentration of KOH titrant resulting in elevated FFA 

concentrations. This means more sulphuric acid would have been added during esterification 

and more catalyst was used during transesterification. Also, the catalyst measurements were 

being done on a 150 kg scale when only 3 kg was required for the reaction, and some samples 

also had an extra 10 %  of reactants (except oil) added in attempts to drive reactions forward. 

These would all equate to poor ester formation and higher soap counts, especially during the 

wash process. However, the results are representative of an actual biodiesel production plant 

because all plants could experience similar errors during their start up phase. 

A downward trend is seen in the solids concentration for successive washes and again 

the industrial waters had much higher concentration compared to the lab samples. The majority 

of the total solid (TS), were dissolved solids (TDS) and these were assumed to be the fatty acids 

and soaps since they are below 0.1 µm in size and are considered dissolved solids  by Metcalf 

and Eddy (2003). Another important point is the value of volatile suspended solids (VSS) versus 

TSS. Generally the results show that the TSS is mostly made up of VSS meaning that the majority 

of the suspended solids are volatile. Organic matter is volatile suggesting most of the suspended 

solids are organics, such as soaps and glycerol. Since VSS is representative of organics, there 

should be a strong correlation between VSS and COD and this should be investigated further. 

In terms of nutrients, BWW is lacking in a few essential ingredients for optimal algal 

growth. There is no substantial source of nitrogen in any of the washes; only the first industrial 

wash, W1 had ammonium, 10.5 mg/L and nitrite 4.78 mg/L and the industrial Comb sample had 
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14.5 mg/L NH4
+. A similarly low value of 1.1 mg/L NH4

+ was found in the lab Comb water (Table 

26). To make BWW better suited for microbial growth, a nitrogen source has to be added. 

Chinnasamy et al. (2010) grew a consortium of algae in carpet mill effluents which had municipal 

sewage added to increase the nutrients. The NH4
+ they used was between 17 and 26 mg/L, TKN 

was between 32 and 46 mg/L and the P was near 7 mg/L resulting in a C:N:P between 2.4:4.6:1 

and 3.7:6.6:1. The C:N:P ratios measured for BWW were 1,400-2,500:0.65:1, well below 

Chinnasamy et al. (2010) values for nitrogen and had elevated levels of carbon. Compared to 

composition of good algal growth media reported in literature, BWW nitrogen levels are 

extremely low. The ratios during algal remediation of palm oil mill effluent water, which resulted 

in good algal dry weights, were between 6:2:1 and 62:10:1 for Phang and Ong (1988). They 

recommended 56:9:1 for optimal Chlorella vulgaris biomass yield. In comparison to these 

values, BWW is very carbon rich, and nitrogen poor.  

All the soaps, oils, and biodiesel have a hydrocarbon chain structure.  Carbon may 

therefore be representative of those contaminants. Lab services tested carbon; limited results 

were available because only a few samples were tested. However, there are important findings 

(Table 28) where the characteristic downward trend is again noticed; W1 had the highest carbon 

values and W4 had the lowest.  

An unrepresentative case was noticed for the lab samples that were tested (Table 30). 

These were Ridgetown Lab (RL) samples made from soybean oil and had higher total carbon (TC) 

for W2 than for W1 (Table 30). The only other elevated result for W2 compared to W1 is the 

total salts (EC). The COD value is 30,300 for W1 compared to 97,500 mg/L for W2 so that does 

not explain the elevated TC counts. Contaminants such as oil and FAME were not tested (due to 

limitations of the GC spectrophotometer available) but they would be a likely cause of the 
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elevated W2 TC concentration. It could have been possible that the W2 lab samples had 

elevated concentrations of oils or FAME. 

6.2 Algal Screening 

Only five of the fifty six algal isolates tested showed promise during the initial bioassay 

screening. It was mentioned that none of the isolates grew better than the control tests, but 

were given a rating of 2 because they showed better growth rates and more tolerance 

compared to the other isolates tested.  

The quantitative studies showed how well the tests cultures did compared to the 

controls. Several of the isolates were able to grow up to 50% of the control cell counts but none 

showed preference to BWW. The BWW used was from biodiesel produced in the lab from 

soybean oil feedstock which was shown to be mild in its chemical characteristics compared to 

industrial BWW (Section 5.1.1). Even at a 10% v/v dilution, the BWW in the Chu media was 

negatively affecting the algal growth. There may have been issues of microbial contamination, 

but many tests were conducted, and re-tested with clean cultures to investigate if culture 

contamination was the cause. However, the results presented were for the most reliable tests 

and still there was not an alga that grew well. The ease with which algae tests could get 

contaminated by foreign microbes, and the slow growth, were immediate indicators that 

phycoremediation may not prove useful.  

Signs of a test not going well were lack of green algal biomass or foreign contamination 

by a fungus or mould was present. Many different techniques were investigated to determine 

why the algae were not growing well. Larger inoculation sizes, different cleaning procedures for 

the glassware and re-culturing with clean cultures did not help the algal grow.  
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Some attention was given to possible inhibitory characteristics of the BWW. Several 

water treatment techniques were used to remove known BWW contaminants and investigate if 

they were hindering the algae.  

Filtering out solids through a 0.45 µm filter helped isolate A41 grow. Comparable 

growth (91% cell density of the control) was seen in filtered 20% BWW test solution. Similarly, 

isolate A20 increased its relative growth cell density 9% to 49% from 40% density growing in the 

filtered BWW test solution. The BWW was still quite dilute (20% v/v) in Chu media however, the 

filtering would have removed a lot of the solids, and possibly some soaps from the BWW. This 

suggests that the salts and thus ionic strength of the BWW interfered with algal growth. Ukeles 

(1965) reported that ionic strength negatively affects the growth of algae and Pyle et al. (2009) 

state that a lot of the solids in biodiesel product are salts. Ukeles (1965) focused mostly on 

surfactants, but their results did state that it was the ionic strength that affected the algae’s 

ability to keep an osmotic pressure gradient. Graham and Wilcox (2000) explain that when algae 

can no longer control their osmotic balance the cell wall will rupture. For these reasons the 

effect of salts (soap) was next investigated with Florisil treatment. 

The Florisil treatment tests (Figure 17) show that with salts ions removed algal isolate 

244 grew better than without any treatment. Zhang et al. (2010) showed that salt stress 

decreased the growth rate of Spirulina platensis.  Florisil treatment is effective in removing polar 

ions similar to soap from biodiesel (Berrios and Skelton, 2008) and this may be the reason why 

increased 244 growth was seen. The soap and salts may have been inhibiting growth, even at 

the low 10 % BWW concentration. Ukeles et al. (1965) and Ernst et al. (1983) showed that 

surfactants negatively affected the growth of green algae. This is similar to the filtering tests 

described above.   
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Chinnasamy et al. (2010) mentioned that salts in their carpet mill effluent might have 

affected their algae but some unique osmotic adjustment and regulation mechanisms adapted 

by the algae allowed them to tolerate hypo-osmotic stress of the carpet effluent. This suggests a 

recommendation for further studies in algal remediation: a gradual introduction to the BWW 

might adapt the algae over time allowing them to become tolerant to BWW contaminants. 

Isolates 244, A20, 246 and A41 might adapt over time since these isolates had fast growth rates 

in the BWW dilutions and a possible osmotic tolerance adjustment might be promising. Much 

more research to this regard is required because this may not be possible. It is assumed that this 

would require a very long period of study and may not be possible in the lab environment seeing 

as mutations would be required for adequate adaptation and biotechnological (genetic) 

modifications of this sort takes a lot of time and resources.  

Pyle et al. (2009) and Chi et al. (2007), attempted microbial growth in biodiesel derived 

products and showed that not only does soap negatively affect algal growth, but so does 

methanol. They successfully grew algae in biodiesel-derived glycerol after having removed the 

soap and methanol originally present. Liang et al. (2010) also reported inhibitory effects of 

methanol on algae. The dose response results with methanol, Figure 16 show that 5% methanol 

negatively affects the isolate A20’s ability to grow in Chu. The exact value of methanol in BWW 

is usually not known and would greatly depend on the production process and level of 

refinement. Some rudimentary boiling experiments were done to remove and measure the 

methanol (results not shown). Samples were boiled at 70°C for 30 min to boil off any methanol 

present but the tests were not consistent since pure water samples also lost volume during 

blank tests.  But it was still believed that BWW samples did lose methanol and about 12 to 20% 

of the initial volume was assumed to be methanol.   
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Even though pre-treatment was able to increase the algae’s ability to grow, the 

nutrients were not ideal for algal growth, and contamination was very hard to avoid and so this 

lead to the investigation of fungal growth in BWW. Fungi are known to better metabolize carbon 

rich water and do not require as particular as living conditions as algae do. The fungal testing 

started later in the research timeline, and so less time was available to test them. But the quick 

growth rate and positive results observed showed that fungi are a promising microorganism for 

BWW remediation. 

6.3 Fungal Screening 

Industrial BWW was used for fungal testing because fungal growth in lab wash water was 

proven possible during the algal tests. New fungal isolates from the Ridgetown area were used 

for screening. The fungal colonies that contaminated the algal tests could not be isolated since 

the idea of fungal screening was investigated after the algae growth tests were completed. 

 The industrial BWW was pre-treated in order to be more hospitable for 

microorganisms. Pre-treated BWW was used because pre-treatment  was beneficial for algal 

growth and similar researchers such as Suehara et al. (2005), Khoda et al. (2009) and Kawai et 

al., (2009) growing fungi in BWW and biodiesel related products stated that pre-treatment was 

necessary. Also, by using industrial BWW the research is more applicable since lab quality BWW 

is quite uncommon and quite different from industrial BWW. Results of fungal growth in lab 

BWW would only give insight into fungal metabolism whereas fungal growth in industrial BWW 

would still give insight into metabolism but would also have a more practical application. 

Twenty three of the 59 isolates tested in the bioassay showed improved growth in the 

10% BWW / PDB broth as compared to the controls. As opposed to the algae results where a 

rating of 2 was given to isolates that only grew well in the BWW, ratings of 2 for fungal tests 
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were given when the isolate actually performed better than the control. Several of the tests had 

much thicker biomass growing in the test cases compared to controls.  

The fungal biomass in solutions containing BWW also had physiological differences to 

the control tests. The fungi grown in different concentrations of media/wash water showed a 

distinct color change. For example, F6 grown in 10% BWW diluted in PDB showed a color change 

from white to red. Along with increased growth, this indicates a possible production of extra 

metabolites from the metabolism of the wash water contents. The high values of carbon were 

assumed to be beneficial for fungi. 

During the solid media tests, BF1 had the best overall growth rate. It reached the outer 

edge of the Petri plate after 8 days of growth. Isolate F14 and F6 also showed excellent growth 

rates. F6 and S124 had a larger colony size in the 5% BWW media compared to the control. This 

shows that there was a benefit to growing in the BWW because it was able to use a nutrient or 

multiple nutrients from the BWW to increase its growth. In the higher concentrations of BWW, 

F6 did not have more growth than the control, but S124 did. There was a 25 % increase in the 

colony size for S124 colonies in 20 % BWW media compared to control. For F6 the lack of 

increased growth at higher BWW concentration meant that there are inhibitory contaminants in 

the BWW but for S124 increased growth in higher BWW concentration meant that it was able to 

withstand and benefit from BWW. More investigation should be done with S124 to see what it is 

able to digest in the BWW and if it can actually benefit from higher doses. 

The variation in growth rates (Section 5.3.2) suggest that there may have been an 

adaptation to an inhibitory chemical present in the diluted BWW which F6 overcame after 4 

days. It may have been that it took longer for F6 to metabolize a contaminant initially present 
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and then overcame it after the 4 days of having been exposed to it. Some more complex 

chemical structures, like soap, are harder to digest than other (Singh, 2006).  

The dose response tests again prove that isolates F24, V19, BF1, S124 and S1 grew 

better than controls when BWW is added to the media. Some grew almost 150% better than the 

control. Triplicate tests were not completed, but in the bioassay screening, Petri plate growth 

and the dose response test results these fungi regularly came out on top for growth rate and 

ability to grow in the higher BWW concentrations. 

The soap, methanol and glycerol are assumed to be the main constituents in BWW that 

would negatively affect fungal growth. Several studies with the yeast R. mucilaginosa showed 

that the solid content in BWW, which is primarily soap, had a negative effect on fungal growth 

(Suehara et al. 2005, Kawai et al., 2009, Kohda et al., 2009).  

The most promising fungal results presented are the COD removal results. During the 

larger scale testing more biomass was grown in many of the test cultures for F11, S124, V19 and 

BF1 while the other fungal isolates performed well, they did not have better growth than the 

controls.  The V19 and BF1 tests were done in triplicate to increase confidence in these results. 

The fact that more biomass was grown in the tests is promising, suggesting that the fungi 

benefited from the addition of BWW to PDB.  

When the COD results were calculated, possible external causes of COD removal were 

considered; the act of incubating the BWW in PDB decreased the COD 5%, and filtering out the 

fungi removed another 15% from the remaining COD. From the remaining 80% of COD, isolate 

V19 was able to remove another 49% ± 6% because of its growth, leaving only 40% of the initial 

COD that was present in the dilute BWW media. If the initial neutralization pre-treatment was 

included, only 20% of the initial BWW COD remained. Isolate F15, which did not show promise 
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in either the dose response or solid media growth, lowered the COD approximately 50% as well. 

However, this was only a singular test and more testing is required to determine if that was truly 

correct. Isolate S124 which showed accelerated growth in higher concentrations of BWW, also 

showed good COD removal: 40% removed from the initial media.  

The components which the fungi benefitted from are unknown. It is assumed that carbon 

based contaminants like oils, methanol, or glycerol were digested by the fungi. Fungi are known 

to metabolize carbon chains and have successfully been used to commercially degrade them 

(Singh, 2006). More research should be conducted to test if the contaminants were actually 

metabolized and not just abosorbed into the fungal biomass. It would still be beneficial if the 

fungi were only assimilating the contaminants but in terms of remediation, a conversion of toxic 

contaminants such as methanol into less toxic ones would be more beneficial.  

6.4 Applications 

Since this research was a discovery project, a lot of research can develop from these 

preliminary findings. The constituents of biodiesel wash water have now been introduced and 

future researchers can investigate any of those particulars further if required. The notion that 

BWW is indicative of biodiesel fuel quality was introduced and so producers may use their BWW 

as a quality control indicator. Obviously when oil, catalyst and methanol are present in BWW, 

there are incomplete reactions or insufficient reactants were added into the process, and the 

biodiesel is not being optimally produced. Having BWW as a control indicator could be quite 

simple, because just by looking at the pH a biodiesel producer could tell how high the soap 

content is, or if catalyst was present. Also, by calculating the soap content in BWW producers 

can determine when washing is complete and if their process converted all the feedstock oils. 



 

105 
 

This research gives insight into what affects algal growth and somewhat, the level of 

tolerance that algae have. By looking at the chemical composition of BWW and the growth rates 

of algae, one can conclude which chemicals negatively affect the algae. The purpose of this 

research was not to conclude what affected the algae or fungi, only whether algae or fungi could 

grow in the BWW without major media adjustments. Several tests were conducted to briefly 

investigate this and some positive results were found. Methanol, soap and salts were shown to 

negatively affect algae and should be avoided if BWW remediation with algae is further 

investigated. 

 The initial screening and isolation of potential fungi created a database of useful fungi 

for BWW remediation and with the thousands of fungal species in the environment, screening is 

needed in order to obtain good isolates. With the top 5 performers numerous combinations 

could be attempted to create a consortia of fungi which better remediate the water. Namely 

combinations of V19, F15, S124, F11 and F13 may prove to better the remediation efforts. 

Possible future research with each of these isolates could also be completed into which 

components hinder fungal growth and this would lead to a better understanding of fungal 

metabolism. This research showed several isolates to digest or remove chemicals found in BWW 

and if similar water were to be remediated, or if further investigation of BWW remediation was 

desired, than these isolates could again be used.  

A combination effort could also be developed with initial mycoremediation followed by 

phycoremediation. It was hoped that there would be time to attempt to grow the top 

performing algae, 244, A20, A41 in the treated fungi effluent since the fungi may have 

metabolized components that hindered algal growth and this may lead to a better remediation 

process.  
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 Of course, the notion of larger scale studies is always an option. All biodiesel plants that 

use water washing will have large amounts of BWW that they need to dispose of. If this research 

were expanded into larger scale reactors, using only minimal inputs, an economical solution to 

water disposal might be found. However, more diligence needs to be done to ensure that the 

fungi can survive in larger reactors and tests should be conducted to see what the fungi were 

metabolizing. Periodic physiological testing on only certain BWW contaminants, such as soap or 

methanol, may trace the rate at which the fungi are actually remediating the contaminants. This 

would help design larger facilities because the time period in which the water is treated would 

be very important for design. Fungi may be able to digest all BWW components, but a process 

which takes months is not feasible.   

7 Conclusions 

Biodiesel wash water characteristics are quite wide spread. The production process used to 

produce biodiesel varies greatly between different producers and results in different wash 

water characteristics. Acid washing is used by larger industrial operations but small producers 

normally do not use it. Lab biodiesel wash water (BWW) was made to determine trends in 

characteristics and the contaminants. There were some re-occurring results for lab samples and 

industrial samples; 

 BWW is very high in carbon. The oxygen demand is very high for lab samples and even 

higher for industrial samples. Similar results are common between soybean oil (SO) 

derived biodiesel wash water and waste vegetable oil (WVO) in that, as more washes 

were completed, the COD decreased. 
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 The pH range of BWW is very dependent on if acid washing was completed since BWW 

has no buffering capacity. 

 There is a high concentration of soap in BWW and increases if poor quality biodiesel is 

being washed. Soap production can be avoided if gently washing practices are used and 

if acid washing during the second wash is used. Gentle washing helps lower the soap 

content of successive washes, but it needs to be strong enough to neutralize all the 

residual catalyst in order to be effective. 

 The solids content is very high in BWW, and is mostly organic. 

 BWW is not a major source of nitrogen or phosphorous but it is a great source of 

carbon.  

In terms of microbial studies, nearly one hundred algal and fungal isolates were found from 

various environments around the Ridgetown area and were screened in dilute BWW 

supplemented by standard media.  Successful cultures were grown, but more investigation into 

bettering the remediation efforts is required. The major results were; 

 Algae are only marginally able to grow in BWW diluted into Chu media. A lot of pre-

treatment is required for algal growth and more investigation into this is required. The 

ionic strength, residual methanol and soap are expected to hinder algal growth. 

 Several fungi successfully grew in dilute BWW. Potato dextrose broth (PDB) is a good 

dilution media and BWW aids the growth of some fungi, making them grow better than 

the control cultures grown in PDB alone. 

 Not only do some fungi grow better than controls in dilute BWW, they also lower the 

COD of the treated BWW. Some isolates were able to remove up to 50% of the COD. 
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The discovery nature of this thesis presents a lot of useful results and so a lot more research is 

possible to expand on.  Of the four objectives first set out in the introduction; 

1. Characterize contaminants in biodiesel BWW from industrial and lab biodiesel 

operations, 

2. Test algal growth in wash water, 

3. Test fungal growth in wash water, and 

4. Quantify the remediation abilities of the best microbial isolates, 

many were realized, and the results provide avenues for future research. 

7.1 Recommendations 

Efforts on BWW characterization, algal screening and remediation, and fungal screening and 

remediation lead to a lot of questions, but also, some useful answers. Several recommendations 

that were considered during the research are; 

 More in depth chemical analysis of BWW constituents, possibly with a GC column able 

to do water sample analysis. 

 More BOD and COD correlation with a seed inoculation adapted to oleaginous or salty 

water. 

 Isolation of salt tolerant algae or fungi for more screening and remediation tests. 

 Test for the inhibitory contaminants of fungi in BWW. 

 Continue to do more testing with the top fungal isolates on both dose response and 

remediation. Investigate what contaminants the fungi digested. 

 A consortium of fungi containing the top performers should be attempted. 
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 A two step remediation approach could be attempted where algae are grown in the 

BWW treated by fungi.  

 It would be interesting to design research in which the top performers of this thesis 

were used in long term studies where physiological changes adapting to BWW are 

supported. Long-term growth with increased dosages may find a stronger isolate for use 

in larger scale bioremediation. 

8 Glossary 

AV    = Acid value 
BWW   = Biodiesel wash water 
Cetane number = Is a measurement of the combustion quality of diesel fuel during use 

in compression ignition. 
Cloud Point = The temperature where crystallization begins to occur in diesel fuel. 
COD   = Chemical Oxygen Demand 
EP    = Everpure 
FFA    = free fatty acid 
Flash point  = For a volatile liquid it is the lowest temperature at which it can 

vaporize to form an ignitable mixture in air 
GL   = Guelph lab 
L   = litre 
mg    = milligram 
mL   = millilitre 
RL    = Ridgetown Microbiology lab 
RP   = Ridgetown Plant 
SO   = Soybean oil 
µ   = micro 

WVO   = Waste vegetable oil
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Appendices 

Appendix A: Performance Issues with Non-Compliant Biodiesel 

Table 34: Performance Issues with non ASTM Biodiesel (Van Gerpen, 2006) 

Flash Point  Lowest temperature at which an ignition source causes vapours of a 
specimen to ignite under specific conditions. In part this tests the 
residual alcohol. B100 is usually >200°C, classifying it non-flammable. 
 

Water and 
Sediment 

 Determines the volume of free water and sediment in the fuel. 
Essentially this is a measure of cleanliness of the fuel. It is important 
because water can react with the esters, making free fatty acids, and 
also supports microbial growth during storage. 
 

Kinematic 
Viscosity 

 This is the basic design specification for fuel injectors used in diesel 
engines. Too high a viscosity and the injectors do not perform properly. 
 

Sulfated Ash  This is the residue remaining after a sample has been carbonized and is 
indicative of residual metals in the fuel that came from the catalyst in 
the esterification process.  
 

Total Sulfur  Vegetable oil feedstocks typically have very little sulfur so this test will 
be indicative of contamination of protein material and/or carry over 
catalyst material or neutralization material from the production 
process. It adds to the emissions from combustion. 
 

Copper Strip 
Corrosion 

 This test monitors the presence of acids in the fuel. Failure for biodiesel 
would be excessive free fatty acids. This test is important for storage, 
transport and engine utilization. 
 

Cetane Number  Measure of ignition performance of a diesel fuel and is analogous to the 
octane rating in a spark ignition engine. For biodiesel this can be very 
accurately predicted using the ester’s composition. 
 

Cloud Point  Defined as the temperature at which a cloud of wax crystals first appear 
in a liquid when it is cooled. This is a critical factor in cold weather 
performance for all diesel fuels. Cloud point is another parameter that 
can easily be determined by knowing the ester composition. 
 

Carbon Residue  This is a measure of how much carbon remains after combustion and is 
important because it can cause clogging of the fuel injectors. The most 
common cause of excess carbon is because of excessive levels of total 
glycerol. 
 

Acid Number  Measured as the amount of potassium hydroxide per gram of sample 
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required to titrate a sample to neutral. This is a direct measure of free 
fatty acids, and free fatty acids can lead to corrosion and may be a 
symtom of water in the fuel. It is also prevalent in ill prepared biodiesel 
made with high free fatty acid feedstocks. 
 

Free Glycerol  Free glycerol is glycerol present as molecular glycerol in the fuel. This 
can be the result of incomplete washing and may be accompanied by 
incomplete alcohol removal and lowered flashpoint. It is also the source 
of carbon deposits in the engine because of incomplete combustion. 
 

Total Glycerol  Total is the combination of free and bonded glycerol. Bonded glycerol is 
glycerol which remains attached as mono- , di, or triglyceride. It is 
indicative of an incomplete reaction. 
 

Phosphorus  Phosphorus can come from incomplete refining of the vegetable oil and 
from bone and proteins encountered in the rendering process. 
 

Storage Stability  All fuels are subject to degradation over time when they are stored. This 
degradation may be due to microbial action, water intrusion, air 
oxidation etc. The test standards and test procedures are still in 
development. 

 

Appendix B: Chatham-Kent PUC By-Law 4-2000 

Part 2 – Sanitary and Combined Sewer Requirements 
2.1 No discharger shall cause or permit the deposit or discharge of sewage into a sanitary or 
combined sewer in any of the circumstances set out in 2.1.1 to 2.1.4.  
2.1.2 Sewage with any one or more to the following characteristics: 
(a) a pH less than 5.5 or greater than  9.5; 
(b) consisting of two or more separate liquid layers; 
(c) having a temperature greater than sixty (60) degrees Celsius. 
2.1.3 Sewage containing one or more of the following: 
… 
 (b) combustible liquid; 
(c) fuel; 
… 
(f) ignitable waste; 
… 
 
2.1.4 Sewage containing a concentration, expressed in milligrams per litre, in excess of any 
one or more of the limits in Table 1 (Table 35 below) of this by-law entitled “Limits for Sanitary 
and Combined Sewers”. 
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Table 35: By-Law 4–2000 Table 1 – Limits for Sanitary and Combined Sewers 

ATG* Parameter Limit (mg/L) 

1a Biochemical Oxygen Demand 300 

2 Cyanide, Total 2 

4aq Kjeldahl Nitrogen, Total 100 

6 Phosphorus, Total 10 

8 Suspended Solids, Total 350 

9 Cadmium, Total 0.7 

 Chromium, Total 5 

 Cobalt, Total 5 

 Copper, Total 3 

 Lead, Total 2 

 Molybdenum, Total 5 

 Nickel, Total 3 

 Silver, Total 5 

 Zinc, Total 3 

10 Antimony, Total 5 

 Arsenic, Total 1 

 Selenium, Total 5 

12 Mercury, Total 0.05 

14 Phenolics (4AAP) 1 

16 Chloroform 0.04 

 1,4 - Dichlorobenzene 0.47 

 Methylene chloride 0.21 

 1,1,2,2 - Tetrachloroethane 0.04 

 Tetrachloroethylene 0.05 

 Trichloroethylene 0.07 

17 Benzene 0.01 

 Ethylbenzene 0.16 

 toluene 0.27 

 o-Xylene 0.52 

25 Solvent Extractables – mineral or synthetic in origin 15 

 Solvent Extractables – animal or vegetable in origin 150 

30 Fluoride 10 

*ATG - Analytical Test Group as used and presented in the Protocol referenced in Part 9 
Part 3 – Dilution Will Not Cure Non-Compliance 
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3.1 Where a discharge fails to comply with any requirement of Part 2 of this by-law the 
dilution of the discharge with water, or with any other material from any source which is added 
to sewage for the purposes of dilution, will not bring the discharge into compliance with Part 2. 
Part 7 – Extra Strength Surcharge Agreement 
7.1 Council may, upon the recommendation of the Manager, authorize an extra strength 
surcharge agreement with a discharger to permit exceedances for any one or more of the 
following parameters set out in Table 1, referred to in 2.1.4, for the following, where sewage is 
discharged to a sanitary sewer or combined sewer: 
(a) Biochemical Oxygen Demand; 
(b) Phenolics (4AAP); 
(c) Solvent Extractables – animal or vegetable in origin; 
(d) Kjeldahl Nitrogen, Total; 
(e) Phosphorus, Total; or 
(f) Suspended Solids, Total. 
7.4 Where a discharger has entered into an extra strength surcharge agreement, the 
discharger shall provide written notification to the Manager of any intended change in plant or 
processes that will have a significant effect on the quantity or composition of the discharge of 
sewage at least 45 days prior to changing or permitting the change to the composition of the 
discharge and obtain the written consent of the PUC and enter into a revised agreement.  
Part 9 – Sampling and Analytical Requirements 
9.2 Except as otherwise specifically provided in this by-law, all tests, measurements, 
analyses and examinations of sewage, uncontaminated water and stormwater, shall be carried 
out in accordance with Standard Methods. 
9.3 For each of the following metals: aluminum, antimony, arsenic, bismuth, cadmium, 
chromium, cobalt, copper, iron, lead, manganese, mercury, molybdenum, nickel, selenium, 
silver, tin, titanium, vanadium and zinc, the analyses shall be for the quantity of total metal, 
which includes all metal, both dissolved and particulate. 
 

Appendix C: Lab Services Test Procedures 

Electrical conductivity: 
The E.C. meter is used to measure the salinity of soil, manure, waste, and solution samples as 
received in SNL. Preparation of samples is as follows: Soils are dried at 35oC and sieved to 
<2mm. Waste, manure, and solution samples are analyzed ‘as received’, but extracted as 
necessary. 
Soils, wastes and manures are analyzed using a 2:1 (volume:volume) extract, solutions are 
analyzed 'as received'. Greenhouse media are extracted using a saturated paste extract. 
Analysis is performed at room temperature. 
Greenberg, A.E., Clesceri, L.S., Eaton, A.D., (Eds.) 1992. Standard Methods for the Examination of 
Water and Wastewater. Page 2-47. American Public Health Association, American Water Works 
Association, Water Environment Federation. 
 
pH: 
pH is read on a saturated paste, or on an 'as received' basis if the sample is sufficiently moist. 
Buffer pH is analyzed on soils having a pH of 6.0 or less and is used to determine how much lime 
is required on farm soils. 
Hendershot,W.H, Lalande, H and Duquette M.1993. Soil Reaction and Exchangeable Acidity. 
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Pages 141 to 142 in M.R. Carter, (Ed.) Soil Sampling and Methods of Analysis. Canadian Society 
of Soil Science. Lewis Publishers. 
 
Nitrate, nitrite and ammonium: 
Water and solution samples are read on an ‘as received' basis.  Soil, manure, biosolids, waste 
and plant samples are extracted with 2 M KCl and analyzed using the Seal AQ2. 
 
NH4

+: Alkaline phenol and hypochlorite react with ammonia to form indophenol blue, the blue 
colour formed by being intensified by sodium nitroprusside and measured 
spectrophotometrically at 650-660nm using the Seal AQ2. 
Methods for Chemical Analysis of Waters and Wastes USEPA 600/4-79-020: Method 350.1. 
 
NO3

-: Nitrate is reduced by copperized cadmium to nitrite, which reacts with sulphanilamide to 
form a diazonium compound which, in dilute phosphoric acid couples with N-(1-naphthyl)-
ethylenediamine dihydrochloride to form a reddish-purple azo dye. This is measured 
spectrophotometrically at 520 nm, using the Seal AQ2. 
Methods for the Determination of Inorganic Substances in Environmental Samples, USEPA 
600/R93/100: Method 353.2 
 
NO2

- (water): Nitrite ions react with sulphanilamide to form a diazonium compound which, at 
the acidic pH of an acetate buffer, couples with N-(1-naphthyl)-ethylenediamine dihydrochloride 
to form a reddish-purple azo dye. The absorbance of this complex is measured 
spectrophotometrically at 520nm, using the Seal AQ2. 
Methods for Chemical Analysis of Waters and Wastes USEPA 600/4-79-020: Method 354.1. 
 
Carbon and Sulphur: 
The LECO SC444 is used to measure the total carbon and /or sulphur content in soil, plant, waste 
and other samples. Inorganic carbon can be determined by ashing the sample at 475°C for three 
hours prior to LECO SC444 use. Organic carbon is calculated from the subtraction of the 
inorganic carbon result from the total carbon result. The Leco SC-444 method of carbon and 
sulphur determination is based on the combustion and oxidation of C and S to form CO2 and 

SO2 by burning the sample at 1350 C or 1450 C in a stream of purified O2.  The amount of 
evolved CO2 and SO2 is measured by infrared detection and used to calculate the percentages 
of C and S in the sample. 
LECO SC-444 Instruction Manual 
 
Wet ash for major nutrients: N, P, K, Mg, Ca and K. 
A representative amount of ‘as is’ sample is digested using a modified kjeldahl digest and  the 
concentrations of N and P in the digestion solutions are measured by Technicon Auto Analyzer 
 or by atomic absorption spectrophotometer  for Ca, Mg and K. 
Thomas R.L., R.W. Sheard and J.R. Moyer.  1967.  Comparison of conventional and automated 
procedures for N, P and K analysis of plant material using a single digestion.  Agron. J. 59:240-
243. 
 
Shimadzu 5050A TOC Analyzer 
The procedure describes the analysis of solutions for total and dissolved organic and inorganic 
carbon using the Shimadzu 5050A TOC Analyzer and Software in the Soil and Nutrient 
Laboratory (SNL). 
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Greenberg, A.E., Clesceri, L.S., Eaton, A.D., (Eds.) 1992. Standard Methods for the Examination of 
Water and Wastewater. Pages 5-10 to 5-13. American Public Health Association, American 
Water Works Association, Water Environment Federation. 
Shimadzu Corporation. Instruction Manual Total Organic Carbon Analyzer Model TOC-5050A. 
Shimadzu Corporation.Autosampler ASI-5000A for Total Organic Carbon Analyzer TOC-
500(A)/5050(A)(P/N 638-93106) Instruction Manual. 
Shimadzu Corporation. TOC Control Software Manual 
 
Total Solids in Solutions 
Total Solids is determined by evaporating a well-mixed sample in a weighed beaker at 105oC. 
The increase in weight over that of the empty beaker represents the total solids. 
Greenberg, A.E., Clesceri, L.S., Eaton, A.D., (Eds.) 1992. Standard Methods for the Examination of 
Water and Wastewater. Page 2-54. American Public Health Association, American Water Works 
Association, Water Environment Federation. 
 
Dry Matter Determination 
Dry matter can be determined on a variety of sample types, as received in SNL, by drying 
samples for 24 to 48 hours at 105°C. 
 

Appendix D: Biodiesel Quality Control Tests 

27/3 

27 mL methanol and 3 mL biodiesel sample test was used extensively to determine 
completeness of reaction. It was judged on a pass/fail. Methyl esters are fully miscible in 
methanol and raw oil is not.  So a fully dispersed 3mL sample of biodiesel passes if nothing 
settles out. The tests usually sat for 10 min to allow any settling. 

Wash Test 

The wash test was used to test readiness for washing. A 50/50 mixture of raw FAME and water 
was vigorously mixed in a small vial and allowed to phase separate for 10 min. If a clear 
separation line was noticed, the FAME was deemed ready to wash. If no clear separation was 
noted, a re-process test was conducted.  

Re-process 

A small sample of the FAME was mixed with a methanol and KOH solution (similar to that used 
in transesterification) and allowed to separate in 50 mL vial. If more glycerol settled, the 
transesterification was deemed incomplete and the oil was re-processed. It was extremely rare 
to fail this test. 

Clarity 

Visual observation of the FAME during processing is an excellent quality control measure. The 
presence of soap, glycerol, solid impurities and transparency tell a lot about the fuel. Samples of 
the batch were observed in small 50 mL vials and held up to the light to observe. Experience 
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from previous batches, whether well reacted or poorly reacted, would indicate the quality of the 
current batch.  

Soap 

AOCS method Cc 17-95 was used to test for residual soaps in the FAME. A weighed sample was 
mixed into acetone, bromophenol test solution and titrated with HCl until the bromophenol end 
point (pH = 4.5). The volume of HCl used to acidify any residual soap was correlated to soap 
concentrations. The lowest detection level was 16mg/L. 

AV 

AOCS method Cd 3a-63 Acid Value was used on the oil and FAME to determine the amount of 
FFA present. A weighed sample of oil was mixed into acetone and titrated with KOH solution to 
the phenolphthalein end point. The volume of KOH used to neutralize free fatty acids was 
correlated to the AV number. The lowest detectable limit was 0.8 mg KOH/g sample. 
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Appendix E: Algal Isolates 

Table 36: Fifty-six Algal isolates available for screening. Genus and species of only a select few were known. The majority 
were environmental isolates from the Ridgetown area. A legend for the sample location from where the algae were from 

is given. The initial media which was used for the algae or serial plating during isolation is also given. All isolates were 
grown in Chu media during testing.  

 Algae Source Location Media Genus Species 

 223 Wilson - TAPS Chlamydomonas pitschmannii 

 225 Wilson - TAPS Chlamydomonas hedleyi 

 231 Wilson - TAPS Chlorella sp. 

 233 Wilson - TAPS Chlamydomonas debaryana 

 235 Wilson - TAPS 235  

 244 Wilson - TAPS Chlorella sp. 

 245 Wilson - TAPS Chlamydomonas sp. 

 246 Wilson - TAPS Micractinium sp. 

 247 Wilson - TAPS Chlamydomonas eugametos 

 248 Wilson - TAPS 248  

 249 Wilson - TAPS 249  

 
A1 

Kim - Env 
Isolates 

NP-2 Chu - - 

 
A10 

Kim - Env 
Isolates 

NP-2 Chu - - 

 
A11 

Kim - Env 
Isolates 

NP-2 Chu - - 

 
A12 

Kim - Env 
Isolates 

NP-2 Chu - - 

 
A13 

Kim - Env 
Isolates 

NP-1 Chu - - 

 
A14 

Kim - Env 
Isolates 

NP-1 Chu - - 

 
A16 

Kim - Env 
Isolates 

VO1 
Chu + 
Amp 

- - 

 
A17 

Kim - Env 
Isolates 

VO5 
Chu + 
Amp 

- - 

 
A18 

Kim - Env 
Isolates 

VO5 
Chu + 
Amp 

- - 

 Algae Source Location Media Genus  

 
A19 

Kim - Env 
Isolates 

VO4 
Chu + 
Amp 

- - 

 
A2 

Kim - Env 
Isolates 

NP-2 Chu - - 

 
A20 

Kim - Env 
Isolates 

VO3 
Chu + 
Amp 

- - 

 
A21 

Kim - Env 
Isolates 

VO5 
Chu + 
Amp 

- - 

 
A22 

Kim - Env 
Isolates 

VO4 
PDA + 
Chloram 

- - 

 
A23 

Kim - Env 
Isolates 

R1 
Chu + 
Amp 

- - 

 
A24 

Kim - Env 
Isolates 

R1 
Chu + 
Amp 

- - 

 
A25 

Kim - Env 
Isolates 

T1 
Chu + 
Amp 

- - 

 
A26 

Kim - Env 
Isolates 

T1 
Chu + 
Amp 

- - 

 
A27 

Kim - Env 
Isolates 

E4 Chu - - 

 
A28 

Kim - Env 
Isolates 

E4 Chu - - 

 
A29 

Kim - Env 
Isolates 

E2 Chu - - 

 
A3 

Kim - Env 
Isolates 

NP-2 Chu - - 

 
A30 

Kim - Env 
Isolates 

E2 Chu - - 

 A31 Kim - Env E4 Chu - - 
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Isolates 

 
A32 

Kim - Env 
Isolates 

E2 Chu - - 

 
A33 

Kim - Env 
Isolates 

CT2 Chu - - 

 Algae Source Location Media Genus Species 

 
A34 

Kim - Env 
Isolates 

E4 Chu - - 

 
A35 

Kim - Env 
Isolates 

E2 Chu - - 

 
A36 

Kim - Env 
Isolates 

CT2 Chu - - 

 
A37 

Kim - Env 
Isolates 

CT2 Chu - - 

 
A38 

Kim - Env 
Isolates 

CT1 Chu - - 

 
A39 

Kim - Env 
Isolates 

T1 
Chu + 
Amp 

- - 

 
A4 

Kim - Env 
Isolates 

NP-1 Chu - - 

 
A40 

Kim - Env 
Isolates 

T1 
Chu + 
Amp 

- - 

 
A41 

Kim - Env 
Isolates 

T1 
Chu + 
Amp 

- - 

 
A42 

Kim - Env 
Isolates 

T1 
Chu + 
Amp 

- - 

 
A43 

Kim - Env 
Isolates 

T1 
Chu + 
Amp 

- - 

 
A5 

Kim - Env 
Isolates 

NP-1 
Chu + 
Amp 

- - 

 
A6 

Kim - Env 
Isolates 

NP-1 
Chu + 
Amp 

- - 

 
A7 

Kim - Env 
Isolates 

NP-1 Chu - - 

 
A8 

Kim - Env 
Isolates 

NP-1 Chu - - 

 
A9 

Kim - Env 
Isolates 

NP2 Chu - - 

 Cvul Ackermann - Combo Chlorella vulgaris 

 Nlim Ackermann - Combo Nannochloropsis limnetica 

 Ptri Ackermann - Combo Phaeodactylum tricornutum 

 
 
 
 
 
 
 
 
 
 
 
 
 

      

 Location Legend 

 NP-1: Northside Pond (Tilbury) Sample 1: East edge 

 NP-2: Northside Pond Sample 2: North edge at small creek/cut-in 

 VO 1: VanOverloop Farm. Drainage tile showing algal growth 

 VO 2: VanOverloop Farm. Drainage ditch 

 VO 3: VanOverloop Farm. Brackish field pond 

 VO 4: VanOverloop Farm. Field water tank showing algal growth 

 VO 5: VanOverloop Farm. Compost Runoff 

 R1: Ridgetown College. Wheat Seedling Runoff 

 R2: Ridgetown College. Drainage ditch 

 E1: Marsh-like area of McGeachy's Pond (Erieau) 

 E2: Sand/water interface from Lake Erie shore by McGeachy's Pond 

 E3: Standing water in a stream, under a bridge, at McGeachy's Pond 

 E4: Sand/water interface at Erieau Beach 

 T1: Water from a hydroponic tobacco seedling growth bed  (near Ridgetown) 

 CT1: Drainage ditch off Canadian Tire Tilbury parking lot 

 CT2: Drainage ditch at the back of Canadian Tire property 
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Appendix F: Media 

Chu #10 media was the control growth media and the solvent for the BWW dilutions.  

Equivalent stock chemicals were used at the appropriate molar ratio when the listed chemicals 

were not available. i.e. 58.2 g NaSiO3·9H2O was substituted for 25 g/L  Na2SiO3. 

Table 37: Chu #10 Media 

Component 
Stock Solution 

(g/L DIH2O) 
Quantity 

Used 
Concentration in 
Final Media (M) 

Ca(NO3)2 40.0 1 mL 2.44E-04 

K2HPO4 5.0 1 mL 2.87E-05 

MgSO4 7H20 25.0 1 mL 1.01E-04 

Na2CO3 20.0 1 mL 1.89E-04 

Na2SiO3 25.0   

Eqvlnt Na2SiO3 9H2O 58.2 1 mL 2.05E-04 

FeCl3 0.8   

Eqvlnt FeCl3 H2O 0.9 1 mL 4.93E-06 

 

Potato starch and dextrose support luxuriant growth of fungi. Potato Dextrose Agar (PDA) is 

recommended by the American Public Health Association for plate counts of yeasts and molds in 

the examination of foods and dairy products. It is used for the stimulation of sporulation (slide 

preparations) and maintenance of stock cultures. PDB is an undefined nutrient rich media that 

provides good supportive growth for many isolates of fungi. 
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Table 38: Potato Dextrose Media 

Difco Potato Dextrose Agar & Broth (without agar) 
Approximate formula per litre* 

Potato Starch 4 g 
Dextrose 20 g 
Agar** 15 g 

* Adjusted and/or supplemented as required to meet performance 
criteria. 
** Omit for broth 

 
Directions for Preparation from dehydrated product; 

1) Suspended the powder in 1 L of purified water: 
i) Difco Potato Dextrose Agar – 39 g 
ii) Difco Potato Dextrose Broth – 24 g 

2) Mixed thoroughly 
3) Heated with frequent agitation and boiled for 1 minute to dissolve powder 
4) Autoclaved at 121°C for 15 min 
5) Poured warm agar into sterile petri plates under laminar hood, let rest overnight. 
6) Stored in sterile bags in fridge at 4°C. 
 

 

Czapek Dox is recommended for the cultivation of fungi and bacteria capable of using inorganic 

nitrogen. The media contains sucrose as the sole source of carbon and nitrate as the only source 

of inorganic nitrogen. Czapek Dox is recommended in the Standard Methods for the Examination 

of Water and Waterwater for the isolation of Aspergillus, Penicillium, Paecilomyces, and other 

fungi with similar physiological requirements. 

Table 39: Czapek Dox Formula 

Czapek Dox Agar & Broth (without agar) 
Formula per litre* 

Sucrose 30 g 
Sodium Nitrate 2 g 
Dipotassium Phosphate 1 g 
Magnesium Sulfate 0.5 g 
Potassium Chloride 0.5 g 
Ferrous Sulfate 0.01 g 
Agar 15 g 

* Adjusted and/or supplemented as required to meet performance 
criteria. 
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Directions for preparation 

1) Suspend the above chemical in 1 L of purified water 
2) Mixed thoroughly 
3) Heat ed with frequent agitation and boiled for 1 minute to dissolve powder 
4) Autoclaved at 121°C for 15 min 
5) Poured warm agar into sterile petri plates under laminar hood, let rest overnight. 
6) Stored in sterile bags in fridge at 4°C. 

 

Appendix G: Hemocytometer Protocol 

Eestablished by Kim Marchand, Ridgetown Campus University of Guelph. 

1) Prior to beginning; clean, in 70% ethanol and pat-dry your hemocytometer with Kim 
Wipes. Make sure to be gentle when cleaning so as not to scratch the surface. 
Periodically check cleanliness of the slide by observing a un-loaded slide for 
contamination or residual cells.  

2) Place a cover slip over the center of the slide, making sure to cover the grids on either 
side. 

3) Obtaining Algal sample; Under laminar hood take 1ml sample of well mixed culture. 
Dispense in small vial. If dilution required add 9ml of DI water. 

4) Using a capillary tube, draw up some of the suspension from the small test vial. Once 
again, be sure to mix well prior to this step. 

5) With the capillary tube, place a small drop of liquid at the edge of the cover slip. Allow 
the liquid to be drawn into the chamber under the slide and cover the etched grid. 
Repeat on the opposite side. 

6) Wait 3-5 minutes for the algal cells to settle. 
7) Count the cells found in the middle 25 squares of one grid (the 25 squares are further 

divided into 16 smaller squares each). Repeat on the opposite side. 
8) Average your two cell counts and multiply by 10,000 to get the number of cells per mL. 
 

Important Notes:  
• Some cells will rest on the lines of the grid. Include only those on the left and 
top lines and ignore those that fall on the bottom and right lines. 
• Make sure to only add enough liquid to cover the etched chamber of the 
hemocytometer. If you add too much the cells won’t settle properly. 
• Count only cells that look viable and resemble the control or master culture 
cells. 
• If there are too many cells to count, or if the cells are overlapping, you can 
dilute your sample and adjust your calculations accordingly.  
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Appendix H: Industrial Biodiesel Procedures 

Joe Street Production Process 

 Customized Water Heater, 40L max batch size. 

 Electric Heating Elements 

 Single Re-circulating pump for entire system 

 Used Nealanders Vegetol Soy Oil 

 20Kg total volume, density= 0.9199kg/L: Total Vol = 21.74L. 
 
Procedure:  

1. Pumped Vegetol Oil into the top of the reaction tank (water heater) via suction 
pump attached at bottom end of system. 

2. Acid Value is determined with 0.1% KOH solution. The Vegetol Soy Oil has a very low 
FFA value so no acid esterification was required. 

3. Heated oil with internal electric heater to approx 55-60°C. Had electrical 
thermometer attached to exterior of tank to monitor temperature. Mixed during 
this process with a re-circulating pump which pumped through a clear 1” hose on 
the exterior of the reactor. Through this hose he can measure volume within the 
tank and observe the mixture. 

4. In a vented secondary tank he would mix methanol, (20% vol/vol) and catalyst 
(5.5g/L, but his was old  so he used 6.0g catalyst/Loil) 

5. Two Step Transesterification Process:  
a. After methyl-oxide mixed, he would add 80% of the volume into the reactor 

tank and mix for one hour. Mixed with circulating pump. 
b. After the hour he turns off circulating pump and lets settle over night. 
c. In the morning he runs the settled glycerol out of the bottom of the tank via a 

valve. 
d. Mixes remaining 20% of methyl-oxide mixture and reacts (steps 4a-4c) again. 

6. Glycerol is discarded in his compost pile. 
7. Washing is done by mixing in 4L of water. For the batches made for this thesis fresh 

tap water (Hard, not softened) was used for each wash. The water is pumped into 
the reactor the same way the oil was, through the vacuum pump and then sprayed 
on top.  

8. It is then evenly mixed with the recirculation pump. He can tell that the water is 
fully mixed by looking thought the site tube. He waits until the solution in 
homogeneous and then lets it settle over night. Then the water runs out via valve on 
bottom and collected it in clean 4L jugs.  

9. This washing step is repeated 3 or 4 times until he felt the biodiesel was clear 
enough.  

10. Usually he uses a counter-current washing procedure where previous batch wash 
water is used for subsequent batches first or second wash. (To save on water) 

11. The biodiesel is considered fit if it passes the 3/27, FAME/MeOH test. 
12. He dries the biodiesel by heating it to 100°C in the reaction tank. 
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Everpure Production Process 

 Commercial Scale: 160L oil per batch 

 Heat Exchange heater controlled with central PID controller. 

 Waste Vegetable Oil Collected from Local Restaurants 

Procedure: 

1. Oil is collected in 20L used fryer oil jugs. These are poured into a settling tank and 
the oil is let settle for at least 1 day. 

2. The oil is pumped into a square de-watering tank and heated to 100°C for 2 to 8 
hours, depending on the water content. 

3. The oil is set out to cool and then pumped into the reaction tank. The acid value is 
calculated via titration with 0.1N KOH. 

4. The oil is heated to 50-60°C with PID controllers. It should be noted that the 
thermocouple is located in the heating fluid rather than the oil itself, so the oil will 
be usually be colder than the set point. 

5. Acid esterification Reaction;  
a. 21%v/v Methanol,  
b. 0.15L H2SO4 / %FFA 
c. React 45-60min. 
d. Let settle in separatory tank overnight. 
e. Top Water/H2SO4/Methanol layer is removed. Acid value is checked again. 

6. Everpure progresses to alkali transesterification reaction if the Acid Value is below 
5-10. If it is not below, Everpure will do secondary and maybe tertiary acid 
reactions. 

7. Alkali Reaction: One step process 
a. KOH (g) = 9 + Acid Value x L oil + 10% 
b. 22% v/v + 10% MeOH 
c. Heat oil to 50-60°C. 
d. Mix with recirculation pump located in corner of tank.  
e. 60min. 
f. Let settle overnight in separatory tank. 

8. Decant Glycerol, Disposed of as hazardous waste. 
9. Washing: 

a. Pump decanted biodiesel into wash tank. 
b. Connect domestic water supply line. 
c. Open tap to allow light flow of water through spray mist nozzle.  
d. 1st wash = 5%v/v 
e. 2nd till final wash 20%v/v 
f. The first few washes are disposed of into the de-watering tank for evaporation 

during the next batch de-watering. Once cleaner washes come through, around 
the 4th or 5th washes, they go down the municipal drain. 

10. Washed biodiesel is filtered through a 1µm tube filter before storage in a 20,000L 
tank. 

Ridgetown Production Process 

 Two milk tanks; 9,500 or 11,355L per batch 
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 High End Recirculation Pumps and valves 

 Accurate sites for volume measure 

Procedure 

1. Pump Oil into reaction tank to fill line; 6,300L tank 1, 9,600L tank 2. 
2. Heat oil 4 to 12 hours as required to reach 58°C. 
3. Agitate for 3 min. Remove well mixed sample and titrate according to SOP. 
4. Determine required amount of Methanol for reaction. 22% v/v for entire 

process. 40% for acid reaction, 60% for alkali reaction. 
5. Acid Reaction: 

a. 8.8% v/v MeOH 
b. 0.2% v/v (2L H2SO4 / 1000L oil) 
c. Mix MeOH/ H2SO4 for 5 min.  
d. Pump meOH mixture into appropriate reaction tank. 
e. Flush line with 20L meOH prior to closing valves to ensure all H2SO4 is 

removed. 
f. React 3 hours. 
g. Let settle 12 hours. 
h. Remove H2O/meOH/ H2SO4 from top or bottom of tank. Work was being 

conducted to optimize volume of meOH added to ensure solution would 
settle to bottom. 

6. Re-circulate oil. 
7. Alkali Reaction: 

a. 13.2% v/v meOH 
b. KOH (g/L) = 8 + AV x L oil 
c. Mix KOH and meOH for 20 minutes for ensure complete mixing. 
d. Transfer 80% of the KOH meOH mixture into the reaction tank. 
e. Mix for 40 min. 
f. Let phase-separate for 2 hours. 
g. Drain glycerol off into the glycerol storage tank. 
h. Transfer the remaining 20% KOH meOH mixture and flush line with 20L 

meOH to ensure clean pipes for next batch. 
i. Stir and react for 30 min. 
j. Allow settling for 3 hours. 
k. Drain glycerol off into the glycerol storage tank. 

8. Washing: 
a. In-process biodiesel is washed five times as follows; the total volume of 

wash water used is 10 % of the volume of in-process biodiesel (or 2% of the 
volume per wash): 

i. 1st wash: clean water 
ii. 2nd wash: sulphuric acid wash water (10% v/v wash water) 

iii. 3rd wash: clean water 
iv. 4th wash: clean water 
v. 5th wash: clean water 

b. Each wash is mixed in the tank for 10 minutes and let settle for 10-20 
minutes. 

c. Water is drained into the wash water storage tank. 
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9. Drying: 
a. Washed biodiesel is transferred into drying tank. 
b. Warm biodiesel is reciculated through dryer tank until it flashes clear. 

(Biodiesel changes from yellow to clear in 20 to 60min plus.) 
10. Storage 

a. Dried biodiesel is transferred to  storage tank through 1µm filter. 

Lab Biodiesel Procedures 

Lab Procedures  

1) Test the AV 
2) Perform esterification with 2% H2SO4 and 12 % methanol, 55°C, 45 min. 
3) Let settle for 4 hrs. Decant water, methanol and sulphuric acid. 
4) Pour feedstock into 2L glass beaker.  
5) Heat oil to approximately 55ºC using a hot water bath and magnetic stir rod. 
6) While oil is heating, make methoxide by dissolving 5.5g (5.5g/L) + AV of KOH with 20% 

v/v of methanol.  
7) Pour into the 2L glass beaker and continue to heat and stir for another 60 min.  
8) pour into separatory funnel and allow biodiesel and glycerol to settle overnight. 
9) using the stopcock, remove the lower glycerol layer. Let the biodiesel sit for another 30 

minutes to make sure all glycerol has settled and been removed. 
10) Pour 10% tap water into the glass funnel, cap and gently rock from hand to hand for 1 

minute or until a nice homogenous mixture is formed. 
11) Allow water and biodiesel to separate (may take a few hours).  
12) Remove the lower layer of water via the stopcock in a labeled container and repeat the 

gentle washing another 3-4 times.  
13) If an emulsion forms between the wastewater and the biodiesel layers, remove into a 

separate waste flask and discard. Settling overnight may help reduce or “break” this 
layer.   

14) Coarse filter, autoclave and store wash water in the fridge.  
15) Allow biodiesel to dry for a few days in an open container in a warm and dry location. 

 


