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Abstract 

This work explores the use of readily available spectrophotometry to detect and monitor 

cyanobacteria and hexavalent chromium (Cr (VI)) under different water matrices. Research 

has shown that these parameters have been increasing in frequency worldwide with 

growing anthropological activities and aggravating climate change, resulting in unwanted 

source water contamination. The aim was to evaluate the potential of derivative 

spectrophotometry with changing cuvette pathlength (10-, 50-, and 100-mm) to be used as 

an early warning system for sensitive determination of the aforementioned parameters. 

Initially, Microcystis aeruginosa (cyanobacteria) and Chlorella vulgaris (green algae) were 

inoculated in deionized (D.I.) water individually and mixed in an equal concentration 

setting, respectively. The effect of increasing cuvette pathlength was investigated and 

results indicated a 15-, and 13-fold improvement in sensitivity with absorbance and 

derivative of absorbance from 10 mm to 100 mm pathlength, respectively. The lowest 

method detection limit (MDL) was observed using 100 mm and the concentration was 

found to be 4,916 cells/mL (for cyanobacteria), which is well below the WHO guideline 

for low probability of adverse health effects (< 20,000 cells/mL). Additionally, the mixed 

culture test demonstrated the potentiality of spectrophotometry to be able to identify 

cyanobacteria in mixed setting indicating applicability. 

Further microalgal testing was performed using longer pathlengths (50- and 100-mm), to 

investigate robustness of the developed methodology in surface water and under varying 

water quality parameters (WQPs) aka salinity, dissolved organic carbon (DOC), and 

turbidity, for realistic determination. 100 mm pathlength while employing derivative 

spectrophotometry were found to be most sensitive and concentration as low as 8,546 
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cells/mL could be detected. As expected, with increasing concentration of WQPs the 

sensitivity decreased, but overall, spectrophotometry was able to detect cyanobacteria in 

different water matrices. Lastly, similar methodology as before was exercised but it was 

applied for early detection of Cr (VI). Derivative spectrophotometry with longest 

pathlength was primarily utilized to investigate Cr (VI) response in D.I. water, pH water 

matrices, varying DOC, surface and tap water. Results indicated excellent MDLs as low as 

2-, and 5-µg/L for tap and surface water, respectively, implicating practical viability. 
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1. Introduction 

The need for better, simple, and affordable early detection technologies is imperative with 

the increasing contamination of water sources worldwide. Ever-increasing and emerging 

industrial and chemical compounds in water sources are some of the most dominant 

environmental problems facing humanity. According to the World Health Organization 

(WHO), 1.8 million deaths each year, of which 88% are children in developing countries, 

are caused due to water-borne illnesses. Water quality assurance is underemphasized and 

poses a grave threat to global health, despite models predicting a double increase in water 

consumption in the next 20 years (Mukhopadhyay & Mason, 2013).  

Early detection technologies are typically systems that consist of a monitoring technology 

which can analyze, interpret and display results in near to real-time as possible (EPA, 

2005). The existing laboratory-based methods for water quality monitoring (WQM) are 

time-consuming, labor-intensive, and often require various reagents and/or pigment 

extraction to obtain reliable results (Storey et al., 2011). There is a clear necessity to rapidly 

detect and correct a potential contamination event, which may be either chemical or 

biological in nature, due to its potentially severe consequences to human health and the 

environment.  

Furthermore, in most cases, many compounds are mixed in our aquatic resources and the 

question of which compounds are present and how their combined effects affect the quality 

of the aquatic resource become pertinent (Altenburger et al., 2015). Hence, there is a need 

to monitor multiple water quality parameters using a minimal number of instruments whilst 

maintaining high sensitivity in order to implement it as an early warning system (Quansah 
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et al., 2010).  Significant work is yet to be achieved, despite many technological advances 

in the field of WQM (Mukhopadhyay & Mason, 2013).  

The objectives of this research were to investigate detection and monitoring of important 

water quality affecting parameters such as cyanobacteria (blue-green algae) and hexavalent 

chromium (Cr (VI)) using UV-Vis spectrophotometry under multifarious conditions. With 

growing anthropological activities and increasing global warming, fresh water sources 

have seen a decrease in quality, particularly over the last two decades. Each year reports of 

toxic cyanobacteria (CB) and hexavalent chromium in water resources have been 

increasing around the world (McNeill et al., 2012; Mohamed et al., 2015; Pelaez et al., 

2010; WHO, 2019).  

The aim is to improve (lower) the detection limit of these parameters by using readily 

available spectrophotometry technology while investigating derivative spectrophotometry 

as an analytical tool for improving sensitivity. Longer cuvette pathlengths (upto 100 mm) 

have not been employed in the study of CB or Cr (VI) research before. This study focuses 

on using existing spectrophotometry technology and modifying cuvette pathlengths to test 

their effect on detection. Care was taken that the techniques tested could potentially be 

implemented with ease in a real-time monitoring setting. The constant evolution of water 

quality standards necessitates the development of faster and cheaper analytical procedures 

(Burgess & Thomas, 2017). This study aims to lead the way to develop an early warning 

system that can be used for WQM purposes. 
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1.1 Thesis outline and objectives 

This study is presented in a total of 9 chapters. Chapter 1 includes a brief introduction and 

explains the need for the research topic and a description of the research approach and 

objectives that are to be investigated. 

Chapter 2 provides a summary of background literature required to understand relevant 

information, as well as previous and current studies related to this research. Major 

regulations, occurrences and health impacts from around the world have also been 

discussed.  

Chapter 3 provides the details of the materials and methods used throughout the 

experimental phase. Laboratory protocols and validation methods relevant to this study are 

described in this chapter. 

Chapter 4 to 8 are the primary research chapters of the thesis which have been prepared 

as journal articles. 

Chapter 4 and 5 studied the effect of increasing cuvette pathlength on the detection of A 

non-toxigenic strain of cyanobacteria i.e., Microcystis Aeruginosa and a secondary green 

microalgae aka Chlorella Vulgaris was used for comparative purposes.  

• Spectrophotometry (SP) was used to analyze the prepared sample concentration 

range in deionized (D.I.) water (controlled environment) and monitor peaks  of 

interest at different wavelengths for both algal cultures. 

• Characterize and compare the effect of increasing cuvette pathlength (10-, 50-, and 

100 mm) on absorbance spectra. 
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• Determine the effect of changing cuvette pathlength on the method detection limit 

(MDL) of both algal strains. 

• Study the transformation of the peak and absorbance spectra after applying 

derivative spectrophotometry as a statistical and analytical tool. 

• Apply the first derivative of absorbance and Savitzky-Golay (S-G) first derivative 

of absorbance to examine the possibility to improve the MDL for the algal strains 

with varying pathlength. 

• Validate whether the absorbance and derivative absorbance results follow Beer-

Bourguer-Lambert Law (with changing concentration and absorbance at the 

significant wavelength) for the 3 cuvette pathlengths. 

• The above methodology was repeated by mixing equal concentrations of M. 

aeruginosa and C. vulgaris and investigating the potential to differentiate 

cyanobacteria in a mixed-culture setting. 

Chapter 6 presents the impact of using longer cuvette pathlengths and derivative 

spectrophotometry for the detection and monitoring of M. aeruginosa and C. vulgaris in 

surface water (to mimic realistic conditions). 

• Unfiltered surface water was used for sample preparation and longer pathlengths 

(50-, and 100-mm) were utilized to characterize the response of individual 

microalgae in a natural environment.  

• S-G first derivative of absorbance was applied in pursuit of improving spectral 

analysis. 

• MDLs for individual pathlengths and microalgal culture were determined while 

comparing the zero-order absorbance to the derivative of absorbance. 
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• Beer-Bourguer-Lambert Law validation was performed to ensure conformity of 

observed experimental data. 

• Sensitivity analyses were conducted between both inoculated microalgae in surface 

water and D.I. water while comparing performance. 

Chapter 7 explored the effect of changing different water quality parameters (WQPs) on 

the detection of cyanobacteria (M. aeruginosa), in a controlled environment, using 

spectrophotometry. 

• The effect of changing three concentration levels of salinity, dissolved organic 

carbon (DOC) and turbidity, on absorbance was analyzed. 

• A reliable, reproducible, and consistent methodology for all three parameters was 

developed for cyanobacterial testing. 

• A similar concentration range (as in previous chapters) of cyanobacterial 

microalgae was used for different water quality control parameters. 

• The impact of changing exposure time (90- and 180-min) of cyanobacteria to 

individual WQP before testing was characterized, and comparative analysis was 

performed. 

• S-G first derivative of absorbance was applied to verify the consistency of the peak 

of interest. 

• Slopes and detection limits were established for both exposure times and each WQP 

test to better aid during analysis.  

• The effect of changing wavelength range on the application of S-G derivative 

method in order to improve the signal-to-noise ratio and MDL was investigated. 
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Chapter 8 researched the sensitive determination of hexavalent chromium and its response 

in different water matrices via spectrophotometry. 

• Characterize the effect of changing cuvette pathlength on detection of Cr (VI) in 

D.I. water. 

• Develop a methodology and concentration range of Cr (VI) to be used for all tests 

which is consistent and repeatable. 

• Identify the wavelengths of interest and apply the developed derivative 

spectrophotometry method from previous chapters to analyze the impact on MDL. 

• Characterize the following response of Cr (VI) using the concentration range 

developed as follows: 

o Evaluate the effect of changing pH (alkaline and acidic) of water and its 

effect on the shift of absorbance peaks. 

o Inoculate Cr (VI) in tap water and surface water to check for the effect of 

realistic conditions on Cr (VI) detection. 

o Evaluate the effect of three concentration levels of DOC on the detection of 

Cr (VI). 

• Apply derivative spectrometry and conduct sensitivity analyses to all the 

aforementioned tests to check the applicability and consistency of the methodology 

to improve MDL. 

Chapter 9 provides the overall conclusions and significant findings of the dissertation, as 

well as recommendations for future work.  
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2. Literature review 

2.1 UV-Vis Spectrophotometry 

UV-Visible (UV-Vis) spectrophotometry (SP) is a well-established method for 

identification and determination of components in a variety of water samples. It is a 

technique that uses electromagnetic radiation to interact with atoms and molecules in 

specific and distinct ways, which results in characteristic emission or absorption profiles 

(Burgess & Thomas, 2017). In UV-Vis SP, when the light source impinges on a cuvette 

that contains the water sample, many optical processes can occur, which when combined 

with instrumental effects, can result in distortion of the resultant spectrum. The optical 

processes include transmission, reflection, refraction, scattering, luminescence and/or 

chiro-optical phenomena (Burgess & Thomas, 2017). These issues should be 

acknowledged, and care should be taken to minimize their impact while performing tests.  

The absorbance (A) of a sample is defined as the difference between the incident radiation 

(Io) and the transmitted radiation (I). Contrarily, the transmittance (T) is defined as the 

fraction of the radiation which passes through the sample (Burgess & Thomas, 2017; 

Owen, 1998). The absorbance and transmittance are defined by the following equations 2.1 

and 2.2, respectively (Owen, 1998). 

𝐴 =  −𝑙𝑜𝑔 
𝐼

𝐼𝑜
=  − 𝑙𝑜𝑔 𝑇              2.1 

T =  
I

Io
=  10−A               2.2 

UV-Vis spectrophotometry is commonly employed for quantitative analysis of water 

samples containing matter, as most compounds in water samples absorb radiation in the 
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range of wavelengths between λ = 190 nm to λ = 800 nm (Burgess & Thomas, 2017). The 

UV wavelengths range from λ = 190 nm to λ = 400 nm, while the visible wavelengths 

range between λ = 400 nm to λ = 800 nm. In this study, absorption profiles of energy 

created by molecular and electronic transitions of radiation was be used for detection of 

pollutants. 

Beer-Bourguer-Lambert Law 

Beer-Bourguer-Lambert Law is the basis for UV-Vis SP as it relates the measured 

absorbance value to the concentration value of a component. It states that absorbance is 

linearly proportional  to the concentration of the component (C) of interest and the path 

length (b) of the cuvette containing the sample, through which UV-Vis radiation is 

transmitted and is given by the equation 2.3 (Burgess & Thomas, 2017; Swinehart, 1962): 

𝐴 =  −𝑙𝑜𝑔10  
𝑃

𝑃0
= 𝜀𝑏𝐶              2.3 

where, 

A = absorbance, formerly called the optical density 

P = radiant power, formerly called the intensity 

ε = extinction coefficient/ absorptivity 

b = length of the cuvette containing the absorbing medium 

C = concentration of the absorbing species 

However, the law is based on some assumptions, which are: 

• Radiation is perfectly monochromatic. 
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• Radiation beam strikes the cuvette at normal incidence. 

• There are no uncompensated losses due to scattering or reflection processes. 

• The temperature remains constant. 

• There are no molecular interactions between the absorber and other molecules in the 

sample. 

These assumptions are not always met, and the results might deviate from ideal Beer- 

Bourguer-Lambert Law behavior (Owen, 1998; Swinehart, 1962).  

2.2 Derivative Spectrophotometry 

The problem of determining concentration of multiple components can be solved with 

methods which are based on several wavelength absorbance measurements (assuming the 

solution is free of interferences). However, there are several physical and/ or chemical 

interferences when analyzing a real sample. Derivative spectrophotometry is one of the 

simplest methods which offers the ability to check a sample quality in a robust way 

(Burgess & Thomas, 2017). 

Derivative spectrophotometry is the use of first or higher derivatives of observed 

absorbance with respect to the recorded wavelength. It is used for qualitative and 

quantitative analysis (Owen, 1995). Given that the spectral absorbance  is expressed as a 

function of the wavelength (λ), the derivative spectra are: 

Zero order/ normal spectrum  

A = f(λ)                 2.4 

First order 
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𝑑𝐴

𝑑λ
 = f´(λ)                 2.5 

nth order 

𝑑𝑛𝐴

𝑑λ𝑛 = fn(λ)                 2.6 

Derivative spectra do not increase the information content of the traditional spectra, and 

rather they allow the information to be analyzed in a better manner. Derivative spectra 

result in information about the slope of the spectrum, as well as the shoulder and inflection 

points allowing for a better characterisation of a compound. However, one of the main 

limitations of derivative spectrophotometry is that the random background noise associated 

with sample analysis increases and results in higher frequency of the signal to be measured. 

Thus, the peaks obtained are narrower and sharper with increasing derivative order. This 

can be improved by using filters during analysis, which is described later in the manuscript 

(Owen, 1995, 1998). 

2.3 Cyanobacteria (Blue-Green algae) 

Cyanobacteria (CB), more commonly referred to as blue-green algae, are photosynthetic 

prokaryotes that use various accessory pigments, primarily chlorophyll-a (Chl-a) to capture 

sunlight for energy production. CB are most commonly found in freshwater lakes, ponds, 

wetlands, rivers, and streams and can even occur in oceans (Bittencourt-Oliveira et al., 

2014; Chorus et al., 2000; Chorus & Bartram, 1999; Codd et al., 1999; Corbel et al., 2014; 

Falconer, 1993; Figueiredo et al., 2004; Graham et al., 2010; Hudnell, 2008; Mohamed et 

al., 2015; Sharma et al., 2010; WHO, 2003a; Winter et al., 2011). Cyanobacteria include 

approximately 2000 species under 150 genera which are classified under 5 broad orders, 
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which are present in diverse shapes and sizes. Table 2.1 lists the 5 orders of CB; the orders 

refer to the subsections of Cyanobacteria Phylum. 

Table 2.1: The 5 orders of cyanobacteria according to the botanical taxonomic scheme 

(Vincent, 2009). 

Order Characteristics Genera 

Chroococcales Coccoid are cells that reproduce by 

binary fission or budding 

Aphanocapsa, Aphanothece, 

Gloeocapsa, Merismopedia, 

Microcystis, Synechococcus, 

Synechocystis 

Pleurocapsales Coccoid cells, aggregates or pseudo-

filaments that reproduce by baeocytes 

Chroococcidiopsis, 

Pleurocapsa 

Oscillatoriales Uniseriate filaments, without 

heterocysts or akinetes 

Lyngbya, Leptolyngbya, 

Microcoleus, Oscillatoria, 

Phormidium, Planktothrix 

Stigonematales Division in more than one plane; true 

branching and multiseriate forms; 

heterocysts 

Mastigocladus (Fischerella), 

Stigonema 

Nostocales Filamentous cyanobacteria that divide 

in only one plane, with heterocysts; 

false branching in genera such as 

Scytonema 

Anabaena, Aphanizomenon, 

Calothrix, 

Cylindrospermopsis, Nostoc, 

Scytonema, Tolypothrix 

 

There are three major groups of CB commonly observed in the aquatic environment: 

bloom-formers, most common in nutrient-rich (eutrophic) conditions and lead to a wide 

range of water quality issues; mat-forming, which form biofilms over plants, sediments 
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and rocks; and picocyanobacteria, which as the name suggests, are extremely small cells 

with diameter < 3 µm that are prolific in clear water lakes (Vincent, 2009). This thesis 

focused on the detection of a bloom-forming variety of microalgae in water using UV-Vis 

spectrophotometry.  

Cyanobacteria lack membrane-bound organelles but have different cellular structures in 

the cells that have specialized functions. The cells of bloom-forming CB contain several 

thousand gas vacuoles, hollow-water impermeable cylinders in nature, that provide 

buoyancy for the algae to float towards the surface for improved photosynthesis (Vincent, 

2009).  Figure 2.1 shows some examples of the different algae types observed in nature. 

Bloom-formers are inclined towards warm, stable, and nutrient-rich lakes and are 

nonexistent in polar or alpine regions. Anabaena, Aphanizomenon, and Microcystis are the 

three genera of CB commonly found and often are present concurrently (EPA, 2005; 

Stefanelli et al., 2014). Studies show that a single factor does not contribute to bloom 

formation, instead a mixture of nutrients (nitrogen and phosphorous) and environmental 

conditions (warm temperature, light intensity, growth rate, and stability) present together 

(Chorus & Bartram, 1999; Health Canada, 2016; Mohamed et al., 2015; Pelaez et al., 

2010). In inland water bodies, blooms are often limited by phosphorous availability. 

Enrichment of lakes by phosphorous leads to eutrophic conditions and dense phytoplankton 

concentrations (biomass). 



15 

 

 

Figure 2.1: Cyanobacteria in inland water ecosystems. Top left: Photomicrograph of 

Microcystis aeruginosa (bloom-forming) from a eutrophic lake. The bright areas inside the 

cells are due to scattering of light by the gas vacuoles Top right: Photomicrograph of 

Nostoc (filamentous) from a high Arctic lake. The spherical cells are heterocysts, sites of 

nitrogen fixation. Bottom right: A carotenoid-rich cyanobacteria (mat-forming) in a pond 

on the McMurdo Ice Shelf, Antarctica. Bottom left: Cyanobacteria (mat-forming) in a 

geothermal spring, New Zealand (Vincent, 2009). 

Temperature plays a critical role in bloom formation of cyanobacteria. When source water 

warms above 15 °C, it results in an accelerated growth rate of CB (WHO, 2003a). In 

addition, CB colonies can adjust their depth in warm water using gas vacuoles to attain 

optimal conditions, which enhance growth. This buoyancy regulation of bloom-formers, 

albeit a slow process, can lead to the unforeseen appearance of surface scums, which cause 
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odors, health, and other water quality issues (Bartram & Rees, 2000). Winds over eutrophic 

waters might lead to accumulation of scum on shores and bays, which might be 

significantly more concentrated by a factor of 1,000 or more and result in higher toxicity 

and exposure risk through recreational waters. Cyanobacteria are able to adapt to extreme 

environmental conditions and have been found to be able to survive even at 73–74 °C and 

under extreme pH conditions (4–5) (Oren, 2014). These properties of bloom-formers 

suggest that with warming global temperatures, the frequency and severity of blooms will 

become increasingly prevalent. Furthermore, in regions known for CB blooms, with 

reducing annual rainfall, the nutrient residence time increases and results in an intense 

proliferation of cyanobacteria (Bartram & Rees, 2000; Figueiredo et al., 2004; Hudnell, 

2008; Winter et al., 2011). Thus, there is a need to be able to monitor the source water body 

for different water quality parameters and detect compounds that can affect the use and 

safety of water resources.  

Cyanobacterial algae can be toxigenic or non-toxigenic in nature; the toxigenic CB release 

toxins known as cyanotoxins stored inside the cell walls, on cell lysis. The toxins released 

when the algal cells are still alive and healthy in freshwater are negligible compared to the 

toxins released on cell lysis (Bartram & Rees, 2000; EPA, 2005). Toxins released in 

freshwater bodies quickly dissolve in water and rapidly dilute and degrade with time. Cell 

bound cyanotoxins are, therefore, a bigger concern when it comes to drinking water supply 

and recreational waters due to increased concentration of localized toxins due to cell lysis 

in the conformed area (Graham et al., 2010). Figure 2.2 describes the scum-forming 

potential of cyanobacteria under different concentrations and risk levels to the public from 

potential exposure.  
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Figure 2.2: Schematic illustration of scum-forming potential cyanobacteria and changing 

cyanotoxin risk levels (Bartram & Rees, 2000; Falconer, 1999). 

This thesis focuses on the detection of planktonic cyanobacteria (also known as 

microalgae), Microcystis Aeruginosa. Microcystis can produce toxins called microcystin, 

which are a group of cyclic peptides that have selective activity against hepatocytes (aka 
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liver cells) and are known as hepatotoxins. “The cyclic heptapeptides represent two 

structurally and biologically related classes; microcystin and nodularin, that feature a 3-

amino-9-methoxy-2, 6, 8-trimethyl-10-phenyl-4, 6-decadienoic acid (Adda) side group and 

two variable amino acid positions. These variable amino acids give rise to over 80 different 

structural isoforms, with each exhibiting a different toxicity profile” (represented in Figure 

2.3) (Oren, 2014).  

 

Figure 2.3: Chemical structures of cyanobacterial hepatotoxins, microcystin-LR (left) and 

nodularin (right) (Oren, 2014). 

Cyanobacteria play a vital role in our ecosystem, but excessive proliferation results in 

environmental and health issues. Many CB species and microalgae are known to produce 

different kind of bioactive compounds such as mycosporine amino acids (used in cosmetics 

for its UV absorbing capability), Spirulina sp. used in moisturizer (due to moisture 

retention capability), and Arthrospira extract as an anti-aging agent (Saini et al., 2018; 

Singh et al., 2015). A variety of enzymes produced by CB have industrial potential like 

hydrolase, cellulase, lipases, proteases, and amylolytic enzymes, among others. Some 

proteins produced by CB have fungicidal ability. Lipase enzymes have been used to target 

many cardiovascular diseases and are being tested for the treatment of inflammation, 

obesity, and pain (Oren, 2014; Saini et al., 2018). Lipase also plays a prime role in biodiesel 



19 

 

production using cyanobacteria (Scaife et al., 2015; Singh et al., 2015). Cyanotoxin is a 

secondary metabolite produced by CB to help inhibit competing micro-organisms. There 

has been some research on the use of cyanotoxin for drug development for its anti-bacterial, 

anti-parasitic, and anti-malarial properties (Mandal & Rath, 2015). Cyanobacteria have 

also been applied for bioremediation of wastewaters, offering an affordable, sustainable, 

and alternative method of treatment (AlMomani & Örmeci, 2016; Olsson et al., 2014; 

Zinicovscaia & Cepoi, 2016). 

 

Figure 2.4: An overview of cyanobacterial cell producing potential bioactive metabolites 

(Saini et al., 2018). 
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2.3.1 Regulations 

Regulations for different cyanobacteria/microalgae and/or their toxins around the world vary based on local occurrences; however, 

several municipalities/authorities around the world often follow recommendations set by the WHO. Table 2.2 and  

Table 2.3 represents guidance values for cyanobacteria and/or their toxin/photopigment around the world, in drinking water and 

recreational water, respectively. Due to variations in regulations, it is a challenge to rely on a singular monitoring technology for the 

detection of cyanobacteria/microalgae, and a number of monitoring solutions are used around the world. It should be noted that early 

detection of potential blooms in water sources assumes that any detected cyanobacteria are to be considered potentially toxic to safeguard 

public health (EPA, 2015a).  

Table 2.2: Examples of guidance values or standards and other national regulations/ recommendations for managing cyanotoxins in 

drinking water (Chorus, 2005, 2012; Health Canada, 2016; Oren, 2014; WHO, 2003a). 

Country/ 

source 

Cyanobacteria and/or 

Cyanotoxin regulated 

Guidance value 

(GV) 

Comments; specific action in case of derogation 

WHO Microcystin-LR 1 µg/L Depends on setting; strong emphasis on assessing 

cyanotoxin risks in relation to other risks 
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Argentina No requirements for cyanotoxin surveillance, but some water utilities have implemented monitoring; these refer to 

the provisional guideline by WHO for Microcystin-LR of 1 µg/L 

Australia Microcystin 

equivalent to 6500 cells/L or a 

biovolume of 0.6 mm3/L of a 

highly toxic strain of Microcystis 

aeruginosa 

1.3 µg/L The Australian Drinking Water Guidelines (2011) are 

a set of national guidelines which include fact sheets 

with information on key cyanotoxins.  

Health Alert can be triggered by the toxin 

concentrations or the equivalent cell or biovolume 

concentrations. Trigger levels for each of the 4-key 

toxin-producing species are also provided for 

immediate notification to the health authority.  

Brazil 

(2005) 

Cyanobacteria 10,000 – 20,000 

cells/L 

At > 10,000 cells/L, weekly monitoring is required.  

At > 20,000 cells/L, toxicity testing and/or 

quantitative cyanotoxin analysis in drinking water are 

required. 

Microcystins 1 µg/L 

Canada Microcystin-LR 1.5 µg/L The limit for Microcystin-LR is considered protective 

against exposure to other Microcystins; monitoring 

frequencies driven by bloom occurrence – more 

frequent where there is a history of bloom formation 
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Czech 

Republic 

Cyanobacteria in raw water ≥ 1 colony/L or  

≥ 5 filaments/L 

Vigilance Level: quantification of cyanobacteria in 

the raw water s at least once per week; visual 

observations of the abstraction point (water blooms at 

the surface of water level) 

≥ 2,000 cells/L or  

≥ 0.2 mm3/L 

biovolume or  

≥ 1 µg/L Chl-a 

Alert Level 1: attempt reduction by changing 

abstraction depth. If that is not possible, ascertain that 

treatment sufficiently reduces cyanobacteria and 

toxins (data from operational parameters, if 

necessary, also toxin analyses) 

≥ 100,000 cells/mL or  

≥ 10 mm3/L 

biovolume or  

≥ 10 µg/L Chl-a 

Alert Level 2: as Alert Level 1, but with stronger 

emphasis on treatment efficacy and microcystin 

monitoring 

Microcystin-LR in treated water 1 µg/L Monitored once per week in treated water 

Cuba 

 

Phytoplankton cells < 20,000 cells/mL Monthly visual inspection and sampling at least four 

months a year 
Cyanobacterial cells < 1,500 cells/mL 
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No regulatory 

requirement, 

but framework 

currently being 

tested 

Phytoplankton and proportion of 

cyanobacteria 

20,000 – 100,000 

cells/L; > 50% 

cyanobacteria 

Alert: increased sampling (weekly and more sites); 

daily inspection; notification to public health unit and 

local managers; report to local government; warning 

of the public 

Any report of toxic effect (humans 

or animals) or bloom scum 

presence  

At lest one of the 

species 

Action (in red): as for “Alert”, but with increased 

actions for public communication and water use 

restrictions 

France Microcystins 1 µg/L Analysis required in raw water and at the point of 

distribution only when cyanobacteria proliferate 

(visual observation and/or analytical results) 

Finland Potentially toxic Cyanobacteria in 

raw water 

(as cell counts or biomass) 

> 5000 cells/L or  

>1 mg/L biomass 

Microcystin monitoring; enhanced treatment 

> 100,000 cells/L or  

> 20 mg/L biomass 

Change of abstraction site and/or restrictions of water 

use; information to the water users, particularly if 

Microcystins are found in finished drinking water 

Microcystins (raw water) > 1 µg/L Restrictions of water use; unlikely on basis of 

experience 
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Microcystins (drinking water) > 10 µg/L Ban on water use; highly unlikely 

Germany No specific cyanotoxin regulations as only about 20% of the water supply is from surface water, and that mostly 

from well protected reservoirs. However, for non-regulated chemicals, the Drinking-water Ordinance requires that 

they do not occur in hazardous concentrations. On this basis, where cyanobacteria do occur, the WHO GV can be 

applied for Microcystins. National guidance for substances with incomplete toxicological evidence proposes <0.1 

µg/L if carcinogenesis cannot be excluded (until data are generated that allow higher levels), and this can be applied 

to Cylindrospermopsin. 

Hungary Drinking-water legislation includes biological parameters to 

be monitored by microscopy, e.g., Cyanobacteria 

Frequency of examination based on the amount of 

water supplied and source of drinking water 

(cyanobacteria if source is surface water); at least 

once a year for every network for all biological 

parameters 

Italy The national decree includes algae as an accessory parameter to monitor if local authorities presume a risk, based 

on the provisional WHO GV for Microcystin-LR. 

New Zealand Microcystins (as MC-LR 

equivalents) 

1 µg/L Effective implementation of the protocols required by 

Public Health Risk Management Plans has prevented 

concentrations > GV from reaching the consumers 
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Singapore Microcystin-LR in free and cell-

bound forms 

1 µg/L Every supplier of piped drinking water is legally 

required to prepare and implement a water safety plan 

to ensure that the piped drinking water supplied 

complies with the piped drinking water standards 

(stated as 1 µg/L for total microcystin-LR, in free and 

cell-bound forms). 

Spain Microcystins 1 µg/L To be analysed when eutrophication is evident in the 

water sources 

Turkey Cyanobacteria > 5,000 cells/L or 

> 1 µg/L Chl-a 

Monthly analysis if in raw water; if exceeded, weekly 

sampling (of water column) and toxin analysis 

Sum of all Microcystins 1 µg/L If exceeding GV, toxin analysis in treated water and 

advanced treatment (ozonation or activated carbon) 

or alternative water supply 

South Africa Microcystins-LR 1 µg/L Supported by guidelines for Chl-a and cyanobacterial 

cell counts 

United States 

of America 

No national requirements, but action taken by many of the States. A general GV for Microcystin of concentration 

1 µg/L is widely accepted by most states. Table A.9 (Appendix, shows the approaches pursued by each of 21 states). 

 



26 

 

Table 2.3: Examples of national regulations or recommendations for managing cyanotoxins in water-bodies used for recreation (Chorus, 

2005, 2012; Health Canada, 2016; Oren, 2014; WHO, 2003a). 

Country/ 

source 

Parameter 

regulated 

Values Action taken/ consequences of derogation 

WHO Cells  

or Chl-a with 

dominance of 

cyanobacteria 

20,000 cells/L or 

10 µg/L chlorophyll a 

Information to site users and relevant authorities. 

Short-term adverse health outcomes (e.g., skin 

irritations and gastrointestinal illness, probably at low 

frequency) 

100,000 cells/L or 

50 µg/L chlorophyll a 

Information to site users and relevant authorities; 

watch for scums; restrict bathing and further 

investigate the hazard. 

Potential for long-term illness with some species 

Short-term adverse health outcomes (e.g., skin 

irritations and gastrointestinal illness). 

European 

Union 

Requires ‘bathing water profiles’ indicating – among other parameters – the potential of the site for cyanobacterial 

proliferation; monitoring based on the bathing water’s history and regional climatic conditions; conformity as a matter 

of appropriate management measures and quality assurance, not merely of measuring and calculation. Applies to any 

element of surface water where a large number of people practice bathing and bathing is not prohibited or advised 
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against (termed “bathing water”). When cyanobacterial proliferation occurs and a health risk has been identified or 

presumed, adequate management measures shall be taken immediately to prevent exposure, including information to 

the public. 

Australia Cells  

or Biovolume 

≥500 to <5,000 cells/L M. aeruginosa 

or biovolume >0.04 to <0.4 mm3/L for 

the combined total of all cyanobacteria 

Green level Surveillance mode:  

Regular monitoring 

≥5,000 to <50 000 cells/L M. 

aeruginosa  

or biovolume ≥0.4 to <4 mm3/L for the 

combined total of all cyanobacteria with 

a known toxin producer dominant or 

≥0.4 to <10 mm3/L for the combined 

total of all cyanobacteria where known 

toxin producers are not present 

Amber level Alert mode: 

Notify agencies as appropriate  

Increase sampling frequency  

Regular visual inspections of water surface for scums  

Decide on the requirement for toxicity assessment or 

toxin monitoring 

≥ 10 µg/L total Microcystins  

or ≥ 50,000 cells/L toxic M. aeruginosa  

Red level Action mode: 

Continue monitoring as for alert mode  

Immediately notify health authorities for advice on 

health risk  
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or biovolume ≥4 mm3/L for the 

combined total of all cyanobacteria with 

a known toxin producer dominant  

or ≥10 mm3/L for total biovolume of all 

cyanobacterial material where known 

toxins are not present 

or cyanobacterial scums consistently 

present 

Toxicity assessment or toxin analysis (if this has not 

already been done)  

Health authorities warn of risk to public health (i.e., 

the authorities make a health risk assessment 

considering toxin monitoring data, sample type and 

variability) 

Canada Microcystin-LR 

or Cell Counts 

≤ 20 µg/L 

≤ 100,000 cells/L 

If either of the guideline values is exceeded, a 

swimming advisory may an advisory has been issued 

should be avoided until the advisory has been 

rescinded 

Cuba Phytoplankton  < 1,500 cells/L Monthly visual inspection and sampling at least four 

months a year 
Cyanobacterial  < 500 cells/L (or slightly above) 

Phytoplankton  

or proportion of 

cyanobacteria 

20,000 – 100,000 cells/L; >50% 

cyanobacteria 

Alert: increased sampling (weekly and more sites); 

daily inspection; notification to the public health unit 

and local managers; report to local government; 

warning of the public 
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Any report of toxic effect (humans or animals) or bloom scum 

presence  

Action (in red): as for 'Alert' but with increased 

actions for public communication 

Czech 

Republic 

Cells and/ or Chl-a >20 000 cells/mL 1st warning level 

>100 000 cells/mL 2nd warning level: closure for public recreation 

Denmark Microscopy; Chl-a High Chl-a > 50 µg/L and 

cyanobacterial dominance 

Relevant authorities are informed and decide when 

and how the public should be informed 

France Visual inspection Visible bloom, scums, change in water 

colour 

Microscopy examination. If cyanobacteria are absent: 

no further action. If present: counting and genus 

identification 

Cyanobacteria <20,000 cells/L ± 20 % Active daily monitoring. Counting at least on a 

weekly basis. Normal recreational activity at the site 

20,000 – 100,000 cells/L ± 20 % Active daily monitoring. Counting on a weekly basis. 

Recreational activities are still allowed; the public is 

informed by posters on site. 

Cyanobacteria  

and Microcystins 

> 100,000 cells/L ± 10 %. 

25 µg/L MC-LR equivalent ± 5 % 

if MC < 25 µg/L bathing and recreational activities 

are restricted.  
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if MC > 25 µg/L bathing is banned and recreational 

activities are restricted.  

In either case, public is informed. 

Germany Transparency in 

combination with an 

indicator for 

cyanotoxin 

potential: Chl-a 

with dominance of 

cyanobacteria  

or Biovolume  

or Microcystins 

Secchi Disk reading >1 m and  

< 40 µg/L Chl-a  

or <1 mm³/L Biovolume 

or <10 µg/L MC 

 

Monitor further cyanobacterial development 

 

Secchi Disk reading < 1 m and  

> 40 µg/L Chl-a 

or > 1 mm³/L Biovolume 

or > 10 µg/L MC 

Publish warnings, discourage bathing, consider 

temporary closure 

 Scums and/ or 

Microcystins 

Observation of heavy scum   

and/or > 100 µg/L MC 

Publish warnings, discourage bathing, temporary 

closure is recommended 

Hungary < 10 µg/L Chl-a Excellent 
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Chl-a with 

dominance of 

cyanobacteria  

or cell counts  

or Microcystin-LR 

equivalents 

or < 20,000 cells/L  

or < 4 µg/L MC 

< 25 µg/L Chl-a 

or < 50,000 cells/L  

or < 10 µg/L MC 

Good 

< 50 µg/L Chl-a 

or < 100,000 cells/L  

or < 20 µg/L MC 

Acceptable 

> 50 µg/L Chl-a 

or > 100,000 cells/L  

or > 20 µg/L MC 

Unacceptable 

Italy Cell counts 

combined with 

identification of 

< 20,000 cells/L If possible, daily visual observation; weekly counting 

20,000 – 100,000 cells/L Daily visual observation; at least weekly counting; 

information to the public; quantification of 

microcystins 
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genus and, if 

possible, species 

> 100,000 cells/L Bathing prohibited until quantification of 

microcystins; information to the public; at least 

weekly counting 

Microcystins > 25 µg/L Bathing prohibited 

New Zealand Cells < 500 cells/L Surveillance: Where cyanobacteria are known to 

proliferate, weekly or fortnightly visual inspection 

and sampling between spring and autumn 

Biovolume 0.5 to < 1.8 mm3/L of potentially toxic 

cyanobacteria  

or 0.5 to < 10 mm3/L total biovolume of 

all cyanobacterial material 

Alert: increase inspection and sampling to weekly, 

including multiple sites; notify the public health unit 

Microcystins  

or Biovolume  

or Scums 

≥ 12 µg/L total microcystins 

or biovolume ≥ 1.8 mm3/L of 

potentially toxic cyanobacteria  

or ≥ 10 mm3/L total biovolume of all 

cyanobacterial material  

or consistent presence of scums 

Action: Continue monitoring as for alert; if 

potentially toxic taxa are present, consider testing 

samples for cyanotoxins Notify the public of a 

potential risk to health. 
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Singapore Chl-a ≤ 50 µg/L Status of the sites reviewed annually. If the 

assessment is that the water body is unsuitable for 

primary water contact activities, the public is notified. 

Spain Probability for 

cyanobacterial 

proliferation 

Low probability Criteria for assessment of health risk and response are 

set locally; some health authorities use WHO scheme, 

others include further risk parameters (such as 

number of users, type of use); temporary closure has 

occasionally occurred based on the abundance of 

cyanobacteria 

Medium probability 

High probability 

Turkey Cells  

or Microcystin-LR  

or Chl-a (if largely 

from cyanobacteria) 

< 20,000 cells/L  

or < 10 µg/L Microcystin-LR  

or < 10 µg/L Chl-a 

Level 1: recreational activities are allowed to 

continue, and users are informed by posters on site. 

Monitoring (sampling, counting and species 

identification) should be done fortnightly. 

 Cells  

or Microcystin-LR 

20,000 – 100,000 cells/L  

or > 25 µg/L Microcystin-LR  

Level 2: At > 20,000 cells/L, microcystins are 

analysed. If MC-LR equivalents > 25 µg/L, 

immediate action to inform relevant authorities and 

public. Discourage users from swimming and other 

water-contact activities by advisory signs on site. 
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 Scums in bathing 

area 

Visual inspection Level 3: all activities in the water may be prohibited. 

United States 

of America 

No national requirements, but action taken by many of the States. Table A.9 (Appendix, shows the approaches pursued 

by each of 21 states). 

 

Canada is the second largest country in the world covering 9,984,670 km2 area and faces numerous logistical and jurisdictional 

challenges in ensuring water contaminants are at low levels (minimal impact to human health) to provide safe drinking and recreational 

waters. Approximately 10% of Canadian land is covered by freshwater and Canada shares some of the largest water bodies like the 

Great Lakes are shared binationally with the USA, which results in varied water usage, basin development, and nutrient-related impacts. 

Some of the more densely populated provinces in Canada have developed their own bloom risk management programme, based on the 

significant differences in population density and associated impact on surface waters, while building on Health Canada, (2016) and 

WHO, (2003b) frameworks. Table A.10 summarizes national and provincial drinking and recreational water quality guidelines and 

standards across Canada. (Chorus, 2005, 2012; Health Canada, 2016). 
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2.3.2 Occurrences and Impacts 

Due to eutrophication and climate change, cyanobacterial proliferation is increasing, 

making it reasonable to predict that the risk of human exposure is rising. Harmful 

cyanobacterial blooms (CyanoHABs) produce a variety of taste, odor, and toxin 

compounds which strongly affect water quality. The greatest concern is the production of 

three major classes of toxins: neurotoxins, which attack the nervous system; hepatoxins, 

which attack liver cells; and dermatoxins, which result in skin irritation (Health Canada, 

2016; Vincent, 2009; Winter et al., 2011). Planktonic toxin-producing cyanobacteria have 

been found in freshwaters, brackish waters, and marine waters (Codd et al., 1999). The 

most common and widespread toxin-producing species in eutrophic lakes and reservoirs 

around the world is Microcystis aeruginosa, which is a bloom-forming species that 

produces a cyclic peptide hepatotoxin known as microcystin, which is known to cause 

chronic health effects (Pelaez et al., 2010). This specific genera of microalgae are the 

primary focus of this study for detection in the source water. 

Several reports on the death of animals, including farm stock, birds, dogs, fish, 

invertebrates, and a few humans have been caused by cyanobacterial toxins over the years 

(Bajpai et al., 2011; Codd et al., 1999; Corbel et al., 2014; Health Canada, 2016; Hudnell, 

2008; Mohamed et al., 2015; Pelaez et al., 2010).  The presence of toxins in drinking source 

water bodies and recreational waters are of notable concern, as it directly impacts human 

and animal health and might cause temporary closure of water supply utilities. The toxins 

produced by CB are water-soluble and are not destroyed by simple boiling before 

consumption. It is inherently difficult to manage algae after bloom formation, as there is a 

large variability in toxin production between different strains of CB of the same species 
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based on the source water condition (Chorus et al., 2000; Vincent, 2009). This pushes the 

need for using improved techniques for sensitive detection and regular monitoring of 

cyanobacteria in source water, prior to a bloom formation, so as to enable local authorities 

to take corrective action in time (Hudnell, 2008). Figure 2.5 represents the socio-ecological 

impacts due to cyanoHABs in freshwater (Bajpai et al., 2011). 

 

Figure 2.5: Summary of socio-ecological response and impacts associated with freshwater 

cyanobacterial blooms (Bajpai et al., 2011). 

 



37 

 

Exposure to cyanotoxins can be caused by three major routes; inhalation (aspiration), 

dermal contact (skin), and ingestion (oral) (Chorus et al., 2000). Of the three, ingestion is 

the predominant and lethal route of exposure. It was reported that for microcystin-LR, the 

lethal density (LD) for inhalation was found to be 10 times greater than oral ingestion 

(Bajpai et al., 2011; Codd et al., 1999; Pelaez et al., 2010). Daily drinking water and 

accidental recreational water intake are the most common routes for oral ingestion. Illness 

associated with ingestion of cyanobacterial toxin via drinking water in Canada, the USA, 

Australia, and Zimbabwe have been reported before and resulted in several thousand cases 

for gastroenteritis disorders, liver effects, headache, and muscle weakness (Mohamed et 

al., 2015). Cases for dermal contact of cyanobacteria leading to skin irritation and allergic 

reactions have been report for at least the last 50 years in marine coastal waters (Bajpai et 

al., 2011; Codd et al., 1999; Health Canada, 2016; UNESCO et al., 2004). Usual symptoms 

of exposure include rashes, asthma, conjunctivitis, blisters, allergic reaction resembling 

hay fever, ear and eye irritation, some of which have been routinely reported by swimmers 

in coastal waters containing cyanobacteria around Hawaii, Okinawa, and Florida (Codd et 

al., 1999). 

Freshwater cyanoHABs are pervasive throughout Canada and the US; and throughout the 

world in various countries as shown in Figure 2.6 (Bláha et al., 2009; Carmichael, 2006; 

Hudnell, 2008). In Canada, the great lakes are of particular concern with increasing 

cyanoHABs. Lake Erie has highly variable cyanoHABs, while Lake Ontario has localized 

HABs. Cyanobacteria is the most prominent bloom former observed in the western basin 

of Lake Erie, with toxin concentration measured as high as 21 µg/L microcystin-LR 

(Boyer, 2007, 2008). In 2011-2012, British Columbia reported an unconventional bloom 
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of Aphanizomenon on an inland lake, where the highest toxin concentration measured was 

62.40 µg/L for MC-YR and 7 µg/L for MC-LR. Treated drinking water samples from the 

lake found microcystins greater than the guidance value (GV) of 1.5 µg/L on 10 occasions 

(Giddings et al., 2012; Health Canada, 2016). In Manitoba, during summer and fall of 2010, 

a bloom dominated by Aphanizomenon (including Microcystis) resulted in a cell count of 

340,000 cells/L and toxin concentration of 21.8 µg/L. The treated water resulted in counts 

less than 1,500 cells/L and a toxin concentration below the GV. In Ontario, between 2009 

to 2012, cyanobacteria were detected at 24 to 29 different water sources per year from May 

till the end of November. The highest microcystin concentration detected was 2,800 µg/L, 

but the majority of samples were below 20 µg/L. The genus Anabaena was most 

prominently recorded, closely followed by Aphanizomenon and Microcystis (Giddings et 

al., 2012; Health Canada, 2016). In Quebec, various drinking water treatment plants have 

documented cyanobacteria and cyanotoxins in raw water since 2001. The average value of 

cyanobacterial cells was found to be above 20,000 cells/L with a maximum of 2 x 106 

cells/L on one occasion (microcystin concentration of 97 µg/L). Treated waters generally 

had cyanobacterial concentration below 200 cells/L (MC-LR < 0.1 µg/L) (Health Canada, 

2016). In places of scum formation, samples had high microcystin concentrations ranging 

from 8,000 µg/L to 26,000 µg/L. The most common algae found was Microcystis (EPA, 

2015a, 2015b). 
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Figure 2.6: Countries reporting one or more cyanoHABs outbreaks (Carmichael, 2006; 

Hudnell, 2008). 

The scarce routes for oral ingestion are via diet (food, especially seafood) and dietary 

supplements made from cyanobacteria but have been growing recently (due to population 

growth and global warming). In coastal environments, many toxic species of cyanobacteria 

occur and have led to several indirect human health impacts after consumption of seafood 

(such as fish, mussels, shrimp, clams, crabs, among others). It can contain cyanotoxins if 

farmed from a water source containing CB bloom (due to feeding), and the toxins generated 

have been shown to bioaccumulate in seafood tissues (Codd et al., 1999; EPA, 2015b; 

Health Canada, 2016). This is also known as the indirect exposure route. Severely elevated 

tissue levels of microcystins have been reported in shrimp (55 mg/Kg, hepatopancreas), 

carp (137 mg/Kg, intestine), tilapia (32 mg/Kg), and prawn (1.2 mg/Kg, hepatopancreas), 

to name a few (Xie et al., 2005).  

Microcystins have been found to accumulate to a lesser extent in the muscle of aquatic 

organisms; with the highest toxin concentration observed in alewives (20.0 – 37.5 µg/Kg) 
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and northern pike (1.6 – 25.8 µg/Kg) at Lake Erie, and walleye (5.3 – 41.2 µg/Kg), white 

bass (4.2 – 27.1 µg/Kg), and smallmouth bass (1.5 – 43.6 µg/Kg) at Lake Ontario (Berry 

et al., 2011; Health Canada, 2016). There have been reports of microcystins in plants and 

vegetables where contaminated water was used for spray irrigation. Instances of lettuce 

leaf tissue containing toxins ranging from 8.31 – 177.8 µg/Kg were found (Health Canada, 

2016; Wilson et al., 2008). Based on the susceptibility of certain water bodies to form 

cyanobacterial blooms, exposure through this route is higher in certain regions or 

populations worldwide (Wilson et al., 2008). 

CyanoHABs in source water lead to depletion of dissolved oxygen and loss of water clarity 

which further deteriorates water quality (Hudnell, 2008; Oren, 2014). Geosmin and 2-

methylisoborneol are two of the most prominent molecules that affect the taste and odor of 

water by imparting an earthly-musty odor to water (Bajpai et al., 2011; Bartram & Rees, 

2000; Pelaez et al., 2010; Vincent, 2009). Some CB groups of compounds called 

cyclocitrals can break down and result in a grassy odor in water. 

Stefanelli et al. (2014) conducted an experiments on survival, growth, and toxicity of a 

strain of Microcystis aeruginosa (PCC 7806) while mimicking a few critical features of 

the gastrointestinal environment. The authors measured growth and toxin production 

capabilities of M. aeruginosa in darkness in the presence of enteric bacteria, at 37 °C and 

pH 2, following up with recovery in a rich medium in darkness at 37 °C. It was reported 

that the CB was able to grow in the dark at harsh conditions up to 17 days, and resulted in 

a survival rate between 30% – 70%, depending on toxicity and age of the cyanobacteria 

(Stefanelli et al., 2014). The experiments showed that cell lysis in a stimulated 

gastrointestinal environment resulted in large amounts of toxin released, which were not 
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affected (degraded) at acidic pH. Following acidic treatment, the authors observed that M. 

aeruginosa restarted growth within 24 hours for 3–4 days independently. This suggests a 

possible mode of internal exposure to toxins on ingestion of CB, which intricacies risk 

assessment (Stefanelli et al., 2014). 

Economic Impacts 

An economic assessment was conducted by Dodds et al. (2009) on the costs associated 

with harmful algal blooms (HABs) for freshwaters in the United States of America (USA). 

Figure 2.7 shows several factors that have an impact on the economy due to eutrophication. 

Due to a wide range of responses induced by different cyanobacterial toxins, it becomes 

difficult to assess the direct effects of cyanotoxins on human health (Dodds et al., 2009; 

Oren, 2014). A monetary value cannot be assigned to human death or health from exposure 

to cyanotoxin, making it difficult to assess the economic impact related to human life. 

Furthermore, deaths associated with feedstock and wildlife are not well documented and 

are often not taken into economic assessments (Oren, 2014; Pretty et al., 2003).  

 

Figure 2.7: Categorization of economic costs of CyanoHABs for freshwater ecosystems 

(Dodds et al., 2009; Oren, 2014). 
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The production of foul taste and odor compounds in conjunction with toxin(s) production 

due to cyanoHABs results in increased costs from added surveillance and monitoring of 

source waters. Small isolated reservoirs are easier to monitor for cyanobacteria and cost 

around a few thousand Australian dollars (AUD) per year, typically relying on visual 

monitoring (Steffensen, 2008). On the other hand, large surface water bodies are 

significantly more complex to monitor due to variability of CB population, remoteness, 

multiple water withdrawal points, and a substantial area of bloom (Oren, 2014). China, for 

example, has persistent and severe HABs on the lakes of Dianchi (298 km2), Taihu (2,537 

km2), and Chaohu (775 km2), which results in crucial challenges for monitoring as 

discussed earlier (Le et al., 2010). The prominent challenge for costs due to cyanoHABs 

results from the closure of water treatment plants intakes, such as plants in Chaohu (in 

1987), and Taihu (in 1990 and 2007), which can result in millions of dollars in closure cost 

and huge population being impacted (Codd et al., 1999; Le et al., 2010; Oren, 2014; 

Steffensen, 2008). In 2000, it was estimated that Australia was spending AUD $8.7 million 

annually on monitoring and planning for cyanoHABs. In Germany, monitoring of Lake 

Boehringen (0.735 km2) due to high microcystin concentration (in 2011 and 2012), resulted 

in estimated cost of €10,000 per year, while requiring additional €80,000 for remediation 

using an artificial destratification (Oren, 2014). Artificial destratification is the use of 

external mechanical energy to improve mixing in a reservoir, which in turn is used to 

reduce the effects of temperature gradient in the water column of source water (Sherman 

et al., 2010). This further increases the cost of water treatment as additional steps are 

required to ensure a safe water supply. During a toxic cyanobacterial bloom in Ohio, it 



43 

 

costed an additional US $300,000 for intensive treatment of water using activated carbon 

(EPA, 2005).  

It should be noted that reducing nutrient input to source water bodies is the most sustainable 

way for long-term management of HABs. There are substantial costs involved in the 

management of catchment nutrient loads, including consultation, acquisition of land, and 

change in land management practices (Oren, 2014). In the United Kingdom (UK), the cost 

of strategies to reduce nutrient loads due to agricultural sources for eutrophication 

prevention has been estimated to be US $4.75 million per year, which is significantly more 

affordable than the estimated cost to upgrade a wastewater treatment plant of US $70.4 

million per year (Pretty et al., 2003; Steffensen, 2008). In the US, the loss of property was 

estimated to be in the range US $14.1 to 141.1 billion per year due to the eutrophication of 

lakes surrounding private lands (Dodds et al., 2009). Tourism activities related to 

freshwater are hampered due to cyanoHABs. Dodds et al. (2009) estimated that in the US, 

the loss incurred to recreational activities and fisheries due to cyanoHABs could near US 

$1.16 billion per year. CyanoHABs directly impact fisheries as the toxins in the water kill 

fish, and cyanotoxins bioaccumulate in fish. Thus, fish farmed from eutrophic water, if 

consumed, can result in indirect poisoning affecting human health (Falconer, 1999).  

2.3.3 Current Detection Methods 

The methods used for the determination of cyanobacterial numbers, biomass, and taxa are 

not universally harmonized and are very variable based on the level of sophistication of the 

method being used. Simple and rapid methods are often sufficient for preliminary analysis 

of the algal sample to define the composition at the genus level rather than the species 

(Bartram & Rees, 2000). It allows determining potential hazard and preliminary 
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management decisions.  More specific methods can be applied to the water sample after 

confirmation that the sample contains cyanobacteria over a certain threshold and whether 

it is toxigenic in nature. Currently, there is no single method that can be used for monitoring 

all cyanotoxins in different water types. The increasing number and variety of cyanotoxins 

make specific and sensitive evaluation increasingly complex and unachievable (Falconer, 

1999; WHO, 2003a). The priority in water monitoring is the analysis of a higher number 

of samples at a lower level of precision (Bartram & Rees, 2000). 

2.3.3.1 Identification 

Microscopic inspection of an algal bloom sample is useful and one of the oldest techniques 

when it comes to the identification of algae (even without quantification). Information 

obtained on the cyanobacteria detected can be used as an early warning method to alert if 

harmful cyanotoxins are present. With this information, it makes it easier to determine the 

appropriate technique for the quantitative determination of toxins (Chorus & Bartram, 

1999). It is possible to distinguish most CB from other particles present in water under 

200x–400x microscopic magnification based on their morphological features. However, 

there is some uncertainty to differentiation of cyanobacteria and other algae, as organisms 

classified under the same species may have significant genetical differences (which decide 

whether the CB will produce microcystin), despite having similar morphological features 

(Bartram & Rees, 2000; Srivastava et al., 2013). Thus, the distinction of genera is important 

for the initial assessment of potential toxicity but lacks certainty for the determination of 

toxicity. 
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2.3.3.2 Quantification by direct counting methods 

Microscopic enumeration of cyanobacteria is a direct method to detect potentially toxic 

algae. It requires little equipment other than a microscope, but the method is time-

consuming (varying from 10 minutes to 4 hours), depending on the number of species to 

be identified and the accuracy required (Falconer, 1999; UNESCO, 1996; UNESCO et al., 

2004). Table 2.4 shows a summary of the direct counting methods used with their 

respective preparation time required and sensitivity obtained. 

Table 2.4: A summary of methods used to quantify algae (Bartram & Rees, 2000). 

Method Volume 

(mL) 

Sensitivity 

(cells/L) 

Preparation time 

(mins) 

Compound microscope    

Sedgewick-Rafter Cell (counting cell) 1 1,000 15 

Palmer-Malloney Cell (counting cell) 0.1 10,000 15 

Drops on slide  5,000–10,000 1 

Inverted microscope    

Utermöhl (sedimentation chamber) 2–50 20–500 

(cells/mL) 

2–24 (hours) 

Epifluorescence microscopy    

Counting on filters (fluorochrome: 

Calco Flour) 

1–100 10–1,000 15 
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2.3.3.3 Biochemical methods/ Screening assays  

There are two major types of screening assays for cyanotoxins: biochemical and enzyme-

linked immunosorbent assays (ELISAs). ELISAs is a more selective method than 

biochemical assays. Biochemical assays screen compounds based on enzyme inhibition, 

where the inhibition is inversely proportional to the inhibition of the enzymatic reaction. 

Inhibition assays often give an overestimation of toxicity as the enzyme can react with 

other potentially compatible compounds and thus are seldomly used (Altenburger et al., 

2015; Gray, 2010; Moreira et al., 2014). On the other hand, immunoassays use antibody 

interactions to quantify and identify compounds. Antibodies are proteins generated by an 

immune system in response to the presence of an antigen. Cyanotoxin selective antibodies/ 

antigens have been developed and are incorporated into assays for cyanobacterial analysis. 

In a sample, the unknown antigen competes with the known antigen to bind with 

antibodies. Then the known antigen bound to the antibody is measured, which results in a 

response inversely proportional to the concentration of the known antigen in the sample. 

Thus, the greater the response, the fewer toxins are present. ELISAs can use monoclonal 

or polyclonal antibodies for screening cyanobacterial toxins (Campàs & Marty, 2007). It 

should be noted that extraction of cyanobacterial toxin is required before performing the 

screening assay. The detection range, time, cost, and sample size required for ELISAs 

ranges from 0.02 – 5 µg/L, 60 – 150 mins, US $360 – 500, and 20 – 100 µL, respectively 

(Gray, 2010). These assays are very sensitive for detection of cyanotoxin (meeting WHO 

guidelines for drinking and recreational waters) and do not require a high level of expertise, 

but have low selectivity because other compounds can cross-react with the binding agents, 

resulting in interference (possible false positives) and high cost per sample (Srivastava et 
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al., 2013). Moreover, the elevated cost of enzymes must be considered before using this 

application. Furthermore, if methods used for the collection of algal samples and toxins are 

not taken with proper care, errors in qualitative identification increase drastically as the 

assays have limited shelf life and may underestimate toxin concentration (Campàs & 

Marty, 2007). Table 2.5 shows examples of commercial assays and their typical detection 

limit range.  

Table 2.5: ELISA commercial assays used for detection and quantification of different 

cyanotoxins (Moreira et al., 2014). 

Toxin Brand Concentration range (µg/L) 

BMAA Abraxis 0.05 – 0.50 

Microcystin Beacon 0.10 – 2.00 

 Biosense 0.15 – 5.00 

 Abraxis 0.15 – 5.00 

 Envirologix 0.16 – 2.50 

 Enzo 0.15 – 5.00 

Nodularin Beacon 0.04 – 1.00 

Saxitoxin Abraxis 0.02 – 0.40 

 Biosense 0.02 – 0.40 

 Bioo Scientific 0.02 – 0.32 

 Reagen 0.02 – 0.32 
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2.3.3.4 Molecular methods 

Molecular methods have been sued to detect, identify, and quantify cyanobacteria and their 

toxins since the early 1990s. The basis of detection for these methods is by identifying 

specific genes present in cyanobacteria and their toxins. Molecular methods are more 

sensitive and specific than other immunological assays. Several methods have been 

developed and include polymerase chain reaction (PCR) based techniques such as 

conventional PCR, multiplex PCR, quantitative PCR (qPCR), real-time (R-T) PCR, 

terminal restriction fragment length polymorphism (T-RFLP), random amplified 

polymorphic DNA (RAPD), denaturing gradient gel electrophoresis (DGGE); and some 

non-PCR based methods such as fluorescence in-situ hybridization (FISH) and DNA 

microarrays (Kurmayer et al., 2017; Lane et al., 2012; Moreira et al., 2011, 2014; Saker et 

al., 2009). For a detailed description of individual methods and their application, please 

refer to Herrero & Flores (2008) and Saker et al. (2009). PCR technique is based on in-

vitro amplification of a target DNA sequence by utilizing specific primers that target a 

specific DNA sequence. This is possible due to researched and published PCR protocols 

that have been developed for detection of cyanobacterial toxins using several biosynthetic 

primer sequences, based on a previously sequenced cluster of DNA encodes (Loza et al., 

2013; Moreira et al., 2014; Saker et al., 2009). PCR-based techniques require reagents and 

extensive DNA extraction/ isolation before implementing a molecular method. Thus, if the 

time between sample collection and analysis is high, the resultant quantification might not 

be accurate (Loza et al., 2013; Mankiewicz-Boczek et al., 2006). qPCR is a versatile 

method that allows assessment of toxic and non-toxic CB (based on proportion) in a 

cyanobacterial bloom while quantifying individual algal species present by amplifying the 
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target DNA present in the sample. Figure 2.8 shows a summary of the approach for 

molecular-based methods.  

R-T PCR is highly useful for quantitative analysis of cyanobacteria and algal-community 

structure can be evaluated using DGGE analysis or using a fluorescent dye (Srivastava et 

al., 2013). R-T qPCR for cyanobacterial monitoring is based on the detection of the 

microcystin synthetase A (mcyA) gene from the microcystin gene cluster. RT-qPCR is 

highly sensitive with detection limits as low as 8.8 – 140 cells/L for Microcystis spp. and 

258 cells/L for Cylindrospermopsis from field samples (Furukawa et al., 2006; Moreira et 

al., 2011; Zhang et al., 2014). PCR-based methods are highly specific and sensitive while 

being less time-consuming and labor-intensive than conventional techniques. But PCR 

methods lack validation in comparison to other well-established chemical methods (such 

as chromatography). A major drawback of PCR-based techniques is that presence of a toxic 

marker in cyanobacteria does not necessarily mean the presence of toxicity in source water 

(as some non-toxigenic cyanobacteria might possess the same DNA marker as the toxic 

species). Also, for an unknown algal sample, if an incompatible primer is selected, it might 

result in incorrect analysis. Analysis time for molecular techniques can range from 16 mins 

to 18 hrs based on the method being used (Kurmayer et al., 2017; Loza et al., 2013; Moreira 

et al., 2011, 2014; Ölcer et al., 2015). R-T qPCR can sometimes over-/ under-estimate the 

concentration of the mcyA gene because of uncoupling of DNA during replication, and 

subsequent cell division, which is attributed to the increase in the quantity of mcyA gene 

during PCR (Furukawa et al., 2006).   

Non-PCR based molecular methods such as FISH and DNA microarrays (DNA probes) 

are relatively recent techniques developed to detect cyanobacteria but are not used and 
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researched extensively. They can identify cyanotoxins but are not as sensitive as PCR-

based methods and are equally time-intensive (Kurmayer et al., 2017; Moreira et al., 2014). 

Ölcer et al. (2015) developed an on-line DNA hybridization method for cyanobacteria 

genome detection using a sensitive nucleic acid-based biosensor assay for freshwater 

detection. The biochip developed used two sets of gold electrodes for the assay and 

required a set of primers for the experiment. The required analysis time was 25 mins with 

the application of a high temperature (55 °C) assay for 5 mins and resulted in a detection 

limit of 6 x 10-12 M of target DNA (Ölcer et al., 2015). Van de Waal et al. (2018) tested 

multi-probe RNA chips to detect cyanobacteria in six Dutch lakes and found the MDL for 

anatoxin, cylindrospermopsis, microcystins, and nodularin, to be 5–, 3–, 3.9–, and 3.9–

µg/L, respectively.    Sandwich hybridization assay and FISH assays have improved over 

the last decade with growing research, and can now be implemented in under 30 mins, and 

have a detection limit of 2.5 x 104 cells/L and 7 x 104 cells/L, respectively (Greenfield et 

al., 2008). These techniques are rapid but requires expensive equipment and sample 

processing. 
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Figure 2.8: Summary of molecular methods for monitoring and identification of 

cyanobacteria (Srivastava et al., 2013). 

 

2.3.3.5 Spectrophotometric techniques 

Pigments are compounds that absorb light at different wavelength ranges in the visible 

spectrum. The backbone of pigments consists of isoprene and tetrapyrrole rings. The 

complex structure of these pigments enables them to absorb light and excite electrons at 

different energy levels. Upon excitation by light, electrons inside the chlorophyll molecule 

are raised to a higher level and return to the unexcited state after releasing potential energy 

through light emission, heat, and/ or through a photochemical reaction. Chlorophyll has 

tetrapyrrole ring structure and is the main light-harvesting pigment in cyanobacteria 

(Carmichael, 2006; Saini et al., 2018). Six different types of chlorophyll (Chl-a, b, d, f, and 



52 

 

divinyl-chl a and b) occur naturally in cyanobacteria, but chlorophyll-a predominates in 

cyanobacteria (Refer Table A.11 in the appendix for additional detail). Chlorophyll is an 

excellent photoreceptor and thus is the primary pigment for the detection of cyanobacteria 

in water sources (Mohamed et al., 2015; Saini et al., 2018). Chlorophylls absorb most in 

the red region (600–700 nm) of the visible spectrum, while all plants absorb maximum 

light in the blue region (400–500 nm). Figure 2.9 illustrates the main chlorophylls and their 

individual absorbance spectra via spectrophotometry (Gray, 2010). 

Spectrophotometric analysis is the most common method used to estimate chlorophyll 

concentrations in samples. It is based on absorbance measurements of the pigment in a 

sample solution (at single or multiple wavelengths), with a subsequent estimation of 

chlorophyll concentration (taking cuvette path length into consideration). It should be 

noted that greater values of absorbance can be achieved by keeping the sample volume to 

a minimum and increasing the path length of the cuvette (thereby improving the signal-to-

noise ratio) (Gray, 2010). The dominant advantage of the spectrophotometric method lies 

in its simplicity, rapidness, flexibility to measure a variety of pigments with no reagent/ 

pigment extraction, and its ability to analyze and transmit data in real-time. 
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Figure 2.9: In vitro absorbance of select chlorophylls distributed among the spectral classes 

of algae. Individual spectra derived from standards and normalized to their maximum 

absorbance value (Gray, 2010). 

Additionally, the capital cost required for a spectrophotometer is lower than other 

technologies and is readily available in most laboratories. However, it comes with its set 

of disadvantages. It can overestimate chlorophyll concentration in the presence of other 

interfering pigments (notably phaeopigments aka degradation products as a result of algal 

chlorophyll pigments). Furthermore, green-sulfur bacteria present in both freshwater and 

marine systems can cause interference in the estimation and/ or misinterpretation of algae 

chlorophyll concentration. The main constraints of this method are that it is susceptible to 

background noise in presence of other constituents (like turbidity), and baseline shift due 

to changing water characteristics over the year (such as organic carbon content, total solids, 
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temperature, to name a few) (AlMomani & Örmeci, 2018). Agberien & Örmeci (2019) 

studied the detection of a toxigenic strain of cyanobacteria (Microcystis aeruginosa) in D.I. 

water and surface water using a 10 mm optical cuvette pathlength. Figure 2.10 represents 

the absorbance spectra of M. aeruginosa in D.I. water and surface water. The study reported 

detection limits for the cyanobacteria as 338,950 cells/L and 392,982 cells/L for D.I. water 

and surface water, respectively (Agberien & Örmeci, 2019). Direct UV-Vis 

spectrophotometric measurement of cyanobacteria shown may not be sensitive enough for 

early detection of cyanobacteria. 

  

Figure 2.10: Absorbance spectra of M. aeruginosa in (a) deionized water and (b) surface 

water (Agberien & Örmeci, 2019). 

First-order derivative of absorbance was implemented in a study to identify key 

wavelengths to improve the signal-to-noise ratio and reduce background noise while 

reducing issues that arise from shifting water baseline and overlapping spectral peaks 

(AlMomani & Örmeci, 2018). Derivative spectrophotometry has gained traction in recent 

years and has been investigated for detecting cyanobacteria. AlMomani & Örmeci, (2018) 

investigated the detection of C. vulgaris in distilled water, surface water, and wastewater 

using 10 mm optical pathlength cuvette and found detection limits for the three waters to 
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be 0.47 mg TVS/L, 0.56 mg TVS/L, and 1.96 mg TVS/L, respectively. The method was 

compared to the chlorophyll extraction method, which showed detection limits of 19.6 mg 

TVS/L for distilled water, 38.6 mg TVS/L in surface water, and 48.3 mg TVS/L in 

wastewater (AlMomani & Örmeci, 2018), proving UV-Vis spectrophotometry to be 

significantly more sensitive than chlorophyll extraction method. Agberien & Örmeci 

(2019) researched the effect of Savitzky-Golay first derivative of absorbance to smoothen 

the derivative spectra and were able to increase the sensitivity of UV-Vis 

spectrophotometric method using a 10 mm optical pathlength. Figure 2.11 represents the 

Savitzky-Golay first derivative of absorbance spectra of M. aeruginosa in D.I. water and 

surface water. The peaks observed in the figure are sharper than the traditional 

spectrophotometric method. For the cyanobacteria under study, the detection limits found 

were 41,802 cells/mL and 90,231 cells/mL in D.I. water and surface water, respectively 

(Agberien & Örmeci, 2019). Derivative spectrophotometry shows promise for early 

detection but at its current stage, may not be sensitive enough to be used as an early warning 

system. The use of online and real-time spectrophotometers has dramatically increased in 

recent years as it enables measurement of multiple water quality parameters in tandem such 

as TOC, COD, BOD, DOM, UV absorbance/ transmittance, nitrogen compounds (like 

nitrates), and TSS (Burgess & Thomas, 2017). This can minimize cost, multiple equipment 

requirements, and complexity, making it easier for water utility managers to monitor 

multiple parameters. However, they have not been extensively studied/employed for real-

time monitoring of cyanobacteria and/or microalgae (AlMomani & Örmeci, 2018). 
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Figure 2.11: Savitzky-Golay first derivative of absorbance spectra of M. aeruginosa in (a) 

deionized water and (b) surface water (Agberien & Örmeci, 2019). 

 

2.3.3.6 Fluorometric techniques 

Fluorescence-based sensors are sensitive tools that can provide discrete and continuous 

monitoring of relative algal biomass but require high caution for interpreting fluorescence 

measurements for concentration data. The data obtained is relative in comparison to 

standard laboratory methods, and hence are reported as relative fluorescence units (Gray, 

2010; McCullough, 2007). There are two techniques for fluorometric assessment: in-vitro 

and in-vivo. In-vitro assessment is based on the reaction of chlorophyll molecules 

solubilized in organic solvents (pigment extraction), followed by excitation with high-

energy light. Chl-a molecules become excited upon exposure (650 – 850 nm wavelength 

range) and subsequently emit light (of lesser energy and longer wavelength as energy is 

inversely proportional to wavelength), which fluoresces red light that can be measured for 

quantitative estimation (Arar & Collins, 1997; Liu et al., 2020; Millie et al., 2002). 

However, part of the emitted light may be reabsorbed by Chl-a and result in diminished 
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fluorescence measurement. For in-vivo assessment, live chlorophyll cells are suspended in 

water and estimated via excitation/ emission characteristics (similar to in-vitro), without 

the use of chemical/ pigment extraction (reducing analysis time) (Demadrille et al., 2004; 

Garrido et al., 2019; Gray, 2010; Liu et al., 2020). It is possible to estimate the biomass of 

a specific class of phytoplankton through the analysis of their spectral signature generated 

in response to pigment excitation. Eukaryotic algae fluoresce at a peak of around 685 nm 

(Chl-a) and are excited by blue light (410 – 430 nm); cyanobacteria containing 

phycocyanin (PC) pigment is excited by orange and red light (590 – 630 nm) and emits at 

a wavelength of 650 nm; and marine cyanobacteria have phycoerythrin (PE) as the primary 

pigment which is excited by light between 550 – 570 nm wavelength and has a peak 

emission at 578 nm (Millie et al., 2002; Zamyadi et al., 2016). 

Phytoplankton often has a distinct diurnal signal in fluorescence, and the fluorescence 

measured by the sensor provides data on the photo adaptive state of the cyanobacterial cells 

and the specific light regime at the measurement time (Gray, 2010). So, the fluorescence 

yield of the cyanobacterial cell adapted to high irradiance is lower than the yield of the cell 

adapted to lower irradiance, making it difficult to accurately measure concentration. 

Additionally, fluorescence yield is temperature-dependent and sensors must be calibrated 

to a known biological entity to be able to measure a specific bloom of interest (i.e., a 

unialgal culture for a monospecific bloom or Chl-a for mixed blooms) (Zamyadi et al., 

2016). A single calibration factor cannot be relied on for every bloom, as different water 

sources have varied composition and thus needs multiple fluorescence measurements of 

the source water before implementation of the sensor. Therefore, fluorescence sensors do 

not quantify data on cyanobacterial biomass or concentration but rather provide relative 
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phytoplankton concentration. It should be noted that for in-vivo, the fluorescence measured 

can be from excited chlorophyll-a molecules and/or from other excited photopigments 

(Demadrille et al., 2004; Gray, 2010). Compared to the spectrophotometric method, 

fluorometry is more sensitive and does not depend on cuvette handling. Thus, fluorometry 

is more commonly used for chlorophyll measurement. However, it is not as accurate as 

spectrophotometric method as it can over- and underestimate the amount of chlorophyll 

due to degradation products. 

The emergence of real-time fluorescent monitoring equipment in the last decade has been 

widely used for early warning of potentially toxic cyanobacterial blooms. Most R-T 

technologies have been based on in-situ fluorescence, as each cyanobacterial cell has a 

fluorescent pigment (Zamyadi et al., 2012a, 2016). A visual example of an in-situ 

fluorescent probe for the measurement of D. circinale (CB) is shown in Figure 2.12. 

Submersible fluoroprobes are most widely employed, considering their ability for 

automatic monitoring (at least once every 60 mins), affordable cost, rapidness, and ease of 

deployment (handling and function). But as there are limited publications validating probes 

employed in field conditions to consider it the most appropriate technology. The detection 

limit of the probes has been reported to be between 0.3 – 4 µg/L and 150 – 200 cells/mL 

(Zamyadi et al., 2016). Refer to Table A.12 for more information on some of the 

commercially available probes, along with their individual excitation and emission 

wavelengths. However, probes come with several disadvantages such as a wide wavelength 

bandpass, complex calibration process (varying with each manufacturer), and the necessity 

for calibration and biweekly maintenance depending on the source water quality. It should 
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be noted that all in-vivo probes measure relative fluorescence of specific pigments to 

estimate concentration (Garrido et al., 2019; Zamyadi et al., 2012b, 2012a).  

 

Figure 2.12: Visual representation of an in-situ fluorescence measurement technology 

(Zamyadi et al., 2016). 

Apart from the aforementioned drawbacks, there are various sources of interferences due 

to cyanobacterial cell characteristics and interferences due to water column optics and 

water quality to be aware of when implementing in-situ fluorescence techniques (Bertone 

et al., 2018; McQuaid et al., 2011). Interferences due to cyanobacterial cell character are 

due to the following sources: (1) varying pigment cell content, (2) varying cell size, 

biovolume and cellular agglomeration, (3) prior light exposure of cyanobacterial cells to 

light, (4) presence of Chl-a from other phytoplankton and mixed phytoplanktonic 

populations, (5) presence of other phycobilin protein-containing species, and (6) cell-
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bound and dissolved pigment ratio in a natural environment. Additionally, water column 

optics and water quality interferences are caused by: (1) water turbidity and influence of 

light scattering particles, and (2) source water temperature, which can result in 

measurement bias. Studies reported that these interference factors could cause an error in 

measurement ranging from 20 – 600 % for in-situ measurements. For more detailed 

information on the sources of interferences, please refer to (Bertone et al., 2018; Bowling 

et al., 2016; McQuaid et al., 2011; Zamyadi et al., 2016). It was reported that if the 

calibration range were too wide, a high relative error would occur when measuring low cell 

concentration. Conversely, having a wide measurement (calibration) range would result in 

lower accuracy. In addition, for calibration, pure pigments are required, increasing 

operational costs (Zamyadi et al., 2016). 

2.3.3.7 Chromatographic techniques 

Chromatography is a reliable and precise method for the separation and quantification of 

chlorophylls, chlorophylls derivative, and carotenoids (photopigments) at an extremely 

low detection level (in single or mixed algal samples). It can identify molecules based on 

their phylogenetic group while identifying their distinct taxa within mixed samples. 

Pigment chromatography is based on the partitioning of chlorophylls between a polar 

organic solvent (also known as the mobile phase) and a non-polar substrate (known as 

stationary phase) (Gray, 2010; Schlüter et al., 2018). An advanced method for definitive 

separation and quantification of chlorophylls in a multi-pigment mixture was developed 

based on traditional chromatography and coined high-performance liquid chromatography 

(HPLC). In HPLC, pigments with the highest polarity elute first, followed by pigments of 

lower polarities. For analysis, a clarified extract is injected and passed through a 
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temperature-controlled (usually 40 °C) column packed with spherically shaped 18C-bonded 

silica particles via organic solvents at high pressure (Gray, 2010). Pigments attract to the 

packing particles and layer onto them throughout the column, followed by subsequent 

elution (based on polarities) and exit the column. Upon leaving the column, they are 

analyzed using in-line spectrophotometers, photodiode array detectors, and/ or 

fluorometers. Chromatography techniques are mostly used in conjunction with another 

analytical method for combined quantitative and qualitative analysis of cyanobacteria 

(Boiteau et al., 2013; Ortelli et al., 2008). Often a buffering agent (in the mobile phase) is 

injected into the extract to improve and amplify peaks for detection (Moreira et al., 2014). 

Table 2.6 shows a review of typical chromatography-based analytical methods used for 

cyanobacteria and cyanotoxin detection with their respective MDLs and preparation. 

Currently, LC with a UV, MS, and/ or an ESI detector is the most commonly employed 

method for cyanotoxin detection. Liquid chromatography-mass spectrometry (LC-MS) is 

used for the identification and verification of the cyanotoxin variant present in the sample. 

Matrix-assisted laser desorption/ ionization time of flight (MALDI-TOF) is used for 

qualitative assessment of cyanobacteria but cannot be implemented for quantification like 

the other chromatography methods (Moreira et al., 2014; Ortelli et al., 2008). Quantitative 

analysis is only possible if known toxin standards are available; however, using LC-MS it 

is possible to identify the cyanotoxin variant present without an available standard (Klejdus 

et al., 2009). It should be noted that these methods are mandatory by legislation when 

establishing a toxic bloom response. The main disadvantage of these methods is that they 

rely on specialized and expensive equipment, which requires an expert to conduct the 

analysis and interpret the data. Furthermore, sample preparation and pre-treatment are 
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required, which adds to the analysis time required and increases reagent waste (Moreira et 

al., 2014; Schlüter et al., 2018; Yen et al., 2011).  Figure 2.13 represents the chromatogram 

obtained via HPLC of some standard chlorophylls and carotenoid (Gray, 2010).  

Table 2.6: Chemical and chromatography-based methods for detecting cyanobacteria and 

their toxins (Moreira et al., 2014).  

Analytical 

Method 

Cyanotoxin MDL Sample 

preparation 

Reference 

HPLC-UV Microcystins 5 ng (standards)  

34 – 170 ng/L 

(treated and raw 

water) 

C18 SPE (Lawton et 

al., 1994) 

Microcystin-LR and 

-RR 

1 ng/L Magnetic 

SPE 

(Li et al., 

2017) 

MALDI-TOF Microcystins 0.1 μg/L (water) 

0.1 – 0.2 μg/g 

(microalgae) 

Micro SPE-

capillary 

(Ortelli et 

al., 2008) 

SELDI-TOF Microcystins 2.5 pg/ 2 μL 

(water) 

Hydrophobic 

(H4) chips 

(Yuan & 

Carmichael, 

2004) 

UPLC-ESI-

MS/MS 

Microcystins  0.04 – 0.1 μg/L 

(water) 

SPE (Li et al., 

2011) 

UPLC-

MS/MS 

Microcystin 

conjugates and 

Nodularins 

0.001 – 0.04 

μg/L 

On-line SPE (Beltrán et 

al., 2012) 

LC-MS/MS Microcystins and 

conjugates 

0.35 μg/g (fish 

tissues) 

C18 Oasis 

HLB 

(Dai et al., 

2008) 
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 Microcystin 

conjugates and 

Nodularins 

2 – 10 ng/L C18 SPE (Yen et al., 

2011) 

On-line LC-

MS/MS 

Microcystin 

conjugates and 

Nodularins 

0.1 – 0.2 μg/L On-line SPE (Balest et 

al., 2016) 

On-line LC-

HESI-MS/MS 

Microcystin 

conjugates, 

Cylindrospermopsin, 

Anatoxins and 

Nodularins 

0.01 – 0.02 μg/L On-line SPE (Fayad et 

al., 2015) 

On-line LC-

TOF/MS 

Microcystin 

conjugates and 

Anatoxin 

0.05 μg/L On-line SPE (Ortiz et al., 

2017) 

HESI heated electrospray ionization, LC-ESI-MS liquid chromatography-electrospray 

ionization-mass spectrometry, SELDI-TOF surface-enhanced laser 

desorption/ionization time of flight, SPE solid phase extraction, UPLC-ESI-MS 

ultrahigh performance liquid chromatography–electrospray ionization in tandem with 

mass spectrometry 
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Figure 2.13: Chromatogram of purified chlorophyll and carotenoid standards using HPLC 

followed by analysis using an in-line photodiode array detector (Gray, 2010). 

2.3.3.8 Remote sensing 

Remote sensing enables rapid observation and changes in algal blooms in a source water 

body. Remote sensing uses satellite optical sensors to capture spectral data of source water 

to monitor the position and area of a HAB. Optical sensors capture electromagnetic energy 

due to light reflected from the source water body to produce spectral images (Furevik et 

al., 2004).  As optical sensors work in visible and infrared wavelengths, they cannot 

function under cloudy conditions as it results in masking the sensor signal and reducing 

monitoring capability (Wang et al., 2015). To overcome the optical sensor issue, synthetic 

aperture radar (SAR) systems are used to supplement optical remote sensing. SAR systems 

can provide images irrespective of the weather conditions and can function at all times of 



65 

 

the day. It is challenging to monitor algae blooms using radar systems alone as SAR images 

create dark regions which correspond to algal blooms, but the same dark regions can be 

influenced by other environmental factors (such as weather) as well. Several studies have 

shown SAR and optical sensors used in combination to detect algal blooms (Furevik et al., 

2004; Gade et al., 1998; Greenfield et al., 2008). Wang et al. (2015) studied the use of SAR 

images for bloom monitoring under cloudy conditions and found the overall accuracy of 

the method to be 67.74%. The authors found that classification accuracy was higher with 

larger SAR dark regions. SAR images, if not interpreted with care, can result in identifying 

non-bloom zones as bloom-alike zones. This can be caused by low-wind conditions, which 

result in low-backscatter regions in SAR images, resulting in the bloom-alike zones. It is 

virtually impossible to distinguish a bloom zone and bloom-alike zone under low-wind 

conditions if the two water zones are connected (Wang et al., 2015). Another remote 

sensing technique involves using a visible infrared imaging radiometer to monitor source 

waters turbidity for lakes to complement bloom monitoring (Son & Wang, 2019). Remote 

sensing can be implemented for water bodies known for cyanobacterial blooms and where 

wide area of sensing is required. However, it cannot classify algal type precisely as the 

interpretation of images are operator dependent and can result in false positives.   

There are specific limitations to all monitoring technologies given their basic design 

features. Data acquired by sondes deployed at a fixed depth and located at a single site are 

limited to characterization of that particular site and are not be able to monitor changes at 

distant sites. This also restricts the information obtained on the water column conditions 

above or below the sampling point (Gray, 2010; Storey et al., 2011). As chlorophyll-a is 

used for estimating algal biomass, extreme care and adherence to protocols should be taken 
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to minimize the impact of sample handling and processing upon chlorophyll transformation 

and/or degradation (Gray, 2010; Storey et al., 2011). 

 

2.4 Chromium (VI) 

Chromium is an odorless and tasteless metallic compound that can be found naturally in 

humans and animals, as well as in soil, plants, rocks, and volcanic dust. It is a widely 

distributed metal in the Earth’s crust (WHO, 2017). When dissolved in water, chromium 

changes the water to yield a yellowish color liquid (Figure 2.14). Chromium can exist in 

the valences of +2 to +6. Trivalent chromium (Cr (III)), hexavalent chromium (Cr (VI)), 

and the metal form chromium zero (Cr-0) are the three forms of chromium commonly 

found in the environment. Among the three forms, Cr (VI) is the oxidized and most toxic 

form of chromium, while Cr (III) is the most stable and less oxidized form (Saha et al., 

2011). While Cr (VI) and Cr-0 are mostly produced by industrial processes and found in 

industrial wastewater due to various metal processing activities (such as electroplating), Cr 

(VI) can be present naturally in groundwater due to weathering of rocks. Cr (III), on the 

other hand, occurs naturally in vegetables, fruits, grains, yeast, and meat (Canter, 1985; 

EPA, 2010). More often than not, chromium is released to the environment due to poor 

storage, leakage, and/ or improper disposal practices. Chromium compounds are 

environmentally persistent in water as sediments (EPA, 2010).  
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Figure 2.14: Photograph from a groundwater source contaminated with chromium in 

Kanpur, India (Sharma et al., 2012). 

The natural distribution of Cr (III) and Cr (VI) in the environment depends on the redox 

potential, kinetics, presence of oxidizing or reducing compounds, pH of the solution, 

formation of Cr (III) salt, and the total chromium concentration (WHO, 2019). Cr (III) 

predominates in the soil as Cr (VI) is readily reduced to Cr (III) by organic matter. Cr (VI) 

is 100-fold more toxic than Cr (III) and is highly soluble in water, making it mobile (Saha 

et al., 2011). Cr (VI) is a strong oxidizing agent and is consistently linked with oxygen. 

Chromate (CrO4
-2) and dichromate (Cr2O7

-2) (illustrated in Figure 2.15) are the most 

prevalent dissolved hexavalent chromium ions found in the environment, with hydrogen 

chromate (HCrO4
-) being the least common form. The three forms of hexavalent chromium 

exist commonly under different pH regions and can be distinguished by HCrO4
- and Cr2O7

-

2 being present between the pH of 2–6, and CrO4
-2 at a pH greater than 6. Dichromate, 
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when present under acidic conditions, is reduced to Cr (III) (Yarbro, 1976). The reduction 

process of Cr (VI) in acidic conditions can be expressed by: 

Cr2O7
-2 + 14H+ + 6e- = 2Cr3+ + 7H2O             2.7 

and under alkaline conditions: 

CrO4
-2 + 4H2O + 3e- = Cr(OH)3 + 5OH-             2.8 

Hexavalent chromium is not effectively removed by traditional alum and ferric coagulants 

and hence, can pass through the drinking water treatment system with ease (Saha et al., 

2011). Cr (VI) must be reduced to Cr (III) during the treatment process to meet safety 

standards for drinking water consumption. Thus, Cr (VI) monitoring is usually limited to 

water treatment facilities and effluent discharge from industries (WHO, 2019). 

 

Figure 2.15: Chromate and dichromate structures (PubChem, 2020a, 2020b). 

 

2.4.1 Regulations 

Regulations around the world vary based on local government directives and action plans. 

The European commission currently follows the WHO guideline for 50 µg/L as the 

maximum contaminant level for total chromium but plans to reduce the value by 50% by 

forcing the directive to 25 µg/L across Europe starting 2027 (European Commission, 

2017). With increasing industrial applications and growing wastewater generation, the 
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need for monitoring will increase every year. Regulatory bodies often measure total 

chromium as Cr (III) and Cr (VI) can convert back and forth in the human body and in 

water depending on their environmental conditions. To ensure that the highest potential 

risk is addressed, the sample measured for total chromium is assumed to be 100% Cr (VI) 

(EPA, 2010; WHO, 2017). According to studies conducted by NTP (2008), a concentration 

of Cr (VI) up to 4.1 µg/L and 2.4 µg/L in drinking water will have no adverse health effects 

on adults and children, respectively. The state of California has been pushing for stringent 

Cr (VI) requirements time and time again due to unknown lifelong effects of orally 

ingesting Cr (VI). They proposed a limit of 10 µg/L as the maximum contaminant level in 

drinking water to be enforced by law and to further reduce it to a value of 0.02 µg/L in the 

future (OEHHA, 2011). With the world trend moving towards more conservative guideline 

value for Cr (VI), it gives a rise to necessity for easier and early monitoring methods. 

Table 2.7: A summary of chromium guidelines around the world. 

Country/ Source Contaminant GV Reference 

EPA Total chromium 100 µg/L (EPA, 2010) 

WHO Total chromium 50 µg/L (WHO, 2017) 

FDA Total chromium 100 µg/L (ATSDR, 2012) 

Canada Total Chromium 50 µg/L (Health Canada, 2018) 

European Union Total Chromium 50 µg/L 
(European Commission, 

2017) 

UK Cr (VI) 50 µg/L (Rockett et al., 2015) 

Australia Cr (VI) 50 µg/L (NRMMC, 2017) 



70 

 

New Zealand Total Chromium 50 µg/L (NWQMS, 2000) 

 

2.4.2 Occurrences and Health Impacts 

Studies have shown that over 70% of chromium in the environment is from anthropogenic 

sources, such as metal smelters, refineries, stormwater runoff, leather tanning industries, 

and discharge from thermal generating stations, among others (Health Canada, 2015; 

WHO, 2019). Erosion of natural deposits and wastewater discharge from steel and pulp 

mills are the major sources of Cr (VI). Chromium in different forms is used for chrome 

plating, making steel and other alloys, for dyes and pigments, catalyst manufacturing, 

fungicides, ceramic and glass industry, corrosion control, and for leather and wood 

preservation (Moffat et al., 2018; WHO, 2019). The natural sources for Cr (VI) are rocks 

(volcanic or metamorphic) and soils, which due to weathering and erosion processes, can 

release high amounts of toxic Cr (VI) in groundwater and surface water. In summary, the 

concentrations of Cr in groundwater aquifers and surface water are dependent on the 

regional geology, weathering processes, precipitation, local industry, and sediment loading 

rates (Health Canada, 2015, 2018). 

Toxicity of a substance is studied with respect to the amount of dose and time scales. A 

large dose received within a short period is known as acute toxicity, while the same amount 

of dose received over a longer period in small increments is known as chronic toxicity. Cr 

(VI) strong oxidizing capacity and ability to penetrate cell membranes readily cause it to 

be a major concern as an irritant and toxic carcinogen. Hexavalent chromium strongly 

reacts with DNA and can reduce Cr (VI) to Cr (III) while producing free radicals that can 

bind themselves to DNA. The intermediates produced during the reduction have been 
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reported to induce DNA strand breaks in-vitro and mutations in biological systems 

(McNeill et al., 2012a; Moffat et al., 2018; Saha et al., 2011). Jarczewska et al. (2015) 

conducted a study on absorption of Cr (VI) in the form of K2Cr2O7 which resulted in a 

direct correlation between increasing dose and induced DNA damage in an immobilized 

system. For detailed information on the molecular mechanism and metabolism of Cr (VI) 

in living organisms and thereby induced carcinogenesis, please refer to Saha et al. (2011) 

and Rockett et al. (2015). Until the early 1980s, incidences among chromate workers for 

acute and chronic respiratory diseases were well known. Major symptoms due to Cr (VI) 

inhalation include (but not limited to) ulcers, perforation of the nasal septum, sinusitis, 

asthma, rhinitis, laryngitis, acute chemical pneumonitis, and bronchogenic carcinoma 

(EPA, 1998; Yarbro, 1976). Although inhalation is a serious route, this study focused on 

the solubilized ingestion route via oral ingestion.  

Cr (III) is very mildly toxic to human health, and a minimal lethal dose for humans has 

been set at 2.29 g/Kg of body weight (Yarbro, 1976).  However, Cr (III) plays an important 

role in normal biological metabolism and is a required nutrient for our human body 

(McNeill et al., 2012a; WHO, 2011). According to WHO (2011), 20 – 45 µg Cr (III) per 

day is essential for normal energy metabolism. In the stomach and gastrointestinal tract, 

low doses of Cr (VI) are reduced to Cr (III) (which is considered non-toxic at low doses) 

due to intragastric reduction, effectively reducing its biological activity. Kirman et al. 

(2017) reported that there was a higher reduction of Cr (VI) in the gastrointestinal tract of 

a post-meal sample (at pH 2.0, higher stomach pH) as compared to a fasted sample (lower 

stomach pH). Thus, increasing the risk for individuals with elevated gastric pH levels 

(particularly infants), pre-existing conditions of hypochlorhydria, and users of proton pump 
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inhibitors (De Flora et al., 2016; Kirman et al., 2017). Studies have reported that tissue Cr 

(VI) levels in rats that have been exposed to Cr (VI) in drinking water were 4 – 15 times 

higher than those exposed to Cr (III), thus concluding the increased risk of Cr (VI) 

absorption into human tissues via the gastrointestinal tract (EPA, 1998).  

Chronic exposure to Cr (VI) results in a higher concentration of the toxic contaminant in 

red blood cells, plasma, liver, and kidney. Dermal contact of Cr (VI) can cause potential 

dermatological effects by chronic exposure at higher doses such as allergic dermatitis, skin 

allergies, dermal necrosis, and dermal corrosion (Moffat et al., 2018; Saha et al., 2011). Cr 

(VI) is a known high-risk carcinogen when ingested at higher concentrations over a lifetime 

(WHO, 2011, 2017). Upon acute Cr (VI) ingestion, humans exhibit severe liver and kidney 

damage, cardiovascular collapse, and several gastrointestinal disorders. Several deaths 

have been reported due to acute exposure to chromium in children and adults. A dose of 1 

g of potassium dichromate (K2Cr2O7) is considered lethal (ATSDR, 2012). Short-term 

exposure to mild doses of Cr (VI) (between 0.03 – 4 mg/ d) has been reported to have no 

apparent health effects. However, due to chronic exposure of Cr (VI) from well water 

containing concentration of 20 mg Cr (VI)/L in China, individuals reported having severe 

gastrointestinal effects such as diarrhea, indigestion, abdominal pain, and vomiting 

(ATSDR, 2012). Another example of Cr (VI) effect in drinking water is of the town of 

Hinkley, California from 1966, where groundwater contaminated with Cr (VI) (reported 

concentration as high as 580 µg/L), which was the primary source of freshwater, induced 

carcinogenicity in a large number of people living in the town (Sutton, 2010). In Glasgow, 

UK, a report showed leakage of leachate from a landfill into groundwater which had a total 

chromium concentration of 3,920 µg/L, which resulted in widespread contamination of 
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groundwater resource. Furthermore, a survey conducted by the University of Athens in 

Greece between September and December 2008 found Cr (VI) concentrations in drinking 

water samples ranging from 41 – 53 µg/L (Rockett et al., 2015). A study conducted by Ball 

& Izbicki (2004) reported Cr (VI) concentration in groundwater wells in western Mojave 

Desert, California to be ranging from 0.1 µg/L to a high of 60 µg/L. In Kanpur, India, due 

to poor disposal practices, Cr (VI) concentrations in groundwater reached a level of 16.3 

mg/L, which was being used as a primary source for drinking water (Sharma et al., 2012). 

Lastly, industrial runoff from a tannery industry resulted in Cr (VI) concentrations of 50 

mg/L in Leon Valley, Mexico (Armienta et al., 2001).  Instances of chromium 

contamination have been reported all over the world including UK, Europe, the Americas 

(North & South), and Asia, increasing the need for early and sensitive detection of Cr (VI) 

in water sources (EPA, 2010; Guertin et al., 2005; Health Canada, 2018; McNeill et al., 

2012b, p. 2; Rockett et al., 2015; WHO, 2019). 

Often, in cases of accidental ingestion of chromium, the amount is unknown. For example, 

a 22-month old infant died within 18.5 hours after accidentally ingesting an unknown 

amount of Na2Cr2O7, which resulted in liver congestion, pulmonary edema, severe 

bronchitis, and necrosis of the liver, renal tubes, and gastrointestinal tract. (Ellis et al., 

1982). Another case involved the death of a 2-year child due to accidental ingestion of 

ammonium dichromate, which resulted in severe dehydration, caustic burns in the mouth, 

blood discharge in diarrhea, irregular and labored respiration (Sunilkumar et al., 2014). 

There have been several other reports of accidental and intentional ingestion of chromium 

which have resulted in cases of death and severe illness around the world (ATSDR, 2012; 

McLean et al., 2012, p. 1).  Unfortunately, there is a lack of reported data and ecological 
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studies on human carcinogenicity via oral ingestion. Nevertheless, animal studies have 

been conducted on the effects of Cr (VI) exposure which are used to identify potential 

dangers to human health.  

On short-term exposure of Cr (VI) concentration from 0 – 350 mg/L, rats and mice 

exhibited a significant decrease in body weight, significant decrease in mean corpuscular 

hemoglobin, and developed lesions in the small intestine, which showed an increase in 

incidence and severity with increasing dose (Cullen et al., 2016). Long-term exposure study 

(2-years) of Cr (VI) in drinking water on rats and mice in the concentration range from 0 – 

257.4 mg/L resulted in accumulation of Cr (VI) in a number of tissues, hematological 

effects (such as hypochromic anemia), histiocytic (white-blood) cellular infiltration in the 

liver, mesenteric lymphadenitis (inflammation of lymph nodes), and hyperplasia of small 

intestine and liver (NTP, 2008). Adverse reproductive effects have been observed due to 

chronic exposure of Cr (VI) in drinking water on animals (monkeys, rats, and mice), where 

functional and morphological effects of reproductive organs (both males and females) were 

reported (ATSDR, 2012). According to NTP (2008), the maximum benchmark dose limit 

for intermediate (hypochromic anemia in rats) and chronic exposure (hyperplasia of the 

small intestine in mice) via the oral route for Cr (VI) is 0.52 mg/Kg-day and 0.09 mg/Kg-

day, respectively. Among the effects, decreased motility and sperm count (by 25%), 

changes to the epididymis, altered reproductive organ weights, reduction of ovarian 

follicles, changes to hormone levels, accumulation in foetal tissues (bypassing placental 

barrier), inhibition of sexual behavior, and aggression has been reported (Health Canada, 

2015; NTP, 2010). Furthermore, studies indicate a significant increase in the incidence of 
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carcinoma cells and/ or papilloma cells in oral mucosa and tongue in male and female rats 

with increasing Cr (VI) dosage in drinking water (NTP, 2010; WHO, 2019). 

Uncontaminated waters have a natural total chromium concentration of between 0.05 – 2 

µg/L, but wastewater leached from a landfill or due to industrial processes can cause 

contamination of source water. Rainwater has an average total Cr between 0.02 – 1 µg/L, 

while seawater ranges between 0.05 – 0.5 µg/L. However, in Antarctic lakes, 

concentrations between 0.6 – 30 µg/L have been reported (Rockett et al., 2015). In 2016, 

of all the drinking water samples analyzed in England and Wales, the maximum 

concentration of Cr (VI) reported was 15 µg/L, while most samples had a concentration 

below 1 µg/L (WHO, 2019). A survey conducted by Health Canada (2015) reported an 

average amount of 2 µg/L of total chromium in Canadian drinking water, with the highest 

concentration of 18.9 µg/L from a groundwater source (generally lower than 1 µg/L). On 

the other hand, Canadian surface water concentrations for total chromium have been found 

to be in the range of 0.2 – 44 µg/L (Health Canada, 2018). In the US, from 2013 – 2015, 

the amount of Cr (VI) in drinking water across all states was reported to be between 0.057 

and 12.9 µg/L, but instances of surface water concentrations up to 84 µg/L have been found 

(Sutton, 2010; WHO, 2019).  Figure 2.16 represents total chromium detected in US tap-

water from 2005 – 2009 by state agencies and environmental working group testing. In 

India, most water sources (surface and groundwater) were reported to have a concentration 

of total chromium below 2 µg/L, while in Rhine, the concentrations for water sources 

reported are mostly below 10 µg/L (AWWA, 2013). Generally, little to no data is available 

on the speciation of chromium salts in drinking waters (AWWA, 2013; Moffat et al., 2018; 

WHO, 2019).  
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Figure 2.16: Graphical representation of the water utility testing data obtained from state 

water agencies of US tap-water for Cr (VI) by from the year 2005–2009. Black dots 

indicate the Environmental Working Group’s test sites and measured Cr (VI) 

concentrations. The size of the dot reflects the level found. Brown-shaded areas represent 

population-adjusted average concentrations of total chromium by county (Sutton, 2010). 

Lastly, there is also a considerable need for monitoring of Cr (VI) from industrial waste 

processing streams as industries have to do on-site treatment before discharging water into 

a municipal sewer or into a receiving water body. For example, a typical waste stream from 

boilers from a co-generation power plant can contain Cr (VI) of over 16 mg/L, while 

electroplating and tanneries can have Cr (VI) concentrations between 20 – 60 mg/L in their 

effluent streams (Guertin et al., 2005). Chromium and its salts are considered non-

bioaccumulating in the aquatic food chain. Cr (VI) taken up by fish is transformed to Cr 



77 

 

(III), indicating negligible mobility through this route (EPA, 1998; McLean et al., 2012, p. 

1). However, the transfer of Cr salts from soil to food crops and subsequent 

biomagnification in the food chain is unknown (Health Canada, 2015). According to Health 

Canada (2018), approximately 50% of the total daily intake of Cr (VI) for Canadian adults 

is via drinking water. 

2.4.3 Current Detection Methods 

2.4.3.1 Photometric methods 

Several analytical methods exist for the quantification of Cr (VI), but most techniques are 

very complex. 1,5-diphenyl-carbazide (DPC) colorimetric method is one of the most 

common and widespread (but time-consuming) methods for the determination of Cr (VI) 

and has a detection limit of 1 µg/L (Burgess & Thomas, 2017). The first step in a 

colorimetric method is the destruction of the organic matrix (aka DPC) by digestion using 

concentrated acid. Under proper conditions, Cr (VI) reacts (oxidizes) with the reagent to 

produce a complex of DPC-Cr (VI), which is an intensely red-violet compound and only 

forms in the presence of Cr (VI). The structure of DPC is shown in  Figure 2.17 below. 

The molar absorptivity of the DPC-Cr (VI) complex is known to be 31,400 L/ mole-cm 

(based on molarity of dichromate), and has an absorption maximum at 540 nm, which is 

used to estimate the concentration (Osaki et al., 1983; Yarbro, 1976). Although this method 

is very sensitive, the range of linearity for Cr (VI) concentration is narrow, ranging from 0 

to 0.5 mg/L. Studies have reported that for solutions containing Cr (VI) concentration from 

30 to 500 mg/L, the DPC-Cr (VI) method cannot accurately estimate concentration and 

results in a standard deviation of 20 to 50 % (EPA, 1992). Additionally, the complex 

formed with this method has limited stability, and thus makes the measurements time 
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sensitive, which increases the chance of error in data reporting (Osaki et al., 1983; Sanchez-

Hachair & Hofmann, 2018). A method to overcome the limited stability of the DPC method 

was suggested by using o-tolidine to form a stable intermediate complex. However, the 

reagent used tends to form complexes with all heavy metals found in a given sample, which 

would result in reduced sensitivity. Therefore, a preliminary separation of chromium would 

be a necessary step for analysis, thus adding to the analysis time and making this process 

labor-intensive. The o-tolidine method is less desirable for routine analysis as compared to 

DPC colorimetric method (Yarbro, 1976). Lace et al. (2019) modified the DPC method by 

using microfluidic detection-based analysis, which eliminates steps needed for 

conventional DPC analysis. The study showed a method that could analyze Cr (VI) within 

10 mins but increased the detection limit of the method to 23 µg/L, making the method a 

tradeoff between sensitivity and analysis time (Lace et al., 2019). 

 

Figure 2.17: Structure of 1,5-diphenyl-carbazide (DPC) (Yarbro, 1976). 

 

2.4.3.2 Spectrophotometric method 

UV-visible spectrophotometric determination of Cr (VI) is a well-established method for 

field examination of groundwater and industrial wastewater. Quantification of Cr (VI) is 
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based on the absorption spectra of the yellow color of chromate ions. This method is rapid, 

simple, non-destructive (for the sample), and sensitive with a reported detection limit of 

approximately 5 µg/L with a 50 mm optical pathlength, and applicable for a concentration 

range of 5 – 1000 µg/L (Burgess & Thomas, 2017). A higher optical pathlength is necessary 

for the detection of Cr (VI) because of stringent effluent regulations and drinking water 

regulation constraints. Chromium VI spectra vary depending on the pH value of the 

solution and result in two absorption peaks in the UV region.  Figure 2.18 shows the 

absorption spectra of potassium dichromate with varying pH values. As seen from the 

figure, at a higher pH value (alkaline condition), the absorbance is higher, and the Cr (VI) 

peak is prominent. On the other hand, at lower pH (acidic condition), the peak loses its 

prominence. There is a slight residual absorbance in the visible range but is not taken into 

consideration due to low resultant absorbance (Burgess & Thomas, 2017). At a pH below 

6.4 (towards acidity), the maximum absorption lies at 350 nm wavelength, and the 

concentration linearity ranges from 0.5 to 100 mg/L; similarly, for a pH above 6.4 (towards 

alkalinity), the maximum absorption lies at 372 nm, and the concentration linearity ranges 

from 0.5 to 25 mg/L. The relative standard deviation for Cr (VI) using this method is less 

than 1% at higher concentrations (Sanchez-Hachair & Hofmann, 2018).  

As the method is designed to be applied for industrial wastewaters as well, some metallic 

compounds like copper (II), iron (III), lead (II), and mercury (II), can potentially result in 

interference for Cr (VI) measurement. However, Fe3+ is an exception as the error is lower 

than 5% if the iron concentration is between 0.5 – 1 mg/L, while the error in measurement 

due to other ions is lower than 15%. Under acidic conditions, Fe3+ absorbs at around 300 

nm, which can result in interference when Fe3+ is dissolved in water. But, with increasing 



80 

 

pH (up to a value of 9), the hydroxide form of iron precipitates and reduces interference 

for measurement as compared to the diphenyl-carbazide colorimetric method (Burgess & 

Thomas, 2017).  Figure 2.19 shows the absorption spectra of iron under different 

conditions. This method is attractive for various field applications (such as environmental 

chemistry) given its accuracy and reliability over a wide concentration range. Based on the 

pathlength selected, dilution of the sample can be avoided increasing efficiency. At low 

and medium ionic strengths, inorganic background ions have minimal interference on the 

absorption of the sample, but in the presence of organometallic complexes, interference 

factors should be taken into consideration (Sanchez-Hachair & Hofmann, 2018). 

  

Figure 2.18: Absorption spectra of a K2Cr2O7 solution (1 mg/L of Cr, pathlength 50 mm) 

for different pH (Burgess & Thomas, 2017). 



81 

 

  

Figure 2.19: Absorption spectra (pathlength 50 mm) of synthetic solutions containing 1 

mg/L of iron (a-pH 3, b-pH 9, c-pH 9 and addition of Cr (VI)) (Burgess & Thomas, 2017).  

A novel method of using dispersive liquid-liquid microextraction (DLLME) was developed 

by Alexovič et al. (2012) for extraction of Cr (VI) from water samples. UV-Vis 

spectrophotometric method has been the most common method for Cr (VI)  detection when 

coupled with DLLME (Ahmad et al., 2016a, 2016b; Alexovič et al., 2012, 2013). The 

principle for DLLME is based on the acidic reaction of a dye reagent (such as 

dimethylindocarbocyanine) with Cr (VI) to form an associate ion, followed by 

microextraction of the associated ion into an organic phase in the presence of an extraction, 

auxiliary and dispersive solvent. DLLME has been reported to have higher extractive 

efficiency while being simpler than other extraction methods such as SPE (Alexovič et al., 

2012). Although this technique is efficient, it is critical to note that DLLME requires a 

greater number of reagents, leading to increased waste. 
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2.4.3.3 Mass Spectrometry 

Mass spectrometry (MS) is the technique where the atoms or molecules of a substance are 

ionized, accelerated via an electric field, and subsequently separated according to their 

mass. Charged plates accelerate the ions inside the tube in a specific direction, and lighter 

ions move more rapidly towards the detector compared to the heavier ions separating the 

components of the sample by mass (Guertin et al., 2005). The ion current, on the other 

hand, is a measure of the quantity of ions and relates to the concentration of the individual 

components in the sample. MS separates ions according to their mass to charge ratio rather 

than according to their wavelengths. It requires samples to be in the gas phase, and all 

operations are carried out in a vacuum. Before ionization, solid and liquid samples have to 

be converted to gas for analysis. MS can be used for measuring elemental concentration 

and species identification (Guertin et al., 2005). MS is used as a detector to improve the 

MDL with other techniques such as ICP and GFAAS. 

 

Figure 2.20: Principle of mass spectrometry (MS) (Guertin et al., 2005). 

Electrospray ionization (ESI) is a technique used with MS for the detection of chromium. 

In ESI, a high voltage electrospray is applied to a liquid sample to create aerosol, which 
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separates the sample into individual ions. These ions are passed through as MS for 

detection and quantification (Harris & Lucy, 2015; Weldy et al., 2013). 

2.4.3.4 Chromatography 

In ion chromatography (IC), a mixture of ions from the mobile phase (in solvent) flow into 

a column, also known as the stationary phase, which is filled with packaging (such as resin). 

IC requires a separation of ions from an unknown sample before analysis. Based on the 

affinity of different ions towards the two phases, a different rate of movement occurs for 

different ions through the column and this results in the separation of the eluted ions. The 

resulting electrical conductivity of the eluting mobile phase is measured using a 

conductivity detector. Resin is used for ion exchange where ionic species are retained on 

the resin. Based on the sample, the exchange of the ions can be anions or cations, or both. 

IC has the ability to determine different oxidation states of a species (Guertin et al., 2005). 

 

Figure 2.21: Conceptual diagram showing the principle of ion-chromatography (Guertin et 

al., 2005). 

In liquid chromatography (LC), the solute (sample) equilibrates between a polar organic 

solvent (also known as the mobile phase) and a non-polar substrate (known as stationary 

phase) which results in the separation of ions (Gray, 2010). The efficiency of a 
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chromatographic process can be improved by increasing the rate at which solute travels 

within the column, thus leading to the use of high-pressure liquid chromatography (HPLC). 

As the name suggests, HPLC uses high pressure and forces the solute to separate into 

individual ions at a significantly higher rate as compared to traditional LC (Harris & Lucy, 

2015). Chromatographic techniques are mostly used in conjunction with other techniques 

for sensitive determination of Chromium in different water matrices.  

2.4.3.5 Inductive Coupled Plasma 

Inductive Coupled Plasma (ICP) uses an argon plasma formed by passing argon gas 

between two quartz tubes and is maintained by the interaction of a radiofrequency field (at 

27 MHz) on a copper coil and an oscillating magnetic field. The argon plasma emits 

elemental-specific energies or wavelengths which are used for atomization and excitation 

of the atoms within a sample. The plasma can reach temperatures as high 9,727 °C but 

generally is between the range of 5,227 – 7,227 °C (Boss & Fredeen, 2004). These high 

temperatures allow complete atomization of the elements in the sample and reduce 

potential chemical interferences generally associated with the Atomic Absorption 

Spectroscopy (AAS) technique. ICP is used in conjunction with different detectors to 

quantify analytes (Boss & Fredeen, 2004). 

Inductive Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) is the technique that 

measures the light emitted by the elements from a sample introduced into an ICP source. 

The intensity of the emitted light from the unknown sample is measured and compared to 

that of standards of known elemental concentrations (Harris & Lucy, 2015). The optical 

system uses a spectrometer to separate emitted light into individual wavelengths, which are 

then measured using a detector (Figure 2.22). Typically, ICP-OES has a working range 
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between 0.1 – 10 µg/L and costs between $60K – $100K. ICP-OES require a higher initial 

investment but have a wide analytical range for multi-elemental quantification 

(PerkinElmer, 2018; Sanz-Medel et al., 2009). 

 

Figure 2.22: Simplified representation of a basic ICP system (PerkinElmer, 2018). 

The other common method used for Chromium detection with ICP is using mass 

spectrometry (MS), where the argon ICP excites ions within a sample, which in turn get 

directed towards an MS where they are separated according to their mass to charge ratio. 

A detector is used to determine the number of ions present in the sample. ICP-MS allows 

the quantification of multiple elemental isotopes and ratios, enabling the determination of 

exact species present, in addition to the total concentration (Krishna et al., 2005; 

PerkinElmer, 2018). However, there are limits to the amount of sample matrix that can be 

introduced into the equipment. For example, ICP-MS requires TDS of the sample to be 

generally below 0.2% for maximum stability and smooth operation. Furthermore, interface 

cones and ion lenses located between the ICP source and the MS have to be cleaned 

regularly to maintain optimal performance levels. Moreover, method development for ICP-

MS is more complex as compared to other techniques. Typically, ICP-MS has a working 

range between 1 x 10-5 – 1 µg/L and costs between $130K – $200K, making this a very 

sensitive method but with a very high initial investment (Harris & Lucy, 2015; 

PerkinElmer, 2018). 
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An improved and sensitive technique for analysis of Cr that has been developed uses a 

combination of HPLC-ICP-MS (Neubauer et al., 2003; Rakhunde et al., 2012). As the Cr 

(VI) species are anionic as opposed to Cr (III), which are cationic in nature, the HPLC 

column installed can be made selective for Cr (VI). This results in fastening the separation 

process (Health Canada, 2015).  Neubauer et al. (2003) reported that Cr (III) and Cr (VI) 

could be separated using HPLC and detected with ICP-MS within 3 mins.  The reported 

MDLs for Cr (VI) using this method were reported to be between 0.009 – 1 µg/L (McNeill 

et al., 2012b). However, it should be noted that factors such as column cleaning and 

pretreatment, reagent concentration, and detection mode, among others, have to be 

optimized beforehand to achieve optimal separation and reproducibility. In addition, 

significant issues due to water matrix interferences have been reported when trying to 

measure low levels of chromium (Rakhunde et al., 2012). Before the operation, the column 

has to be washed and achieve equilibrium which is done by running the eluent for at least 

60 min through the equipment. It has been reported that there is a drastic drop in 

performance and sensitivity by using unwashed columns (Basumallick & Rohrer, 2016; 

Neubauer et al., 2003). 

2.4.3.6 Atomic Absorption 

AAS is a spectroanalytical procedure to determine elemental/chemical composition by 

measuring the absorption of light from free ions using electromagnetic or mass spectrum 

(PerkinElmer, 1996). Atomic absorption occurs when an atom in the ground state absorbs 

energy via the excitation of light of a specific wavelength. With an increasing number of 

atoms, the amount of light energy absorbed also increases. This relationship is used to 

determine the quantity of an unknown substance by comparing it to the light absorbed by 
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a standard of a known elemental quantity (PerkinElmer, 2018). In Flame-AAS (FAAS), 

the sample is introduced into the equipment in an aerosol form where it is vaporized by an 

air/ acetylene or a nitrous oxide/ acetylene flame to form free analyte atoms. The flame 

burner is aligned in a way that a light beam (from the source lamp) passes through the 

flame, where energy (as light) is absorbed by the atoms. A detector, on the other end, 

measures the resultant wavelength intensity, which is in turn used for elemental 

quantification (as the measured intensity is inversely proportional to the concentration of 

the element) of the unknown sample (Harris & Lucy, 2015). In principle, the light of a 

specific wavelength from an element-specific lamp passes through the flame of the 

atomized sample, where the atoms absorb light (excitation) and emit light (decay), which 

is separated into its wavelengths by a prism which can then be measured (Figure 2.23) 

(Guertin et al., 2005). Typically, FAAS has a working range between 1 – 100 µg/L and 

costs between $15K – $25K (PerkinElmer, 2018). The major limitation of FAAS is that 

the burner system is an inefficient sampling device, which allows only a small fraction of 

the sample to reach the flame and the atomized sample quickly passes through the light 

path lowering the sensitivity of the method (PerkinElmer, 2018). It is a low-cost, simple, 

and reliable technique but is only capable of single-elemental analysis for metal and 

metalloids and is temperature-dependent. At low temperatures, interferences by refractory 

compounds are considerable (Sanz-Medel et al., 2009). 
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Figure 2.23: Flame atomic absorption spectroscopy (FAAS) and the general principle of 

AAS (Guertin et al., 2005).  

Graphite furnace atomic absorption spectroscopy (GFAAS) or also known as 

electrothermal atomic absorption spectroscopy (ETAAS), a graphite furnace is used for 

electrothermal vaporization of the sample, which contains electrically heated graphite tubes 

where the entire sample can be directly inoculated. The heat inside the tube removes 

solvents and other matrix components, allowing the sample to be atomized (PerkinElmer, 

1996). Typically, GFAAS has a working range between 0.001 – 5 µg/L and costs between 

$30K – $60K (PerkinElmer, 2018). GFAAS is an improvement on the AAS as it enables 

atomization of the entire sample, and the sample is then retained within the tube, which 

allows for longer exposure time, thus greatly improving the sensitivity. GFAA also requires 

small sample sizes (< 1 mL) and has sub-ppm detection limits (typically 10 times more 

sensitive than FAAS) for measuring a few elements simultaneously. However, it is difficult 

to optimize, has a higher cost than traditional AAS, a longer analysis time is required using 

GFAA, and is mostly reliable for single elemental analysis (Sanz-Medel et al., 2009).  

Atomic emission spectroscopy (AES) is another modification of the traditional AAS, 

which uses quantitative measurements of optical emission to determine the sample analyte 

concentration. Atoms in the unknown sample are excited by simultaneous vaporization and 
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atomization using a flame, a plasma, or a discharge (PerkinElmer, 1996). The excited atoms 

emit light (decay) which is characteristic of an individual type of element, that can be 

measured by a detector to quantify the unknown sample. Unlike AAS, no primary light 

source is required for AES (PerkinElmer, 1996). Table 2.8 summarizes the MDLs for 

Chromium using different techniques discussed above. 

2.4.3.7 Electrochemical methods 

Methods that determine the change of chemical parameters with respect to electrical 

quantities of current, potential, or charge are known as electrochemical methods (Jin & 

Yan, 2015). Amperometry, is the measure of electric currents between a pair of electrodes 

in an electrochemical reaction. Voltammetry are techniques which relate current and 

voltage from the electrodes to the concentration of the analyte being measured in an 

electrolytic solution (Harris & Lucy, 2015). Electrophoresis is another widely used 

electrochemical method that is based on the migration of ions in a sample solution under 

the influence of an electric current. Capillary electrophoresis (CE) is an advanced form of 

electrophoresis where silica (SiO2) fused capillary tube is used for ionic separation. An 

electric voltage is applied to the tube from end to end where different ions having different 

mobilities migrate through the tube at different speeds enabling the measurement and 

quantification of ions (Harris & Lucy, 2015). CE is a low-cost and rapid method for the 

determination of Cr (VI) but has poor sensitivity ranging from 8,000 – 30,000 µg/L and 

requires chelation as sample pretreatment (Rakhunde et al., 2012). To improve the 

detection limit, CE is often paired with ICP and/ or MS to improve sensitivity. 

Another electrocatalyst for Cr (VI) reduction and subsequent detection are gold-based 

electrodes and nanoparticles. Studies have found that the reduction of Cr (VI) happens 
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more rapidly and at a lower potential when using gold as compared to other rare elements 

(such as platinum) (Jin & Yan, 2015). Ouyang et al. (2012) developed a method for very 

sensitive determination of Cr (VI) by using gold nanoparticles on carbon electrode and 

reported a detection limit of 0.0029 µg/L and a working range between 0.01 – 1.2 µg/L. 

The preparation time reported for this method was over 30 mins with an analysis time of 5 

mins (Ouyang et al., 2012). Another study used gold nanoparticles on an electrode for 

detecting Cr (VI) and reported an MDL of 0.1 µg/L with a preparation time of 20 min and 

analysis time of 5 min and a working range between 0.2 – 3 µg/L (Jena & Raj, 2008). It 

should be noted that using gold raises the cost of the entire process, and the working range 

for this method is very specific, limiting its application to certain fields. Additionally, 

electrochemical methods can have potential interferences from coexisting ions in a mixed 

water matrix which can impact the overall efficiency of the technique. 

2.4.3.8 Fluorometry 

This method involves the fluorescence response generated by the excitation of the Cr (VI) 

molecule. Different compounds are known to associate with different fluorescence 

excitation wavelengths, and they in turn can be used to measure based on their specific 

emission wavelengths. Cr (VI) quantification via fluorescence relies predominantly on 

using luminescent carbon dots to form sensors (Mutuyimana et al., 2019; Vaz et al., 2017; 

Wang et al., 2019b). Carbon dots are nano-sized particles that essentially constitute carbon, 

hydrogen and oxygen in varying quantities based on the synthesis method used. The 

surface contains organic functional groups containing nitrogen and sulfur atoms in addition 

to carbon, hydrogen and oxygen (such as -COOH, -NH2, and -SO3H) to improve solubility 

and increase stability for sample measurements (Vaz et al., 2017). They are non-toxic in 
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nature and can be used to detect multiple heavy metals such as Fe (II), Pb (II), Hg (II), 

among others (Wang et al., 2019a). The detection limits using carbon dots and fluorescence 

for quantification of Cr (VI) were reported to be around 20-110 µg/L (Mutuyimana et al., 

2019; Vaz et al., 2017; Wang et al., 2019a, 2019b). A study by Vaz et al. (2017) reported 

that after optimization, the method had a linear range from 100 – 1200 µg/L and would 

result in accuracy loss outside that range. The method is relatively sensitive and fast but 

relies on nanotechnology, which requires skilled personnel for preparation (further 

increasing costs) and often requires filtration before sample analysis (Wang et al., 2019a, 

2019b). Lastly, it has not been commonly applied for Cr (VI) realistic monitoring purposes 

yet (Mutuyimana et al., 2019). 

2.5 Summary 

The literature review outlines the current state of knowledge regarding cyanobacteria and 

hexavalent chromium around the world. Source water quality has been decling with every 

passing year.  Presence of CB in source waters is a critical concern as CB can potentially 

be toxic in nature, produce taste and odor compounds, negatively impact aquatic habitat, 

and increase water treatment operational cost. Upon ingestion, CB also pose a grave hazard 

to human and animal health alike. Correspondingly, Cr (VI) in source water is of 

consequence due to its inherent caricinogenic nature.  Many techniques that are presently 

being employed rely on sample pretreatment such as pigment extraction, filtration, SPE, 

nanomaterials, and acidification among others, before analysis. This increases overall 

analytical cost and time required to obtain quantitative results. Additionally, existing 

methods often requires skilled personell for operation and maintenance purposes. There is 

a clear need for simple, sensitive, affordable and readily available detection methods which 
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do not require sample preparation, can generate quantifiable data rapidly and be 

implementable as an early detection system. 

As discussed in this chapter, the regulations for monitoring of cyanobacteria and Cr (VI) 

vary, depending on local water authorities around the globe. This makes it difficult to select 

a single technology for universal monitoring needs. However, using spectrophotometry, it 

is possible to measure multiple parameters and photopigments simultaneously and SP can 

be applied for in-line, real-time monitoring purposes. In addition, current studies lack data 

on the effect of using longer pathlength cuvettes for monitoring purposes, via UV-Vis SP. 

Furthermore, derivative spectrophotometry has not been explored enough for 

cyanobacterial or Cr (VI) detection. Lastly, the impact of different WQPs such as turbidity, 

DOC, salinity and pH among others, on monitoring has not been widely researched before 

and is a research gap that is need of being filled in the field of water quality monitoring. 
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Table 2.8: Summary of detection limits of chromium in different water matrices and their respective detection system. 

Detection 

system 

Compound Sample 

preparation 

Water matrix Time 

(min) 

MDL 

(µg/L) 

Source 

FAAS Cr (VI) SPE Tap > 72 45 (Tunçeli & Türker, 2002) 

FAAS Cr (VI) C18 silica SPE River > 20 15 (Tehrani et al., 2004) 

GFAAS Cr (VI) SPE Mineral > 40 0.3 (Tuzen & Soylak, 2006) 

FAAS Cr (VI) SPE Ground > 100 145 (Krishna et al., 2005) 

FAAS Cr (VI) SPE Tap & mineral > 40 7.7 (Narin et al., 2008) 

AAS Total Cr Acidification Drinking > 40 2 (Rice et al., 2017) 

GFAAS Total Cr Acidification Drinking – 0.1 (EPA, 1996a, p. 9) 

Portable UV-

Vis SP 

Cr (VI) C18 SPE Drinking 10 3 (Ma et al., 2012) 

UV-Vis SP Cr (VI) SPE Tap & mineral 15 50 (Hoshi et al., 1998) 

UV-Vis SP Cr (VI) Mixed-bed SPE Well & tap > 62 6 (Rajesh et al., 2008) 

UV-Vis SP Cr (VI) SiO2 SPE Tap, sewage & ground 17 0.4 (Sereshti et al., 2016) 
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UV-Vis SP Cr (VI) No pretreatment Natural > 5 5 (Burgess & Thomas, 2017) 

UV-Vis SP Cr (VI) DPC Natural > 10 20 (Pressman & Aldstadt, 2003) 

UV-Vis SP Cr (VI) No pretreatment Pharmaceuticals – 23 (Mulaudzi et al., 2002) 

DLLME-UV SP Cr (VI) Acidification Lake, spring & river – 30 (Alexovič et al., 2012) 

DLLME-UV SP Cr (VI) Acidification Tap & sea > 10 7.48 (Ahmad et al., 2016b) 

ICP-AES Total Cr Solubilization Drinking & tap – 4.7 (EPA, 1996b) 

ICP-AES Total Cr Solubilization Drinking & tap > 150 0.2 (EPA, 2003, p. 5) 

ICP-AES Total Cr Solubilization Drinking > 20 7 (Rice et al., 2017) 

ICP-MS Cr (VI) SPE Tap & mineral > 20 0.05 (Krishna et al., 2005) 

On-Line ICP-

OES 

Cr (VI) Acidification Tap & mineral > 10 0.9 (Hwang et al., 2006) 

IC-MS Cr (VI) Solubilization Drinking > 15 0.001 (Basumallick & Rohrer, 2016) 

IC-UV SP Cr (VI) SPE+DPC Drinking & tap – 0.015 (EPA, 2011, p. 7) 

IC-UV SP Cr (VI) SPE+DPC Wastewater > 15 6 (Onchoke & Sasu, 2016) 

IC-GFAAS Cr (VI) SPE Municipal wastewater > 30 0.45 (Stasinakis et al., 2003) 
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IC-ICP-MS Cr (VI) SPE+EDTA Synthetic & brackish > 20 0.012 (Gürleyük & Wallschläger, 2001) 

CE Cr (VI) Ultrasonic Wastewater > 12 39 (Kubáň et al., 2003) 

ESI-MS Cr (VI) EDTA complex Wastewater > 20 0.1 (Chen et al., 2007) 

HPLC Cr (VI) SPE Tap & ground > 5 210 (Sadeghi & Moghaddam, 2015) 

HPLC Cr (VI) Ultrasonic+SPE Tap & mineral > 30 5.2 (Tang et al., 2004) 

LC-ICP-MS Cr (VI) SPE+EDTA Drinking > 10 0.01 (Ernstberger & Neubauer, 2015) 

HPLC-ICP-MS Cr (VI) SPE Tap > 6 0.05 (Neubauer et al., 2003) 

HPLC-ICP-MS Cr (VI) SPE Mineral & spring > 8 0.056 (McSheehy et al., 2010) 

Photo 

electrochemical  

Cr (VI) No pretreatment D.I. water  >10 0.006 (Fang et al., 2016) 

Colorimetry Cr (VI) Digestion Groundwater > 60 50 (EPA, 1992) 

Carbon dots-

fluorescence 

Cr (VI) Carbon dots using 

L-glutathione + 

heat 

Drinking, tap, fresh & 

brackish water 

> 5 30 (Vaz et al., 2017) 
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Appendix A 

Table A.9: State Guidelines and Regulations for Cyanobacteria and Cyanobacterial Toxins in Drinking and Recreational Waters in the 

USA (Chorus, 2005, 2012). 

State Toxin or species Drinking 

water 

Recreational waters 

California Microcystins 

(LA, LR, RR, 

YR) 

 Action levels 

Human recreational uses: 0.8 µg/L (water)  

Human fish consumption: 10 ng/g ww3 (fish)  

Livestock: Water 3 µg/L, crusts 0.2 mg/L  

Pets: Water 7 µg/L, crusts 0.02 mg/Kg  

Fish: Water 13 ng/g  

Monitoring Guidance: 40,000 to 10,000 cells/L  

Microcystin: ≥ 8 µg/L  

Scum associated with toxigenic species 
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Florida Microcystins 1 µg/L 

chronic; 10 

µg/L 90 day 

Event Based Response: Common Sense Approach; no recreational activities in 

blooms.  

Indiana Microcystins  Event-based response: ≥ 20 µg/L  

Very low/no risk: < 4 µg/L  

Low to moderate risk of adverse health effects: 4 – 20 µg/L  

Seriously consider avoiding contact with water until levels of toxin decrease: > 

20 µg/L 

Iowa Microcystins  Routine monitoring: Advisory/closure ≥ 20 µg/L 

Kansas Microcystins  Health advisory: ≥ 4 µg/L 

Health warning: ≥ 20 µg/L 

Total 

cyanobacteria 

cells 

Health advisory: Cell count ≥ 20,000 cells/L  

Health warning: Cell count ≥ 100,000 cells/L 

Maryland Microcystins or 

Planktothrix 

 Routine monitoring:  

Cell counts: ≥ 40,000 cells/L  
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Only Microcystins: ≥ 14 µg/L 

Massachusetts Microcystins  Guideline: avoid water contact  

Humans: 14 µg/L  

Cell counts: ≥ 70,000 cells/L  

Monitoring Guidance: Cell counts: ≥ 70,000 cells/L; ≥ 8 µg/L 

Michigan   Each county handles incidents on a case-by-case basis 

Nebraska Microcystins  Routine monitoring: Advisory/closure ≥ 20 µg/L 

New 

Hampshire 

  Routine Monitoring > 50% toxigenic cyanobacteria 

New York   Each county handles incidents on a case-by-case basis 

North 

Carolina 

  Routine monitoring in specific waterbodies, monitoring as needed in others 

Ohio Microcystins 1 µg/L Health advisory: ≥ 6 µg/L  

No contact advisory: ≥ 20 µg/L 
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Oklahoma Total 

cyanobacteria 

cells 

 Action level: Health advisory 100,000 cells/L 

Microcystins Action level: Health advisory: 20 µg/L 

Oregon Total 

cyanobacteria 

cells 

 Action level: Health advisory ≥ 100,000 cells/L  

Scum associated with toxigenic species 

Microcystins or 

Planktothrix 

Action level: Health advisory ≥ 40,000 cells/L 

Microcystins 1–12 µg/L Health advisory: 8 µg/L 

Rhode Island Total 

cyanobacteria 

 Health advisory: Evidence of a visible cyanobacteria scum or mat. 

Total 

cyanobacteria 

cells 

Health advisory: Cell counts: ≥ 70,000 cells/L 

Microcystins Health advisory: ≥ 14 µg /L 

Texas  Health advisory: Cell counts: ≥ 20,000 cells/L 
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Any 

cyanobacteria 

Health advisory: Visual identification 

Vermont Microcystins  Health advisory/closure: Microcystin ≥ 6 µg/L 

Virginia Microcystins  No guidelines  

Decisions are made by the individual charged with assessing the situation.  

Two or more data points from water quality monitoring sites, generally spaced 

1–2 miles (1.6–3.2 km) apart in small to medium sized segments, achieving > 

50,000 cells/L Microcystins and subsequently measuring > 10 µg/  L microcystin 

toxin would suggest an extensive bloom and significant impairment status due to 

human health risks 

Washington Microcystins  Provisional guideline for warning to avoid exposure (CAUTION): ≤6 µg/L  

Provisional guideline for warning to avoid exposure (WARNING): ≥6 µg/L  

Provisional guideline for warning to avoid exposure (DANGER): ≥6 µg/L + high 

toxicity report of illness or pet death 

Wisconsin Any 

cyanobacteria 

 May close beach if: Cell counts: ≥ 100,000 cells/L 
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Table A.10: National and regional drinking and recreational water quality guidelines and standards currently in place across Canada 

(Chorus, 2012; Health Canada, 2016). 

Jurisdiction Population Drinking Water and Cyanobacteria Water Quality Guidelines 

Cyanobacteria 

(as source 

water issue, 

%) 

Cyanobacteri

a related 

treatment 

modification

s (%) 

Amount 

of surface 

water 

treated 

(m3 106) 

Households 

on 

municipal 

water 

supply (%) 

Drinking 

MC-LR: 1.5 

µg/L 

Recreation 

MC-LR: 20 

µg/L 

Cells: 100,000 

cells/L 

BRMP 

in place 

Canada 34,278,400 3.9–4.7 – 5186 – ✓ ✓ ✕ 

Alberta 3,742,800 4.4–5.4 1.8 482 64 ✓ ✓ ✓ 

British 

Columbia 

4,554,100 6.9–7.4 6.9–7.4 731 69 ✓ ✓ ✕ 

Manitoba 1,243,700 6.2 6 406 

 

 

 

50 ✓ ✓ ✕ 
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New 

Brunswick 

753,200 0–5 0 80 58 ✓ ✕ ✕ 

Newfoundland 

and Labrador 

509,100 – – 132 72 ✓ ✓ ✓ 

Nova Scotia 943,400 0 0 101.6 73 ✓ ✕ ✕ 

Yukon, NW 

Territories 

43,600 NW 

34,300 YK 

0 0 6.2 – ✓ ✕ ✓ 

Ontario 13,282,400 4.6–5.1 4.6–5.1 1733 54 ✓ ✓  

Prince Edward 

Island 

143,500 0 0 0 – ✓ ✕ ✓ 

Quebec 7,943,000 1.3–3.7 1.3–3.7 1697 60 ✓ (provincial) 

MC: 1.5 µg/L 

ATX: 3.7 

µg/L 

 

✕ (provincial) 

MC: 16 µg/L 

ATX: 340 

µg/L 

 

✓ 
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Saskatchewan 1,052,100 7.6–8.5 6.9–7.1 114 70 ✓ ✓ ✕ 

Nunavut 33,300 – 

 

Table A.11: Occurrence and characteristics of select algal chlorophylls and their derivatives (Gray, 2010). 

Chlorophylls & Derivatives Occurrence Specific Extinction 

Coefficient (L/g cm); 

Maximum Absorbance (nm) 

Notes 

a all groups (only select 

prochlorophytes) 

87.67; 664 Monovinyl a-a chlorin 

pigment having a central 

magnesium ion &, a phytol 

side chain; a proxy for algal 

abundance 

b chlorophytes, euglenophytes, 

prasinophytes, 

prochlorophytes 

51.36; 647 Monovinyl b 
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Chlorophyllides a & b a - all groups; 

b - chlorophytes, 

euglenophytes, prasinophytes, 

prochlorophytes 

a - 127; 664; 

b - 74.07; 645 

Monovinyl a/b less the phytol 

chain, senescent processing 

artifact 

Pheophytins a & b a - all groups; 

b - chlorophytes, 

euglenophytes, prasinophytes, 

prochlorophytes 

a - 51.2; 667; 

b - 31.8; 657 

Monovinyl a/b less the 

magnesium atom 

Pheophorbides a & b a - all groups; 

b - chlorophytes, 

euglenophytes, prasinophytes, 

prochlorophytes 

a - 74.2; 667; 

b - 46.37; 657 

Monovinyl a/b less the 

magnesium atom and phytol 

chain 

Divinyl a & b prochlorophytes assume identical to monovinyl 

chlorophylls 

Divinyl a is a proxy for 

abundance; determined solely 

by HPLC 
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Pyropheophytin a all groups 60.29; 667 Pheophorpide a less the 

methylated carboxyl group 

from the isocyclic ring 

Mg 2,4 divinylpheoporphyrin a5 

monoethyl ester (MGDVP) 

Prochlorophytes, select 

prasinophytes and 

haptophytes, possibly the 

cyanobacterium, 

Acaryochloris marina 

58.9; 623 – 

d Trace constituents in 

rhodophytes; major pigment in 

the cyanobacterium, 

Acaryochloris marina 

N/A; 697 Differs from chlorophyll-a by 

the precense of a formyl group 

(instead of a vinyl group) at 

the c-3 position 
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Table A.12: Commercial characteristics of eleven in vivo fluorescence cyanobacterial probes (*: For measurement unit, see column raw 

probe reading unit) (PC: phycocyanin; PE: phycoerythrin, Chla: chlorophyll-a) (Zamyadi et al., 2016). 

Manufacturer In-situ submersible 

probe/sensor 

Excitation 

wavelength 

(nm) ± 

bandpass 

Emission 

wavelength 

(nm) ± 

bandpass 

Resolution / 

range* 

D
et

ec
ti

o
n

 l
im

it
*

 

L
im

it
 o

f 

q
u

a
n

ti
fi

ca
ti

o
n

*
 Raw probe reading unit 

bbe Moldaenke Algal Online 

Analyser (AOA) 

590 685±5 0.1 / 0 – 200 – – 

µg Chla/L of 

cyanobacteria Algae Torch 590 680 0.2 / 0 – 200 4 – 

FluoroProbe 590 680 0.05 / 200 0.3 0.6 

TriOS MicroFlu-blue  620 655±5 0.1 / 0 – 200 0.7 2.3 µg PC/L 

Turner Designs C3 Submersible 

fluorometer 

<595 >630 0.1 / 0 – 40,000 2 – ppb 

Hach Hydrolab DS5x 590 650 20 / 150 –2×105  100  150 cells/mL 

Yellow Springs 

Instrument 

YSI-V6131 590 ±15 660±20 0.1 / 0 – 100 

 

0.2  

 

0.7  

 

Relative fluorescence 

unit (RFU)  
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Company – 

YSI Inc. (YSI) 

 

1 / 0 – 2.8×105 

 

220 

 

– 

 

cells/mL 

EXO 590 ±15 685±20 0.01 / 0 – 100 0.04 – RFU 

WetLabs ECO FL 630 680 0.03 / 0 – 230 – – ppb 

Aquaread Aquaprobe® AP-

2000 

590 655 1 / 0 – 3×105  200  200  cells/mL 

Chelsea Unilux & Trilux 610 685 – / 0 to 100  0.01 – μg PC/L 
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3. Materials and Methods 

3.1 Culture growth and sustenance 

Microcystis aeruginosa and Chlorella vulgaris were acquired from Canadian Phycological 

Culture Center (CPCC). Their individual information and culturing information is detailed 

below (CPCC, 2013). 

Algae strain: Microcystis aeruginosa CPCC 632 

Growth media: Bold’s Basal Medium with triple Nitrogen stock (3N-BBM)  

Medium preparation: To obtain 1 L of 100% 3N-BBM medium, add 1 mL of K2HPO4 

stock solution (BBM Stock 5) plus 20 mL of the concentrate to 979 mL of ultrapure D.I. 

water.  

Growth intensity: 1200 lux. 

Inoculation and sub-culturing ratio: Microcystis can crash if the inoculum is not dense 

enough. To start the culture, a 1:2 inoculum to medium ratio is employed. For example, 5 

mL of 3N-BBM growth medium was added to 5 mL of M. aeruginosa. This ensures safe 

culture growth and avoids potential culture crash. To maintain the microalgal culture, 

timely sub-culturing is necessary. M. aeruginosa required a sub-culture once every 5 – 7 

days depending on the cell concentration of the culture (CPCC, 2013; Hellebust et al., 

1973). Once the microalgae acclimate to incubator growth conditions, the inoculum to 

medium ratio was increased to 1:4 and maintained till the completion of experiments 

pertaining to Chapters 4 – 7. 

Algae strain: Chlorella vulgaris CPCC 90 
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Growth media: Bold’s Basal Medium stock (BBM)  

Medium preparation: To obtain 1 L of 100% BBM medium, add 1 mL of K2HPO4 stock 

solution (BBM Stock 5) plus 10 mL of the concentrate to 989 mL of ultrapure D.I. water. 

Growth intensity: 1800 lux; higher intensity for C. vulgaris was attained by elevating the 

Erlenmeyer flask using a stand inside the incubator. Higher light intensity was provided to 

C. vulgaris for optimal growth rate. 

Inoculation and sub-culturing ratio: To start the culture, a 1:5 inoculum to medium ratio is 

employed. For example, 8 mL of BBM growth medium was be added to 2 mL of C. 

vulgaris. To maintain the viability of the microalgal culture sub-culturing is required step. 

As C. vulgaris is an environmentally sturdy strain, it requires a sub-culture once every 1 – 

2 weeks depending on the cell concentration and growth rate of the culture (CPCC, 2013; 

Hellebust et al., 1973; KBGAWG, 2009). Once the microalgae acclimate to incubator 

growth conditions, the inoculum to medium ratio was increased to 1:10 and maintained till 

the completion of the required experiments. 

Commonalities for both microalgae 

Refer to Table B.2, Table B.3, Table B.4, and Table B.5 for media concentrate preparation 

information. 

Common steps (for 3N-BBM and BBM) during medium preparation: The BBM stock 5 is 

added during medium preparation separately as it precipitates out when mixed with higher 

concentration of concentrate stock(s) solution (Hellebust et al., 1973).  To ensure that the 
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medium is sterile, the storage vessel of the prepared medium was sterilized using an 

autoclave for 30 min at 15 psi and 121 °C. 

Storage: The vessel containing the prepared medium was stored in the fridge at 4 °C in the 

dark until needed to ensure longevity and consistency of the growth media. 

Algal culture vessel: Both strains of microalgae were cultured in separate 500 mL 

Erlenmeyer flasks. To prevent contamination of the microalgal cultures, the flasks were 

rinsed in D.I. water and the mouths were covered using aluminum foil paper, and sterilized 

using an autoclave for 30 min at 15 psi and 121 °C. After sterilization, the flasks are let to 

cool at room temperature before use. All flasks were labeled with the microalgal culture 

name, strain, growth medium, start date of the culture, dilution ratio, and subsequent sub-

culturing date to maintain proper lab- and biosafety.  

Growth conditions: The cultures were incubated inside a temperature-controlled incubator 

(at 24 °C) which was equipped with two daylight fluorescent tube lights to mimic optimal 

and natural environmental growth conditions. The cultures were maintained under a 24-

hour light photoperiod. No supplementary carbon dioxide (CO2) was supplied to the 

cultures for growth purposes other than the diffused CO2 present in ambient air. Sufficient 

headspace should be maintained in the flasks for gas exchange between the microalgae and 

the surrounding environment. The flasks were agitated gently and manually twice a day for 

optimal growth of microalgae. 

Sub-culturing equipment: All the cultures were sub-cultured inside a biological safety 

cabinet equipped with HEPA filter. An automatic pipettor was used with sterile 25 mL 

pipettes to prevent cross-contamination.  
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3.2 Sample Preparation and Characterization 

3.2.1 Microalgae experiments 

For both the microalgal cultures, and all Chapter 4 – 7 experiments, the initial sample 

preparation followed the same method to ensure consistency and repeatability. M. 

aeruginosa (cyanobacteria) and C. vulgaris (green algae) cultures were separated from 

their growth medium by centrifugation at 8,000×g for 5 min each using 50 mL tubes for 

individual experiments. Following centrifugation, the growth medium was discarded, and 

the collected microalgae were re-suspended in respective mL of water matrices (such as 

D.I. water, river water, among others). The samples were then gently inverted 5 times to 

ensure a homogenous concentration of microalgae over the entire volume to obtain the 

stock culture solution which was then used for subsequent dilutions. Afterwards, the stock 

cultures were enumerated under a Leitz Laborlux 12 light microscope and quantified using 

an improved Neubauer hemocytometer. For all experimental purposes, Direct-Q UV Water 

Purification System (Millipore Sigma, USA) was used for D.I. water. 

3.2.1.1 Improved Neubauer hemocytometer 

The Neubauer chamber or hemocytometer is a simple counting chamber where the central 

area is used for counting cells. Commonly, the central area has two counting chamber 

(upper and lower chamber) containing counting grid of 3 mm x 3 mm in size (Figure 3.1). 

A glass cover of 22 mm x 22 mm is placed on top of the hemocytometer that covers the 

central area and is designed so that the distance between the chamber and the cover stays 

at 0.1 mm (Bastidas, 2013). 
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Figure 3.1: Improved Neubauer chamber counting grid details (Bastidas, 2013). 

Before cell counting, the hemocytometer and the glass lid are cleaned with ethanol and 

wiped using kimwipes to minimize error in cell counting. After placing the lid on top of 

the hemocytometer, the chambers are loaded with 10 µL of the prepared microalgal stock 

solution by using a sterilized micropipette tip on each side to ensure the balance of the 

counting chamber. The pipette tip was wetted at least twice using the stock microalgal 

solution before use. A clean tip was used for each chamber. The hemocytometer 

preparation is performed in a biological safety cabinet to prevent potential interferences/ 

errors in the counting process due to aerosols. After each use, the hemocytometer is washed 

with ethanol and wiped using kimwipes before storing in a safe container. 
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3.2.1.2 Microscope enumeration 

Following the hemocytometer preparation, a Leitz Laborlux 12 light microscope was used 

for cell enumeration using a 20x magnification objective. The microscope was kept on a 

stable base that is free from disturbances such as environmental vibration. This helps to 

avoid cell counting errors. Now, counting can be started with the cells in the first square 

and as a general rule (which was followed for all microalgal experiments), cells that overlap 

on the left and top boundary of the selected chamber be counted, while the ones overlapping 

on the right and the bottom boundary should not be counted (Bastidas, 2013). Furthermore, 

while counting the zig-zag technique should be used, where the cells inside a square are 

counted from the top left to the top right, followed by right to left in the next row, and so 

on (Figure 3.2). This ensures consistency and avoids the overestimation of the 

concentration of the microalgal stock solution.  

 

Figure 3.2: Zig-zag counting technique (left) and cells to be counted (right) (Bastidas, 

2013). 
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Concentration calculation (Bastidas, 2013) 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑐𝑒𝑙𝑙𝑠/ 𝑚𝐿) =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠  𝑋 103

𝐴𝑟𝑒𝑎 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 (𝑚𝑚2) 𝑋 𝐶ℎ𝑎𝑚𝑏𝑒𝑟 𝑑𝑒𝑝𝑡ℎ (𝑚𝑚)
            3.1 

 

3.2.2 Chromium (VI) 

Chromium (VI) was prepared using analytical-reagent grade potassium dichromate 

(Sigma-Aldrich, ≥99.0% purity, ACS reagent grade). To prepare 50 mg/L of stock Cr (VI) 

solution, dissolve 141.4 mg of dried potassium dichromate (K2Cr2O7) crystals in ultrapure 

D.I. water and dilute to 1000 mL (EPA, 1992). A fresh stock solution was prepared right 

before experimentation to avoid potential contamination/ interferences in the spectral scan. 

3.2.3 Water parameters  

The study used the following water matrices for experimental testing purposes: D.I. water, 

surface water, tap water, salt water, DOC water, turbid water, and pH water. Salt water, 

DOC water, turbid water and pH water stocks were prepared on the day of the experiment 

in D.I. water to avoid potentially interfering particles/ decay during testing. These water 

quality parameters were selected following protocols set by the Alliance for Coastal 

Technologies (ACT) for the nutrient sensor challenge (Johengen, 2016). ACT is jointly 

funded by National Oceanic and Atmospheric Administration (NOAA) and EPA to 

develop, improve, and apply sensor technologies for monitoring purposes. Nutrient sensor 

challenge was developed to verify sensor technology performance in controlled and field 

environments, and the same protocols was used to verify the developed UV-Vis SP 

methodology for microalgal detection (Johengen, 2016). Each concentration level of the 

microalgae was exposed for 90 mins to the respective water parameter before UV-Vis SP 
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analysis. A comparative analysis was run by exposing another set of the same microalgal 

culture using the same concentration levels but with a higher exposure time of 180 mins to 

each individual water parameter to verify the effect of exposure on detection limit. 

3.2.3.1 D.I. water response 

Fresh D.I. water from Direct-Q UV Water Purification System (Millipore Sigma, USA) 

was used to prepare the microalgal/Cr (VI) sample dilutions as necessary on the day of the 

experiments. No stored water was used for experimentation to avoid possible 

contamination and change to D.I. water properties. 

3.2.3.2 Salinity Response 

• Test accuracy and precision over three salinity standards (10, 20, and 30 ppt) at room 

temperature. 

• Salinity was developed using Instant Ocean® sea salt by adding the following amounts 

to D.I. water matrix in a clean, autoclaved glass container, and mixing thoroughly using 

a magnetic stirrer till complete solubility is achieved: 

o To make 1 L of 10 ppt of salinity, add 12.37 g of salt in 1000 mL of D.I. water. 

o To make 1 L of 20 ppt of salinity, add 25.02 g of salt in 1000 mL of D.I. water. 

o To make 1 L of 30 ppt of salinity, add 38.37 g of salt in 1000 mL of D.I. water. 

• Verify the above standard salinities using a S47 SevenMulti™ dual meter pH / 

conductivity meter (Mettler Toledo, Ontario, Canada), as shown in Figure 3.3. 

o A minimum of triplicates of each standard solution were measured using the 

same stock solution but different grab samples.  
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o The probe sensor was completely immersed in the solution during 

measurement. 

o Note: this measurement is independent of the sample size as the salt is 

completely solubilized in the stock solution. 

o The conductivity meter was calibrated at least once every week using 

manufacturers standards. 

• Individual salinity standards were used to prepare respective microalgal sample 

dilutions (under constant mixing), as necessary. 

 

Figure 3.3: An example of 30 ppt salinity using a Mettler Toledo conductivity meter. 

Turbidity Response 

• Accuracy and precision were tested over three turbidity levels (10, 50, and 100 NTU) 

at room temperature. 
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• Turbidity standards were developed using the EPA recommended Elliot Silt Loam 

reference material (cat # 1B102M), obtained from the International Humic Substance 

Society (IHSS, 2020). 

• The standards were prepared by adding the following amounts to D.I. water matrix in 

a clean, autoclaved glass container and stirred using a magnetic stirrer: 

o To make 1 L of 10 NTU turbidity, add 45.97 mg of reference material in 1000 

mL of D.I. water. 

o To make 1 L of 50 NTU turbidity, add 229.88 mg of reference material in1000 

mL of D.I. water. 

o To make 1 L of 100 NTU turbidity, add 459.78 mg of reference material in 

1000 mL of D.I. water. 

• The above standards were verified using HACH 2100AN Turbidimeter (Hach, 

Colarado, USA), shown in Figure 3.4. 

o Place individual 30 mL prepared standards in sample vials and measure using 

the turbidimeter. 

o Each sample measured was grabbed from the standard containing container 

(kept under constant stirring), as with turbidity standards, the particles might 

settle quickly. 

o To ensure accurate measurement, triplicates of each sample were measured 

using the same vial and same orientation. 
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o Note: the sample vial was cleaned using kimwipe before measurements to avoid 

potential errors. 

o The turbidimeter was calibrated at least once a week using manufacturers 

standards. 

• Individual turbidity standards were used to prepare the microalgal sample dilutions 

(under constant mixing) as necessary. 

 

Figure 3.4: HACH 2100AN Turbidimeter. 

3.2.3.3 DOC Response 

• Test accuracy and precision over three DOC levels (1, 5, and 10 mg/L) at room 

temperature. 

• DOC standards were developed using the EPA recommended Upper Mississippi River 

Natural Organic Matter standard (cat # 1R110N), obtained from the International 

Humic Substance Society (IHSS, 2020). 
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• DOC was developed by adding the following amounts to D.I. water matrix in a clean, 

autoclaved glass container and stirred using a magnetic stirrer: 

o To make 1 L of 1 ppm DOC, add 2 mg of reference material in 1000 mL of D.I. 

water. 

o To make 1 L of 5 ppm DOC, add 10 mg of reference material in1000 mL of D.I. 

water. 

o To make 1 L of 10 ppm DOC, add 20 mg of reference material in 1000 mL of D.I. 

water. 

• The above standards preparation is based on the elemental composition declared by the 

IHSS where organic carbon is reported at approximately 50% of the total composition 

and is as follows: 

Table 3.1: Elemental composition of Upper Mississippi River Natural Organic Matter 

standard (IHSS, 2020). 

Cat. # H2O Ash C H O N S P 

1R110N 8.55 8.05 49.98 4.61 41.4 2.36 2.62 – 

Where, H2O content is the %(w/w) of H2O in the air-equilibrated sample; Ash is the 

%(w/w) of inorganic residue in a dry sample; and C, H, O, N, S, and P are the elemental 

composition in %(w/w) of a dry, ash-free sample. 

• Individual DOC standards were used to prepare respective microalgal/Cr (VI) sample 

dilutions (under constant mixing), as necessary. 
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It should be noted that the DOC, and turbidity for all the microalgal experiments adds to 

the natural DOC and turbidity produced by microalgae (Singh et al., 2015). Also, each 

standard was verified on the day of preparation to ensure consistency.  

3.2.3.4 Surface water response 

For surface water, Rideau River water was used as is and was grabbed from the river using 

a clean container on the day of the experiment. Before starting the experiment, the river 

water was allowed to acclimate to room temperature. Particle filtration was not performed 

on the grabbed river water so as to ensure a better represent realistic water conditions on 

microalgal/Cr (VI) detection. During sample preparation, the water was constantly stirred 

at 200 rpm using a magnetic stirrer to avoid particle settling and to maintain a homogenous 

water matrix. Surface water was analyzed for chemical oxygen demand (COD), hexavalent 

chromium, turbidity, total organic carbon (TOC), and pH using USEPA Reactor Digestion 

Method 8000, USEPA 1,5 diphenylcarbohydrazide method 8023, HACH 2100AN 

Turbidimeter (Hach, USA), Shimadzu TOC-VCPH/CPN analyzer (Shimadzu Scientific 

Instruments, USA), and pH meter (Orion 5-star, Thermo Scientific, Canada), respectively. 

3.2.3.5 pH response 

Canadian drinking water quality guidelines recommend that the operational range of pH 

for finished drinking water should be between 7.0 – 10.5 (Health Canada, 2016). Generally, 

the pH of drinking water is maintained between 6.5 – 8.5 as most commonly used 

disinfectants have the highest efficacy between this range, and it avoids corrosion in supply 

pipes (Barbeau et al., 2005). A survey conducted by Health Canada in 2009 – 2010 reported 

that raw surface water pH ranged from 4.6 – 8.57; whilst for groundwater, a range of pH 

between 6.1 – 9.18 was observed  (Health Canada, 2016).  
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Cr (VI) was tested at pH 5, 6, 7, 9, and 10. To prepare stock solutions at the aforementioned 

pH values, analytical grade sodium hydroxide (NaOH) and hydrochloric acid (HCL) were 

added to D.I. water matrix in a clean, autoclaved glass container under constant stirring. 

The pH was be measured using a pH meter (Orion 5-star, Thermo Scientific, Canada), and 

the pH meter was calibrated at least once a week using manufacturer's standards. Most 

drinking water samples can be pH adjusted by adding 1 mL or less of adjustment buffer 

per 100 mL of sample, which introduces an acceptable 1% dilution error (Basumallick & 

Rohrer, 2016). 

3.2.3.6 Tap water response 

Tap water was collected on the day of the experiment using clean and sterile 4L HDPE 

bottles from the sources listed below, which were then used as is (unfiltered) for 

experimentation purposes. The tap water was analyzed for the following parameters before 

the tests: COD, Cr (VI), turbidity, TOC, pH, free and total chlorine, using USEPA Reactor 

Digestion Method 8000, USEPA 1,5 diphenylcarbohydrazide method 8023, HACH 

2100AN Turbidimeter (Hach, USA), Shimadzu TOC-VCPH/CPN analyzer (Shimadzu 

Scientific Instruments, USA), pH meter (Orion 5-star, Thermo Scientific, Canada), USEPA 

DPD (N,N-diethyl-p-phenylenediamine) method 8021 and 8167, respectively (EPA, 

2010a; Rice et al., 2017). 

3.2.4 Hexavalent chromium verification 

An initial analytical verification at individual concentration levels over the range from 10 

– 100 µg/L was performed using HACH method 8023 based on USEPA 1,5 diphenyl 

carbohydrazide, to ensure that the concentration used for testing purposes is accurate. The 

test samples for verification were prepared by inoculating Cr (VI) stock solution in D.I. 
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water and subsequently analyzing them using a DR 2800 Spectrophotometer (HACH, CO, 

USA). As the method is limited to a minimum sensitivity of 10 µg/L, the Cr (VI) 

concentration levels below 10 µg/L were not verified. 

3.3 Experimental design and operation 

For Chapters 4 – 7, following quantification of required microalgal strains, respective 

dilutions samples were prepared in their respective water matrix using 50 mL sterile 

centrifuge tubes. The concentration of the prepared microalgal samples ranged from 

approximately 7,600,000 cells/mL to 1,855 cells/L. For Chapter 8, dilutions using stock 

Cr (VI) solution were performed by inoculating Cr (VI) in respective water matrices and 

performing dilutions to get 7 concentration levels ranging from 100 µg/L to 1 µg/L. The 

same dilution ratios were used for all experiments to ensure that the concentration of the 

samples remained approximately equal between experiments. This was done to make 

representative and illustrative comparisons between different experimental conditions and 

the two microalgal cultures. The dilutions used for sample preparation of individual 

concentration level is shown in Appendix B. 

Once the samples were prepared, a desktop laboratory UV-Vis spectrophotometer Cary 

100 UV-Vis Spectrophotometer (Agilent Technologies, USA) and Jenway 6850 Double 

Beam Spectrophotometer (Cole-Parmer, UK) were used for analysis, as shown in Figure 

3.5. Before using the spectrophotometer, ensure that the light path is free of any interfering 

particles by cleaning it with lint free foam swabs, and calibrate the equipment at least once 

a week using manufacturers calibration. On start-up, the UV-Vis SP was allowed to warm 

up for a minimum of 30 mins, as this avoids potential fluctuations in energy outputs of the 

UV (deuterium) and visible light (tungsten) sources while maintaining the appropriate bulb 
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temperature. Before analysis, the spectrophotometer was zeroed to D.I. water, a minimum 

of two times (replacing the D.I. water each time) to maintain a standard baseline. A blank 

run with D.I. water was performed to ensure correct equipment baseline and verify if it is 

within the equipment manufacturer's error guideline. 

 

Figure 3.5: Left: Cary 100 UV-Vis spectrophotometer (Agilent Technologies); Right: 

Jenway 6850 Double Beam Spectrophotometer (Cole-Parmer). 

The experiments were conducted using a combination of 10-, 50-, and 100-mm pathlength 

quartz cuvettes, where the cuvettes were filled with a grab sample from the prepared 

concentration range and measured using a spectrophotometer. The volumes for the grab 

samples for 10-, 50-, and 100-mm were kept at a constant of 3 mL, 17.5 mL, and 35 mL, 

respectively. The same volume was used for every experiment to maintain consistency. 

Making sure to clean the cuvette walls inside, and outside using D.I. water before, and after 

use. If any visible particles stick to the walls of the cuvette, cleaning it using lint free foam 

swabs to avoid potential errors in analysis. The cuvettes were inspected regularly for any 

scratches and if observed, were discarded, and replaced with a new cuvette. All the 

experiments were conducted using the same cuvette of individual pathlength (as long as 

there are no visible damages on the cuvette), and the same orientation was employed during 

analysis for consistency.  
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As algae are prone to photobleaching, degradation of the photopigment (PC for 

cyanobacteria, and Chl-a for algae/ cyanobacteria) due to frequent excitation, for Chapters 

4 – 7 a grab sample (technical replicate) was not be used more than once during analysis 

(Gray, 2010). During experimentation, all the samples were analyzed starting from lower 

concentration to higher concentration to avoid potential overestimation of the low range 

samples. The cuvettes were rinsed with D.I. water between samples of different 

concentration levels. Before grabbing the sample for analysis, the sample tube was inverted 

gently thrice, and then the required volume was grabbed using an automatic pipettor. The 

same technique was followed for all the experiments. Now, the spectrophotometer was 

used to measure absorbance at discreet wavelengths, meaning that absorbance 

measurements were presented at the wavelengths measured by the instrument. The 

absorbance of the sample measured was at the wavelengths ranging from 190 nm – 800 nm 

with a constant step interval of 1 nm. The measured quantitative data was extracted using 

a USB flash drive from the software provided by the equipment manufacturer for post 

analysis.  

3.4 First-order derivative of absorbance 

The first-order derivative of absorbance represents the rate of change in absorbance with 

respect to wavelength (dA/dλ) (Owen, 1998). This technique was used in pursuit of 

improving the detection limit of water quality parameters under consideration. First-order 

derivatives are calculated by taking a difference between each successive absorbance value 

and dividing it by the wavelength interval separating them (Kus et al., 1996; Owen, 1995). 

The interval used for change in absorbance values were taken at 1 nm and resulted in dλ 

value of 1. The first derivative corresponds to the slope of the traditional spectrum, where 



 

149 

 

the maxima correlates with the increase in absorbance with wavelength, while the minima 

appear after maxima of the normal spectrum. Additionally, the maxima of the normal 

spectrum correspond to the zero value on the derivative spectra (Burgess & Thomas, 2017). 

An unwanted effect of the first-order derivative is that as the signal-to-noise ratio 

decreases, it results in sharper noise features in the spectrum and a higher number of peaks 

(Kus et al., 1996; Owen, 1995). This can be reduced using alternative techniques as 

discussed below.  

3.5 Savitzky-Golay first derivative of absorbance 

Savitzky-Golay (S-G) first-order derivative can be used to simultaneously obtain first-

order derivative and smoothen the obtained plot while improving the signal to noise ratio 

using the following correlation (Savitzky & Golay, 1964): 

aj = 

∑  CiFj+i 

m−1
2

i=−
m−1

2

N
 
m+1

2
  ≤  j  ≤  n - 

m−1

2
             3.2 

Where,  

aj = Savitzky-Golay first derivative of absorbance  

m = number of data points used 

Ci = Savitzky-Golay filter coefficient 

F = absorbance value measured at a specific wavelength 

j = smoothened data point 

N = standardization factor 
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Each measured absorbance value was smoothened using twenty-three data points so that i 

= -11, -10, -9, ….9, 10, 11; m = 23; N = 1012; Ci = -11, -10, -9, ….9, 10, 11; following S-

G first derivative of absorbance (Savitzky & Golay, 1964). 

S-G is useful in removing slow-changing baselines and revealing spectral features which 

are difficult to observe using a first-order derivative. S-G first derivative of absorbance also 

acts as a filter which reduces the impact of background noise fluctuations on the derivative 

spectrum. Further, it functions as a better fingerprint identifier than the normal spectrum 

as it results in a highernumber of distinct peaks and can function for multicomponent 

quantitative analysis as well (Burgess & Thomas, 2017; Chen et al., 2014; Ruffin et al., 

2008). The biggest advantage of this method is that it can be applied to real-time systems 

using an algorithm to display traditional spectrum as well as derivative spectrum. However, 

this technique does come with its potential drawbacks as well. For this technique to work 

reliably, a minimum of 300 unique wavelengths absorbance data is required. There is no 

maximum wavelength limit for this method. Further, the resultant derivative spectra differs 

based on the number of number of wavelengths used for this method and it is critical to be 

consistent in order to identify the spectral fingerprint of a water contaminant. 

Higher derivative spectrums often do not add any supplementary relevant information and 

hence were not be considered as part of this research. With increasing derivative degree, 

the spectra become more complex and the intensity of the bands decrease reducing the 

effectiveness for analysis (Antonov, 1997).  
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3.6 Method detection limit 

Method detection limit (MDL) is the minimum concentration of a component that can be 

measured with 99% confidence (that the concentration of the compound is greater than 

zero) using an analytical procedure (Berthouex & Brown, 2002; Kus et al., 1996; WDNR, 

1996). All the MDLs for different water quality parameters in this study were calculated 

according to the Hubaux and Vos (H-V) method, using a tool developed by Chemiasoft 

with a minimum of 3 spike replicates used for the calculation of detection limit. A statistical 

method was developed by Hubaux & Vos (1970) for the determination of MDL for linear 

calibration curves, which states that the sensitivity of the method is proportional to its 

precision, which can be measured using the standard deviation of the analyzed samples. 

For spectrophotometric determination, H-V MDL is strongly dependent on the linear 

regression of the concentration data to that of the measured absorbance 

In order to calculate the H-V MDL, a minimum of 3 different concentration standards (J) 

and spike replicates (K) data must be used. It should be noted that with the increasing 

number of standards, the sensitivity and confidence of the MDL increases simultaneously 

(Hubaux & Vos, 1970). For accuracy and repeatability purposes, multiple replicates at 

individual concentration levels were measured in this study but each replicate was only be 

measured once. The H-V MDL is calculated based on the assumption that the measured 

absorbance and the standard concentration are linearly correlated, and form a linear line 

with the following equation: 

ŷ =  𝑏𝑋 +  𝑎               3.3 

Where a, and b are constants calculated via equations 3.4 and 3.5 below: 
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𝑏 =  
∑ [(𝑥𝑖− �̅�)(𝑦𝑖 − �̅�)]𝑖=𝑁

𝑖=1  

∑ (𝑥𝑖− �̅�)2𝑖=𝑁
𝑖=1

              3.4 

𝑎 =  �̅� − 𝑏�̅�                3.5 

Where, x̄ and ȳ are the average concentration of the standards measured and their 

corresponding absorbance measurements, respectively. Subsequently, the standard 

deviation of regression is calculated as follows: 

𝑆𝑦/𝑥 =  √
∑ ∑ (y̅ij − �̂�𝑖)2K

j=1
J
i=1

𝐽 × 𝐾 − 2
              3.6 

Where, ŷi is the value of the calibration standard’s response which is calculated from 

equation 3.3, and ȳij is the average of the measured absorbance for K number of replicates. 

The student’s t distribution value from one-tail distribution shall be set at t(0.05, N-2) by using 

a 95% confidence level and considering N = J x K degrees of freedom. Now, the critical 

concentration xc (the concentration at which the estimated concentration can be 

distinguished from the blank), and the critical response yc (the instrument response to 

critical concentration) are estimated as follows: 

𝑥𝑐 =  
𝑡(0.05,𝑁−2) × 𝑆𝑦/𝑥

𝑏
 ×  √

1

𝐽 ×𝐾
 +  

�̅�2

𝐾 × ∑ (𝑥𝑖− �̅�)2𝐽
𝑖=1

           3.7 

𝑦𝑐 = 𝑏𝑥𝑐 + 𝑎                3.8 

The final MDL using the H-V method is calculated to be twice the critical concentration 

and is represented by: 

𝑀𝐷𝐿 =  2𝑥𝑐                3.9 
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The aforementioned method is implemented using an excel spreadsheet to avoid errors that 

might arise due to manual calculation and for ease of access. As the MDL methodology is 

a regression-based methodology, the experimentation design involves replicate spiking at 

individual concentration level and inclusion of method blanks to improve the confidence 

of the reported limit (Bernal, 2014; EPA, 2010b).  For calculation of the MDL, the 

wavelengths with the best sensitivity (highest peak) were selected and linearity was 

verified using standard calibration curves. 

3.7 Statistical and analytical analysis 

Statistical and analytical analysis of the measured algal concentration was carried out using 

Microsoft Excel software. Absorbance graphs, the first derivative of absorbance, S-G first 

derivative of absorbance graphs, and standard calibration curves were plotted. For 

microalgae, the plots were distributed into higher and lower concentration ranges using the 

average values of all the technical replicates. For Cr (VI) experiments, graphs were plotted 

over the entire test concentration range (100 µg/L to 1 µg/L). Standard calibration curves 

were plotted at the wavelengths of interest and were used to validate whether the 

absorbance measurements agreed with the Beer-Lambert Law. Coefficient of 

determination (R2) and slopes with their individual standard deviations were obtained for 

an individual parameter of interest, at their respective wavelengths using linear regression 

analysis.  
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Appendix B 

Culture Media 

Bold’s Basal Medium with triple Nitrogen stock (3N-BBM) and Bold’s Basal Medium 

(BBM) stock composition and preparation. 

Table B.2: Stock concentrate 3N-BBM composition from CPCC at the University of 

Waterloo (Hellebust et al., 1973). 

Substance Primary 

Stock 

Volume used to 

prepare 200 mL 

concentrate 

(mL) 

Concentrated 

Stock 

Final 

Concentration 

in Medium 

(mg/L) 

Milli-Q H2O – 83 – – 

BBM Stock 7: 

Na2EDTA.2H2O + 

KOH 

 

10.0 g/L 

6.2 g/L 

 

10 

 

0.5 g/L 

0.31 g/L 

 

10 

BBM Stock 8: 

FeSO4.7H2O + 

H2SO4 (conc.) 

 

4.98 g/L 

1.0 mL 

 

10 

 

0.249 g/L 

0.05 mL/L 

 

4.98 

BBM Stock 1: 

KH2PO4 

 

175 g/L 

 

10 

 

8.75 g/L 

 

175 

BBM Stock 2: 

CaCl2.2H2O 

 

25 g/L 

 

10 

 

1.25 g/L 

 

25 

BBM Stock 3: 

MgSO4.7H2O 

 

75 g/L 

 

10 

 

3.75 g/L 

 

75 
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BBM Stock 4: 

NaNO3 

 

250 g/L 

 

30 

 

37.5 g/L 

 

750 

BBM Stock 5: 

K2HPO4 

 

75 g/L 

 

– 

 

– 

 

75 

BBM Stock 6: 

NaCl 

 

25 g/L 

 

10 

 

1.25 g/L 

 

25 

BBM Stock 9: 

Trace Metal 

Solution 

 

See below 

 

10 

 

See below 

 

See below 

BBM Stock 10: 

H3BO3 

 

11.5 g/L 

 

7 

 

0.4025 g/L 

 

8.05 

BBM Stock 11: 

F/2 Vitamin 

Solution 

 

See below 

 

10 

 

See below 

 

See below 

 

Table B.3: Stock concentrate BBM composition from CPCC at the University of Waterloo  

(Hellebust et al., 1973). 

Substance Primary 

Stock 

Volume used to 

prepare 100 mL 

concentrate 

(mL) 

Concentrated 

Stock 

Final 

Concentration 

in Medium 

(mg/L) 

Milli-Q H2O – 3 – – 

BBM Stock 7: 

Na2EDTA.2H2O + 

KOH 

 

10.0 g/L 

 

10 

 

1 g/L 

 

10 
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6.2 g/L 0.62 g/L 

BBM Stock 8: 

FeSO4.7H2O + 

H2SO4 (conc.) 

 

4.98 g/L 

1.0 mL 

 

10 

 

0.498 g/L 

0.1 mL/L 

 

4.98 

BBM Stock 1: 

KH2PO4 

 

175 g/L 

 

10 

 

17.5 g/L 

 

175 

BBM Stock 2: 

CaCl2.2H2O 

 

25 g/L 

 

10 

 

2.5 g/L 

 

25 

BBM Stock 3: 

MgSO4.7H2O 

 

75 g/L 

 

10 

 

7.5 g/L 

 

75 

BBM Stock 4: 

NaNO3 

 

250 g/L 

 

10 

 

25.0 g/L 

 

250 

BBM Stock 5: 

K2HPO4 

 

75 g/L 

 

– 

 

– 

 

75 

BBM Stock 6: 

NaCl 

 

25 g/L 

 

10 

 

2.5 g/L 

 

25 

BBM Stock 9: 

Trace Metal 

Solution 

 

See below 

 

10 

 

See below 

 

See below 

BBM Stock 10: 

H3BO3 

 

11.5 g/L 

 

7 

 

0.805 g/L 

 

8.05 
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BBM Stock 11: 

F/2 Vitamin 

Solution 

 

See below 

 

10 

 

See below 

 

See below 

 

Table B.4: Trace Metal Solution composition (BBM Stock 9) (Hellebust et al., 1973). 

Substance Primary Stock 

(g/L) 

Concentrated Stock 

(g/L) 

Final concentration in 

Medium (mg/L) 

H3BO3 2.86 0.143 2.86 

MnCl2.4H2O 1.81 0.0905 1.81 

ZnSO4.7H2O 0.222 0.0111 0.222 

NaMoO4.5H2O 0.390 0.0195 0.390 

CuSO4.5H2O 0.079 0.00395 0.079 

Co(NO3)2.6H2O 0.049 0.00245 0.049 

 

Table B.5: F/2 Vitamin Solution composition (BBM Stock 11) (Hellebust et al., 1973). 

Substance Primary Stock 

(g/L) 

Concentrated Stock 

(g/L) 

Final concentration in 

Medium (mg/L) 

Vitamin B12 

(Cyanocobalamin) 

0.001 0.00005 0.001 

Biotin 0.001 0.00005 0.001 

Thiamine 0.200 0.0100 0.200 
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To prepare 3N-BBM concentrate, the stocks solutions listed in Table B.2, Table B.4, and 

Table B.5, were combined in the order listed above. Upon mixing the aforementioned 

volumes, a 200 mL concentrate was prepared which was stored in the fridge at 4 °C in the 

dark until needed.  

To prepare BBM concentrate, the stocks solutions listed in Table B.3, Table B.4, and Table 

B.5, were combined in the order listed above. Upon mixing the aforementioned volumes, 

a 200 mL concentrate was prepared which was be stored in the fridge at 4 °C in the dark 

until needed.  

Note: For preparation of both media concentrates, stock 5 was added during final medium 

preparation as it precipitates out in the presence of higher stocks solutions  (Hellebust et 

al., 1973). 
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Microalgae dilution series methodology 

 

 

Strain:   Parameter:     - g measured  - NTU/ ppt measured 

Date:         

4 ∗ (1) ∗ (1) ∗ 0.1
 

        =   [cells/ µL] 

        = cells/µl * 103 [cells/ mL] 

 

 

0 7,600,000  1: 

1 3,800,000  1:4     12 ml sample  36 ml water 

2 1,900,000  1: 2    25 ml 

3 950,000  1: 4    12 ml sample  36 ml water 

4 475,000  1: 2     

5 237,000  1: 16    3 ml sample  45 ml water 

6 118,750  1: 2     

7 59,686   1: 64    0.8 ml sample  50.4 ml water 

8 29,686   1: 2     

9 14,844   1: 256    0.2 ml sample  51 ml water 

10 7,422   1: 2     

11 3,711   1: 1024   0.05 ml sample 51.15 ml water 

12 1,855   1: 2     

 

12 4, 5, 6 5 25, 26, 27  3 6 ml Sample 18 ml 

11 7, 8, 9 4 28, 29, 30  5 1.5 ml Sample 22.5 ml 

10 10, 11, 12 3 31, 32, 33  7 0.4 ml Sample 25.2 ml 

9 13, 14, 15 2 34, 35, 36  9 0.1 Sample 25.5 ml 

8 16, 17, 18 1 37, 38, 39  11 0.025 ml Sample 25.575 ml 
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Abstract 

Effective monitoring tools and methods are needed for the early detection and management 

of cyanobacteria in water bodies to minimize their harmful impacts on the environment 

and public health. This research investigated changing the cuvette pathlength (10-, 50-, and 

100-mm) to improve the detection of cyanobacteria using UV-Vis spectrophotometry with 

subsequent application of derivative spectrophotometry and Savitzky-Golay (S-G) 

transformation. A non-toxigenic strain of blue-green cyanobacteria, Microcystis 

aeruginosa (CPCC 632), and a green algae strain for comparison, Chlorella vulgaris 

(CPCC 90), were studies in a wide range of concentrations (955,000 - 1,855 cells/mL). In 

each concentration range, method detection limits were established with absorbance 

measurements and S-G first derivative of absorbance using 10-, 50-, and 100-mm cuvette 

pathlengths. Increasing the cuvette pathlength from 10 mm to 100 mm resulted in a 15-fold 

improvement in sensitivity with absorbance and a 13-fold improvement with S-G first 

derivative of absorbance for M. aeruginosa. Overall, adoption of 100 mm pathlength and 

application of S-G derivative spectra improved the method detection limit for M. 

aeruginosa from 337,398 cells /mL to 4,916 cells/mL, which is below the WHO guideline 

for low probability of adverse health effects (< 20,000 cells/mL). Similarly, the detection 
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limit for C. vulgaris was improved from 650,414 cells /mL to 11,661 cells /mL. The results 

also showed that spectrophotometry could differentiate M. aeruginosa from C. vulgaris 

based on the variations in their pigment absorbance peaks. 

Keywords: Cyanobacteria; Microcystis aeruginosa; C. vulgaris; water; monitoring; 

derivative spectrophotometry. 

4.1 Introduction 

 The need for better, simple, and affordable early detection systems is imperative with 

increasing harmful algal blooms (HABs) in water sources worldwide (Hudnell, 2008; Liu 

et al., 2020; Zamyadi et al., 2016). The presence of HABs creates nuisance from poor water 

quality, surface scum production and can lead to problems with drinking water treatment 

such as clogging of filters, increased disinfectant requirements, and in case of extreme 

events, the need for alternate water sources (Oren, 2014).  Cyanobacteria can be toxigenic 

or non-toxigenic in nature; the toxigenic cyanobacteria can produce highly potent 

cyanotoxins stored inside the cell walls, which are released upon cell lysis. This poses a 

potential risk to human health, wildlife, livestock, and the aquatic environment (Al-

Sammak et al., 2014; Bukaveckas, 2018; Srivastava et al., 2013). Anabaena, 

Aphanizomenon, and Microcystis are the three genera of cyanobacteria prominently found 

in freshwater sources, of which Microcystis aeruginosa is the most common toxin-

producing species, and microcystins (hepatoxins) are the most widespread toxins 

(Mohamed et al., 2015; Stefanelli et al., 2014). Studies have shown that microcystins 

intoxication can lead to gastroenteritis, liver damage, cancer, and acute poisoning death 

(Chorus & Bartram, 1999; Hudnell, 2008; Pelaez et al., 2010; Wilson et al., 2008). In 

addition to toxin production, some cyanobacterial species generate compounds such as 
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geosmin and 2-methylisoborneol that produce unpleasant tastes and odors, causing water 

quality deterioration (Graham et al., 2010).  

It should be noted that the toxins released when the algal cells are still alive and healthy in 

freshwater are negligible compared to the toxins released on cell lysis (Bartram & Rees, 

2000). Toxins released in freshwater bodies quickly dissolve in water and rapidly dilute 

and degrade with time. Therefore, cell-bound cyanotoxins are a bigger concern when it 

comes to drinking water supply and recreational waters due to cell lysis and increased 

concentration of localized toxins in the conformed area (EPA, 2005; Graham et al., 2010). 

Therefore, there is an increasing need for monitoring tools and technologies that are 

sensitive, easy to use, and implementable for the early detection of cyanobacteria before 

bloom formation. 

Due to the harmful effects of cyanobacteria, early detection is crucial and heavily relies 

upon monitoring programs established by water authorities (EPA, 2005). Several water 

authorities have developed guidelines based on the guidance values recommended by the 

World Health Organization (WHO) (Bartram & Rees, 2000; Giddings et al., 2012; WHO, 

2017). Examples of national regulations or recommendations based on an alert threshold 

for relatively mild and/or low probability of adverse health effects of cyanobacteria in 

drinking and recreational waters are provided in Table 4.1. The ability to monitor 

cyanobacteria quickly and sensitively prior to bloom formation is a key factor in a 

successful HAB management strategy and is of utmost importance to water quality 

managers (Altenburger et al., 2015; EPA, 2015a; Le et al., 2010). This allows authorities 

to manage blooms and prevent potential harm to the water source. 
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Table 4.1: Examples of national regulations for managing cyanobacteria/microcystin in 

water sources. 

Country/ 

Source 

Drinking water Recreational water Reference 

WHO 1 µg/L ≤ 20,000 cells/mL or 

10 µg/L Chl-a 

(WHO, 2003a) 

Canada 1.5 µg/L ≤ 100,000 cells/mL or 

20 µg/L Chl-a 

(Health Canada, 

2016) 

USEPA 1.6 µg/L ≤ 20,000 cells/mL or 

10 µg/L 

(EPA, 2015b) 

Brazil 10,000 – 20,000 

cells/mL 

Not decleared (Chorus, 2012) 

France 1 µg/L ≤ 20,000 cells/mL (Chorus, 2012) 

Cuba < 20,000 cells/mL 20,000 – 100,000 

cells/mL 

(WHO, 2003a) 

 

Detection technologies for cyanobacteria monitoring are broadly classified into two 

categories: (1) methods without extraction such as direct counting methods using a 

microscope, remote sensing, and spectrophotometric, and (2) methods relying on 

quantification after pigment extraction such as quantitative polymerase chain reaction 

(qPCR), chromatography based techniques, and biochemical methods/screening assays 

(AlMomani & Örmeci, 2018; Altenburger et al., 2015; Lane et al., 2012; Moreira et al., 

2011, 2014; UNESCO et al., 2004; Wang et al., 2015). However, many of these 

technologies are not suitable for real-time or near real-time monitoring and often require 

extensive sample preparation making the methods labor- and time-intensive. For example, 

real-time qPCR is a promising technology but requires highly skilled personnel for 
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operation and relies on intrusive pigment extraction (Zhang et al., 2014). Methods like 

remote sensing enable rapid observation but heavily rely on weather conditions being 

favorable for monitoring purposes and have a low overall accuracy of detecting a bloom 

(Wang et al., 2015). 

The working principle for estimating cyanobacteria biomass relies on determining primary 

photopigments present in an algal sample (Bertone et al., 2018). Six different types of 

chlorophyll (Chl-a, b, d, f, and divinyl-chl a and b) occur naturally in cyanobacteria, but 

Chl-a predominates accompanied by accessory phycobilin pigments such as phycocyanin 

and phycoerythrin (Gray, 2010; Shin et al., 2018a, 2018b). Chlorophyll-a is an excellent 

photoreceptor and thus is the primary pigment for cyanobacteria detection in water sources 

(Tran Khac et al., 2018). There are some in-situ methods used for real-time monitoring, 

which mainly rely on fluorometry or infra-red spectral reflectance technology for 

cyanobacterial quantification (Bertone et al., 2018; Liu et al., 2020; Zamyadi et al., 2016). 

Fluorometry is the most commonly used method for sensitive in-situ monitoring of 

cyanobacteria and generally relies on the detection of chlorophyll-a (Chl-a) (Garrido et al., 

2019). Studies have reported that the sensitivity of fluorescence measurements for 

cyanobacterial estimations is affected by factors like varying cells size, cell agglomeration, 

prior light exposure, presence of other phytoplankton containing Chl-a or phaeopigments, 

and water turbidity (Bowling et al., 2016; Liu et al., 2020; Zamyadi et al., 2016).  

Spectrophotometric analysis is the most well-documented method used to estimate 

chlorophyll concentrations in the laboratory (Gray, 2010). Spectrophotometry is less 

sensitive than fluorometry and shares some of the limitations of fluorometry; therefore, it 

has not been widely employed for cyanobacteria monitoring. The main advantage of the 
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spectrophotometric method lies in its simplicity, accuracy, rapidness, flexibility to measure 

multiple pigments with no pigment extraction or reagent requirement. More importantly, 

spectrophotometry can measure various water quality parameters (such as organic carbon, 

nitrate, UV absorbance) (Burgess & Thomas, 2017) and transmit data in real-time. Studies 

have shown that several water quality parameters determine the growth rate and 

characteristics of bloom formation (Health Canada, 2016; Pelaez et al., 2010), and UV-vis 

spectrophotometry can measure both cyanobacteria concentrations and water quality 

parameters simultaneously and offers an advantage in this regard over the other 

technologies.  

Agberien & Örmeci (2019) used derivative spectrophotometry to measure cyanobacteria 

concentrations in water and reported detection limits of 90,200  cells/mL in surface water 

and 41,800  cells/mL in deionized water for M. aeruginosa, which indicated that the 

derivative spectrophotometry could be used for the monitoring of cyanobacteria, but the 

method may not be sensitive enough for early detection (Table 1). The objective of this 

research was to improve the sensitivity of UV-Vis spectrophotometry for early detection 

and monitoring of cyanobacteria by increasing cuvette pathlength (10-, 50-, and 100-mm) 

and applying derivative spectrophotometry. The first derivative of absorbance and 

complementary statistical tools were investigated with changing pathlengths, and new 

method detection limits were established that showed substantial improvements. A strain 

of Chlorella vulgaris was used for comparative purposes as green algae are the most 

prevalent biospheric inhibitors and Chlorella is the most common species found in 

nutrient-rich waters (Borowitzka, 2018; Naselli-Flores & Barone, 2009).  
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4.2 Materials and Methods 

4.2.1 Cultivation of microalgae 

A non-toxigenic strain of cyanobacteria, Microcystis aeruginosa (CPCC 632)  and 

Chlorella vulgaris (CPCC 90), for comparison, were used in this study. M. aeruginosa was 

cultured in sterile 3N-BBM medium while C. vulgaris in sterile BBM medium (CPCC, 

2013). M. aeruginosa, C. vulgaris  and the growth mediums were purchased from Canadian 

Phycological Culture Centre (CPCC) at the University of Waterloo (Ontario, Canada). 

Both strains of microalgae were cultured in separate 500 mL Erlenmeyer flasks. To prevent 

contamination, the flasks were rinsed in deionized (D.I.) water, the mouth of the flasks 

were covered using aluminum foil paper and sterilized using an autoclave for 30 min at 15 

psi and 121 °C. M. aeruginosa and C. vulgaris were inoculated in the growth medium using 

1:2 and 1:4 dilution ratio, respectively (CPCC, 2013). The cultivation flasks were placed 

inside a temperature-controlled incubator (24 °C) equipped with two daylight fluorescent 

tube lights. The cultures were maintained under a 24-hour light photoperiod at an intensity 

of 1000 lux for M. aeruginosa and 1800 lux for C. vulgaris, respectively. Higher intensity 

for C. vulgaris was attained by elevating the Erlenmeyer flask using a stand inside the 

incubator. Higher light intensity was provided to C. vulgaris to improve the growth rate 

(KBGAWG, 2009). No supplementary carbon dioxide CO2 was supplied to the cultures for 

growth purposes other than the diffused CO2 present in ambient air. The flasks were 

agitated gently and manually twice a day. 

4.2.2 Preparation of samples  

M. aeruginosa and C. vulgaris cultures were separated from their growth medium by 

centrifugation at 8,000×g for 5 min each using 50 mL tubes. Following centrifugation, the 
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growth medium was discarded, and the collected microalgae were re-suspended in 50 mL 

D.I. water (Hellebust et al., 1973). The samples were then gently inverted to ensure a 

homogenous concentration of algae over the entire volume. The cultures were subsequently 

enumerated under a Leitz Laborlux 12 light microscope and quantified using an improved 

Neubauer hemocytometer (Bastidas, 2013). Following quantification of both algal strains, 

respective dilutions samples were prepared in D.I. water. The same dilution ratios were 

used for both samples to ensure that the concentration of the samples remained 

approximately equal to each other. This was done in order to enable meaningful and 

representative comparisons between both algal cultures. The concentration of samples 

ranged approximately from 7,612,903 cells/mL to 1,855 cells/mL for M. aeruginosa, and 

7,627,628 cells/mL to 1,855 cells/mL for C. vulgaris. 

4.2.3 UV-Visible spectrophotometry 

Analysis was performed using a Cary 100 Bio UV-Vis Spectrophotometer (Varian) with 

10-, 50-, and 100-mm pathlength quartz cuvettes. The spectral absorbance analysis was 

carried out between 200 nm to 800 nm wavelength range, and the results were reported in 

absorbance units (a.u.). For each concentration level, 8 technical replicates were analyzed 

for both algal strains to avoid photobleaching of the algal photopigments present in the 

sample. The resultant absorbance spectra were subtracted by absorption blanks (D.I. water) 

to obtain the final absorbance measurements for both M. aeruginosa and C. vulgaris. 

Higher and lower concentration ranges for M. aeruginosa were [118,750 - 955,000 

cells/mL] and [1,855 - 59,687 cells/mL], and [119,118 - 953,333 cells/mL] and [1,855 – 

59,686 cells/mL] for C. vulgaris, respectively. To ensure representativeness of the samples, 

near-similar concentration ranges were maintained for every experiment and the sample 
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volume for 10-, 50-, and 100-mm cuvettes was kept at 3-, 17.5-, and 35-mL, respectively, 

for both algal strains. 

4.2.4 First derivative of absorbance 

The first-order derivative of absorbance represents the rate of change in absorbance with 

respect to wavelength (dA/dλ) (Owen, 1998). This technique was used in pursuit of 

improving the detection limit of microalgae in water. First-order derivatives were 

calculated by taking a difference between each successive absorbance values and dividing 

it by the wavelength interval separating them. The interval used for change in absorbance 

values was taken at 1 nm and resulted in dλ value of 1. 

4.2.5 Savitzky-Golay first derivative of absorbance 

Savitzky-Golay (S-G) first order derivative was used to smoothen the plot of first order 

derivative and improve the signal to noise ratio using the following correlation (Savitzky 

& Golay, 1964). 

aj = 

∑  𝐶𝑖𝐹𝑗+𝑖 

𝑚−1
2

𝑖=−
𝑚−1

2

𝑁
 
𝑚+1

2
  ≤  j  ≤  n - 

𝑚−1

2
 

Where aj = Savitzky-Golay first derivative of absorbance; m = number of data points used; 

Ci = Savitzky-Golay filter coefficient; F = absorbance value measured at a specific 

wavelength; j = smoothened data point; N = standardization factor. 

Each measured absorbance value was smoothened using twenty-three data points such that 

i = -11, -10, -9, ….9, 10, 11; m = 23; N = 1012; Ci = -11, -10, -9, ….9, 10, 11; following 

S-G first derivative of absorbance (Savitzky & Golay, 1964).  
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4.2.6 Method detection limit 

The minimum concentration of a component measured using an analytical procedure with 

99% confidence, where the concentration of the component is greater than zero is known 

as the method detection limit (MDL) (WDNR, 1996). The MDLs were calculated 

according to the Hubaux and Vos method, using a tool developed by Chemiasoft, with a 

minimum of 8 technical spike replicates for MDL calculation of individual algal strain 

(Hubaux & Vos, 1970). 

4.2.7  Statistical analysis 

Statistical analysis of the measured algal concentration was carried out using Microsoft 

Excel software. Absorbance graphs, S-G first derivative of absorbance graphs and standard 

calibration curves were plotted for higher and lower concentration ranges (for both algae) 

using the average values of the 8 technical replicates. Standard calibration curves were 

used to validate whether the absorbance measurements agreed with the Beer-Lambert Law. 

Coefficient of determination (R2) and slopes with their individual standard deviations were 

obtained for both M. aeruginosa and C. vulgaris at their individual wavelengths of interest. 

4.3 Results 

4.3.1  Absorbance measurements  

Experiments were carried out in D.I. water to establish interference-free spectral lines for 

cyanobacterial analysis. At a higher concentration range, M. aeruginosa resulted in three 

peaks at approximately 442, 636, and 682 nm, with 682 nm being the most prominent peak, 

which was used for analysis (Figure 4.1). The absorbance peaks near 440 and 680 nm are 

the primary characteristics of the photopigment chlorophyll-a, while the peak at 636 nm 

corresponds to phycocyanin. This explains the peaks observed for M. aeruginosa as 
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cyanobacteria carry both Chl-a and phycocyanin photopigments (LeBlanc Renaud et al., 

2011). Considering the aforementioned peaks, the primary analysis focused on 

wavelengths between 400 – 800 nm. 

Comparison of absorbance spectra of M. aeruginosa, indicates an increase in absorbance 

with growing cyanobacterial concentration for each individual pathlength used (Figure 

4.1). With longer cuvette pathlength, higher absorbance measurements were observed, 

which is expected as more light is absorbed by a larger photosensitive sample volume 

(Burgess & Thomas, 2017). For 10 mm pathlength analysis, no significant peak was 

observed for the lower concentration range test (Figure 4.1 b), but peaks corresponding to 

Chl-a can be observed for the higher concentration (Figure 4.1 a). For 50-and 100-mm 

pathlength tests, solely Chl-a peaks were clearly observed at lower concentration range 

(Figure 4.1 d,f); meanwhile, at higher concentration range (Figure 4.1 c,e), both Chl-a and 

Phycocyanin peaks were prominently visible. It was observed that the sensitivity from 10 

mm to 50 mm pathlength increased approximately 9-fold, with the detection limit 

improving from 337,398 cells/mL to 36,354 cells/mL for 50 mm pathlength. On the other 

hand, with 100 mm pathlength, the MDL improved further to 22,038 cells/mL for 

cyanobacterial detection, but the improvement was not as significant as the change from 

10 to 50 mm pathlength. From the results obtained, 100 mm pathlength cuvette displayed 

the highest sensitivity.  

To validate the analysis, standard calibration curves at 682 nm were generated for higher 

and lower concentration range tests to ensure that the data followed the Beer-Bouguer-

Lambert Law (refer to Figure C.5). All higher concentration range results conformed with 

Beer-Bouguer-Lambert Law, validating the analysis. As the focus of this study is for 
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sensitive detection of cyanobacteria, the discussion from here on focuses on the lower 

concentration results, and the high concentration results are also presented.  For all low 

concentration range results, a strong correlation between cyanobacterial concentration and 

absorbance was observed (R2 = 0.9137, 0.9491, and 0.9995, for 10-, 50-, and 100-mm 

pathlengths, respectively). There was a positive linear trend for the entire concentration 

range of absorbance measurements ranging from 1,855 – 955,000 cells/mL. Further, the 

slopes obtained at 636 nm and 682 nm were approximately the same [8.6637 × 10-07 ± 

1.1741 × 10-08 au/(cells/mL) and 8.6234 × 10-07 ± 1.0036 × 10-08 au/(cells/mL), 

respectively], with a strong correlation maintained between concentration and absorbance 

(R2 > 0.99) at 636 nm. However, even with higher pathlengths, it is difficult to distinguish 

the peaks at 636 nm from background noise at the lower concentration range. Despite that, 

for 50-, and 100-mm pathlengths, the peaks at 682 nm can be readily observed at a 

concentration of approximately 60,000 cells/mL, with a diminishing peak at around 30,000 

cells/mL. 
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Figure 4.1: Absorbance spectra at higher and lower concentration ranges of M. aeruginosa 

for 10 mm (a, b), 50 mm (c, d), and 100 mm (e, f) cuvette pathlengths, respectively. 

4.3.2 First derivative of absorbance  

The first derivative corresponds to the slope of the traditional spectrum, where the maxima 

correlate with the increase in absorbance with wavelength, while the minima appear after 

maxima of the normal spectrum. Additionally, the maxima of the normal spectrum 

correspond to the zero value on the derivative spectra (Burgess & Thomas, 2017). First-

order derivative of absorbance was implemented in a study to identify key wavelengths to 

improve the signal-to-noise ratio and reduce background noise while reducing issues that 

arise from shifting water baseline and overlapping spectral peaks (AlMomani & Örmeci, 
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2018). A similar technique was applied in this study to investigate the effect of the first 

derivative on the detection of cyanobacteria. Figure 4.2 illustrates a plot of the first 

derivative of absorbance versus concentration for M. aeruginosa at higher and lower 

concentrations. For higher concentration tests, a peak close to 670 nm can be observed for 

50- and 100-mm pathlengths (Figure 4.2 c, e), while no peak is observed for 10 mm 

pathlength test (Figure 4.2 a). At the same time, the signal cannot be readily differentiated 

from background noise at lower concentrations (as seen from Figure 4.2 b, d), and an 

increase in noise can be observed. Moreover, even with increasing cuvette pathlength, no 

significant peak was observed at lower concentration making further analysis and detection 

of cyanobacteria difficult (Figure 4.2 f).  

Upon comparison of the normal absorbance spectra to the first-order derivative of 

absorbance spectra, it was observed that the number of peaks increased drastically 

(increasing noise), but there were no prominent peaks observed unlike the peaks readily 

observed in the normal absorbance spectra. Besides, the absorbance values observed upon 

application of the first derivative of absorbance were lower than the normal absorbance 

spectra, which is an attribute of the first derivative of absorbance, as it plots the rate of 

change in absorbance against wavelength, instead of a plot of absorbance versus 

wavelength. An unwanted effect of the first-order derivative is that as the signal-to-noise 

ratio decreases, it results in sharper noise features in the spectrum and a higher number of 

peaks due to rapid changes in amplitude under the presence of random noise (Kus et al., 

1996). This can be reduced using alternatives techniques such as Savitzky-Golay derivative 

as discussed below. 
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Figure 4.2: First derivative of absorbance spectra of M. aeruginosa at higher and lower 

concentrations for 10 mm (a, b), 50 mm (c, d), and 100 mm (e, f) cuvette pathlength, 

respectively. 
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4.3.3 Savitzky-Golay first derivative of absorbance  

Savitzky-Golay (S-G) first derivative of absorbance was applied to simultaneously obtain 

first-order derivative and smoothen the plot obtained by derivative absorbance, which 

reduces the enhanced background noise obtained due to the first derivative of absorbance 

(Ruffin et al., 2008). This resulted in sharp and distinct peaks for M. aeruginosa at higher 

as well as lower concentrations for 50 mm and 100 mm pathlengths (lower concentration 

illustrated in Figure 4.3 c, e). Conversely, for C. vulgaris, 50 mm pathlength tests revealed 

sharp peaks at higher concentrations (supplementary information Figure C.7), while lower 

concentrations displayed peaks accompanied with added noise features (Figure 4.3 d). 

Nonetheless, distinct peaks can be observed for 100 mm pathlength tests at higher as well 

as lower concentration ranges (lower concentration illustrated in Figure 4.3 f) for C. 

vulgaris. However, similar to the normal absorbance spectra, it is difficult to differentiate 

between signal and noise on the Savitzky-Golay spectral scan using 10 mm pathlength for 

both cyanobacterial and non-cyanobacterial algae strain at lower concentrations (as 

illustrated in Figure 4.3 a,b).  

Upon application of the derivative spectrophotometry method, a shift in the primary peak 

of interest (at 704 nm) was observed for M. aeruginosa when compared to the normal 

absorbance spectra (at 682 nm). This is an attribute of the derivative spectrophotometry as 

it plots the rate of change of absorbance against wavelength (Agberien & Örmeci, 2019). 

Both 50-and 100-mm pathlength results revealed analogous spectral patterns at higher and 

lower concentration ranges. The standard calibration curves (illustrated in Figure C.6), 

plotted at 704 nm showed a linear trend  



 

179 

 

 

 

 

Figure 4.3: Savitzky-Golay first derivative of absorbance spectra of M. aeruginosa and C. 

Vulgaris at lower concentrations for 10 mm (a, b), 50 mm (c, d), and 100 mm (e, f) cuvette 

pathlength, respectively. 
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and a strong positive correlation between the S-G first derivative of absorbance and 

concentration (R2 = 0.8381, 0.9981, and 0.9943, for 10, 50, and 100 mm pathlength, 

respectively). The MDL using S-G first derivative of absorbance for 10, 50, and 100 mm 

pathlength was calculated to be 65,312 cells/mL, 9,005 cells/mL, and 4,916 cells/mL, 

respectively. Approximately 7-fold improvement in detection was observed between 10 

and 50 mm pathlength; at the same time, a 13-fold improvement was observed between 10 

and 100 mm pathlength. A summary of the results obtained for both algal strains from the 

above experiments, including pathlength and detection limits, are shown in Table 4.2. 

Table 4.2: Summary of experimental results for Microcystis aeruginosa and Chlorella 

vulgaris for higher and lower concentration ranges. 

Test 
Pathlength 

(mm) 

Concentration 

range (cells/mL) 

Slope ± standard 

deviation 
R2 

MDL 

(cells/mL) 

M. aeruginosa 

Absorbance 

at 682 nm 

10 

3,731 – 59,687 
1.0843 × 10-07 ± 

1.9245 × 10-08 
0.9136 

337,398 

119,375 – 955,000 
7.8861 × 10-08 ± 

2.27084 × 10-09 
0.9981 

50 

1,859 – 59,476 
5.4483 × 10-07 ± 

6.3111 × 10-08 
0.9491 

36,354 

118,952 – 951,613 
5.7188 × 10-07 ± 

6.6346 × 10-09 
0.9997 

100 

1,859 – 59,375 
8.6234 × 10-07 ±  

1.0036 × 10-08 
0.9995 

22,038 

118,750 – 950,000 
9.1702 × 10-07 ±  

1.2518 × 10-09 
0.9999 

S-G first 

derivative 
10 3,731 – 59,687 

7.5988 × 10-10 ± 

1.9284 × 10-10 
0.8381 65,312 
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of 

absorbance 

at 706 nm 

119,375 – 955,000 
5.0784 × 10-10 ± 

6.5253 × 10-12 
0.9951 

50 

1,859 – 59,476 
3.6577 × 10-09 ± 

7.9187 × 10-11 
0.9981 

9,005 

118,952 – 951,613 
3.8234 × 10-09 ± 

8.5669 × 10-12 
0.9999 

100 

1,859 – 59,375 
5.5873 × 10-09 ± 

2.1122 × 10-10 
0.9943 

4,916 

118,750 – 950,000 
6.0763 × 10-09 ± 

1.6246 × 10-11 
0.9999 

C. vulgaris 

Absorbance 

at 684 nm 

10 

3,723 – 59,583 
1.1652 × 10-07 ± 

4.6621 × 10-08 
0.6756 

650,414 

119,166 – 953,333 
2.6319 × 10-08 ± 

1.6184 × 10-09 
0.9924 

50 

3,723 – 59,583 
1.8628 × 10-07 ± 

1.3855 × 10-09 
0.9931 

84,312 

119,166 – 953,333 
1.8497 × 10-07 ± 

1.4197 × 10-09 
0.9998 

100 

1,861 – 59,559 
9.6102 × 10-07 ± 

1.2770 × 10-08 
0.9992 

41,361 

119,118 – 952,941 
8.1156 × 10-07 ± 

8.3307 × 10-08 
0.9997 

S-G first 

derivative 

of 

absorbance 

at 708 nm 

10 

3,723 – 59,583 
5.6416 × 10-10 ± 

7.9760 × 10-11 
0.9434 

145,289 

119,166 – 953,333 
1.6681 × 10-10 ± 

9.7520 × 10-12 
0.9932 

50 
3,723 – 59,583 

8.3759 × 10-10 ± 

3.6126 × 10-11 
0.9945 

45,449 

119,166 – 953,333 9.0879 × 10-10 ± 0.9987 
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2.2396 × 10-11 

100 

1,861 – 59,559 
3.6620 × 10-09 ± 

1.0246 × 10-10 
0.9969 

11,661 

119,118 – 952,941 
3.8160 × 10-09 ± 

7.6739 × 10-11 
0.9991 

 

4.3.4 Spectral comparison of M. aeruginosa and C. vulgaris 

Investigating the potential differences between the absorbance spectra of a blue-green 

cyanobacteria (M. aeruginosa) and a non-cyanobacterial green algae (C. vulgaris) is 

critical to determine whether cyanobacteria can be differentiated from non-cyanobacterial 

algae for detection purposes. M. aeruginosa and C. vulgaris have similar structural 

morphologies where cells are spherical or ovoidal in shape and can be present in the form 

of single cells and/or mucilaginous colonies (Álvarez et al., 2020; Safi, 2014). However, 

the organisms have varying cell sizes with M. aeruginosa ranging from 3 – 5 µm in 

diameter, while C. vulgaris cells range between 3 – 10 µm in diameter, which may 

potentially impact the absorbance measurements due to physical characteristics (Bañares-

España et al., 2016; Li et al., 2016; Safi, 2014; Wilson et al., 2006). In addition, M. 

aeruginosa is known to form colonies of variable size (10 – 1000 µm) under natural 

conditions (as a response to prevailing environmental conditions), and studies have 

reported that the size of the colonies can increase by a factor of 2.7 in less than a week 

(Gan et al., 2012; Kurmayer et al., 2003; Yang et al., 2008). This aggregation behavior can 

potentially impact the normal absorbance spectra. 

For comparison purposes, the absorbance spectra using 50 mm pathlength of M. 

aeruginosa and C. vulgaris at similar concentrations are illustrated in Figure 4.4 (a,b, 
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respectively). C. vulgaris absorbance spectra resulted in two peaks at 444 nm and 684 nm. 

These peaks are characteristic of C. vulgaris as it is known to carry photopigments 

chlorophyll-a and chlorophyll-b (Chl-b) (Miazek et al., 2015). On the other hand, as 

discussed before, M. aeruginosa carries both Chl-a and Phycocyanin photopigments, 

which resulted in three peaks on the absorption spectra. Phycocyanin is an accessory 

pigment of chlorophyll and is predominantly found in cyanobacteria, which allows 

differentiating cyanobacteria from other algae for detection (Cotterill et al., 2019). 

Additionally, experimental results indicate a significant difference in the absorbance value 

between M. aeruginosa and C. vulgaris at the chlorophyll peaks (near 440 nm and 680 

nm). For example, at the peak close to 680 nm and approximately 1,900,000 cells/mL 

concentration: M. aeruginosa exhibits an absorbance value of 0.8740 (a.u.), while C. 

vulgaris has an absorbance value of 0.3492 (a.u.). The likely reason C. vulgaris displays a 

lower overall absorbance when compared to M. aeruginosa is because of the presence of 

photopigments chlorophyll-a and chlorophyll-b. While Chl-a is known to absorb light 

strongly, Chl-b on the other hand absorbs light weakly, which results in lower overall 

absorbance (Gray, 2010). This indicates that the cyanobacterial and non-cyanobacterial 

algae could be differentiated based on the differences of their absorbance spectra, and the 

application of mathematical and statistical tools can increase the specificity of detection 

further.  
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Figure 4.4: Absorbance spectra of M. aeruginosa (a) and C. vulgaris (b) using 50 mm 

pathlength cuvette. 

4.4 Discussion 

The presented results indicate that spectrophotometry when employed in tandem with 

mathematical and statistical tools such as Savitzky-Golay first derivative of absorbance, 

can be used for sensitive detection and early-monitoring of cyanobacteria in source waters. 

By increasing the cuvette pathlength and implementing derivative spectrophotometry, a 

significant improvement in the detection limit for M. aeruginosa and C. vulgaris was 

observed. Comparing the detection limit obtained by normal absorbance spectra to S-G 

derivative spectra for M. aeruginosa (cyanobacteria), 10 mm pathlength showed a 5-fold 

approximate increase in sensitivity (from 337,398 to 65,312 cells /mL); while a 4-fold 

improvement was observed for the 50-, and 100-mm pathlength (from 36,354 to 9,005 cells 

/mL, and 22,038 to 4,916 cells /mL, respectively). In addition, C. vulgaris resulted in an 

approximate 4-fold improvement in detection for the 10 mm pathlength (from 650,414 to 

145,289 cells /mL); while 50-, and 100-mm pathlength followed a 2-fold (from 84,312 to 

45,449 cells /mL), and 3-fold (from 41,361 to 11,661 cells /mL) improvement in detection 
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between the normal absorbance spectra and S-G derivative spectra. A higher increase in 

sensitivity was found with increasing pathlength for C. vulgaris in comparison to M. 

aeruginosa, as C. vulgaris does not absorb light as strongly due to the presence of Chl-b 

(Gray, 2010). For all the tests conducted, 100 mm pathlength results showed the highest 

sensitivity for detection.  Compared to the 10 mm pathlength conventionally used for 

absorbance measurements in the field, adoption of 100 mm pathlength and application of 

S-G derivative spectra improved the detection limits from 337,398 cells /mL to 4,916 

cells/mL for M. aeruginosa, and from 650,414 cells /mL to 11,661 cells /mL for C. 

vulgaris. 

A previous study conducted by Agberien & Örmeci (2019) reported an approximately 4-

fold improvement in detection using derivative spectrophotometry, but the method was not 

sensitive enough to lower the detection limit to the WHO guidelines. The method presented 

in this study successfully improved the method detection limit to approximately 5,000 

cells/mL for monitoring cyanobacteria, which is well below the WHO and USEPA 

established guidelines (< 20,000 cells/mL) for low probability of adverse health effects in 

recreational waters (EPA, 2015b; WHO, 2003b). Further research is recommended to test 

the detection limits in surface waters under realistic conditions and determine its 

applicability to the real-time monitoring of cyanobacteria. Future testing utilizing different 

signal processing and mathematical tools should also be investigated to improve the 

sensitivity of detection further.  

The primary advantage of using spectrophotometry is the readiness of the technology for 

real-time water monitoring applications. In-line and real-time spectrophotometers are 

widely used for water monitoring applications, such as at water and wastewater treatment 
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plants, and they can also transmit data in real-time. A wide range of water quality 

parameters can either be directly measured or calculated (i.e., UVT, UV254, dissolved and 

total organic carbon, biochemical and chemical oxygen demand, nitrate, nitrite, total 

suspended solids), and the results of this study show that cyanobacteria can be added to 

these parameters. Measuring multiple parameters simultaneously is critical for monitoring 

cyanobacteria as nutrient concentrations and water quality have a considerable impact on 

cyanobacteria dominance in source waters (Ha et al., 2009; Srivastava et al., 2013). In 

addition, the method presented in this study requires no sample processing, reagent use, or 

pigment extraction required by traditional approaches for cyanobacterial monitoring. The 

results of this study also indicate that spectrophotometry could differentiate the 

cyanobacterial algae from non-cyanobacterial algae based on the variations in their 

pigment absorbance peaks, and this could be a useful tool. Previously, Agberien & Örmeci 

(2019) reported that spectrophotometry was not able to differentiate between a toxigenic 

and non-toxigenic strain of M. aeruginosa, which were morphologically identical and carry 

the same photopigments.  

Spectrophotometry also carries some limitations. It can overestimate chlorophyll 

concentration in the presence of other interfering pigments such  as phaeopigments, which 

are the degradation products of algal chlorophyll pigments (Dos Santos et al., 2003). 

Furthermore, green-sulfur bacteria present in freshwater and marine systems can cause 

interference in the estimation and interpretation of algae chlorophyll concentration (Gray, 

2010). Spectrophotometry is also susceptible to background noise in the presence of other 

constituents such as turbidity and baseline shift due to changing water characteristics 

(Burgess & Thomas, 2017). However, the derivative of absorbance can be used to identify 
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critical wavelengths while improving signal-to-noise ratio and the interference caused due 

to baseline shift (Demetriades-Shah et al., 1990; Wiggins et al., 2007). Finally, 

spectrophotometry does not have the sensitivity or specificity of fluorometry. In 

fluorometric scans, concentrations are estimated via excitation and emission characteristics 

and each phytoplankton compound has a distinct signal in fluorescence (Liu et al., 2020). 

Fluorometry is capable of monitoring cyanobacterial concentrations within the WHO 

established guidelines; however, the maximum operational capability is limited to 200,000 

cells/mL (Zamyadi et al., 2016). Furthermore, fluorometric sensors have to be calibrated 

to a known biological entity and temperature to be able to measure a specific bloom of 

interest and do not quantify data on cyanobacterial biomass or concentration but rather 

provide relative phytoplankton concentration (Bowling et al., 2016). This can potentially 

lead to over or under-estimation of algal concentration. Contrary to this, spectrophotometry 

has a wider working range, which allows it to be employed at highly eutrophic lakes (Gray, 

2010).  

4.5 Conclusion 

This study improved the sensitivity of UV-Vis spectrophotometry for early detection and 

monitoring of cyanobacteria by increasing cuvette pathlength from conventional 10-mm to 

50- and 100-mm and applying S-G derivative spectrophotometry. The first derivative of 

absorbance and complementary statistical tools were investigated with changing 

pathlengths in lower and higher concentration ranges, and new method detection limits 

were established that showed substantial improvements.  Compared to the 10 mm 

pathlength conventionally used for absorbance measurements in the field, adoption of 100 

mm pathlength and application of S-G derivative spectra improved the detection limit from 
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337,398 cells /mL to 4,916 cells/mL for M. aeruginosa, successfully lowering the detection 

limit below the WHO guideline (< 20,000 cells/mL) for low probability of adverse health 

effects. C. vulgaris was also studied to compare against M. aeruginosa, and similarly the 

detection limit was improved from 650,414 cells /mL to 11,661 cells /mL. The results also 

showed that spectrophotometry could differentiate M. aeruginosa from C. vulgaris based 

on the variations in their pigment absorbance peaks, which could provide a useful tool in 

identifying blooms of interest.  
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Appendix C 

 

 

 

Figure C.5: Standard calibration curves for absorbance spectra at higher and lower 

concentration ranges of M. aeruginosa for 10 mm (a, b), 50 mm (c, d), and 100 mm (e, f) 

cuvette pathlengths, respectively. 
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Figure C.6: Standard calibration curves for Savitzky-Golay first derivative of absorbance 

at higher and lower concentration ranges of M. aeruginosa for 10 mm (a, b), 50 mm (c, d), 

and 100 mm (e, f) cuvette pathlengths, respectively. 
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Figure C.7: Savitzky-Golay first derivative of absorbance spectra of M. aeruginosa and C. 

Vulgaris at higher concentrations for 10 mm (a, b), 50 mm (c, d), and 100 mm (e, f) cuvette 

pathlength, respectively. 
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Figure C.8: Absorbance spectra at higher and lower concentration ranges of C. vulgaris for 

10 mm (a, b), 50 mm (c, d), and 100 mm (e, f) cuvette pathlengths, respectively. 
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Figure C.9: First derivative of absorbance spectra of C. vulgaris at higher and lower 

concentrations for 10 mm (a, b), 50 mm (c, d), and 100 mm (e, f) cuvette pathlength, 

respectively. 
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Figure C.10: Standard calibration curves for absorbance spectra at higher and lower 

concentration ranges of C. vulgaris for 10 mm (a, b), 50 mm (c, d), and 100 mm (e, f) 

cuvette pathlengths, respectively. 
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Figure C.11: Standard calibration curves for Savitzky-Golay first derivative of absorbance 

at higher and lower concentration ranges of C. vulgaris for 10 mm (a, b), 50 mm (c, d), 

and 100 mm (e, f) cuvette pathlengths, respectively. 
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Abstract 

Early detection and monitoring of algal blooms and potentially toxic cyanobacteria in 

source waters are becoming increasingly important with rising climate change and 

industrialization. There is a growing need to be able to measure the mixed microalgae 

cultures sensitively and accurately, as in nature multiple algae species are present in source 

waters. This study investigated the detection of an equal concentration, mixed culture of 

cyanobacteria (Microcystis aeruginosa) and a common green algae (Chlorella vulgaris) in 

water using UV-Vis spectrophotometry, while employing longer pathlengths and 

derivative spectrophotometry to improve the detection limit. A strong linear relationship 

(R2 > 0.99) was found between the concentration and absorbance of the mixed culture at 

682 nm using 50-, and 100-mm pathlengths. This study showed that cyanobacterial 

(phycocyanin) peak could be separately identified in mixed culture setting, while the 

chlorophyll peaks of both algae overlapped each other. The lowest detection limit of the 

mixed algal culture using traditional spectrophotometry and derivative spectrophotometry 

was calculated to be 25,997 cells/mL and 5,505 cells/mL using a 100 mm cuvette 

pathlength. Lastly, the performance of mixed culture and individual algal cultures were 

compared, and analyses were carried out to evaluate differences in slopes which can be 
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used for quantification purposes. The results indicate that derivative spectrophotometry 

significantly improved the detection limit making the method potentially viable for early-

detection of mixed algal cultures. 

Keywords: Chlorella vulgaris; Microcystis aeruginosa; cyanobacteria; derivative 

spectrophotometry; monitoring; water. 

5.1 Introduction 

With worsening global climate change and ever-increasing industrialization, source water 

body quality is deteriorating worldwide, which often leads to eutrophication (Dodds et al., 

2009). Eutrophication, in turn, promotes phytoplankton growth such as algae, which under 

the right conditions proliferates and results in a bloom formation. Of which, cyanobacterial 

blooms are of particular concern due to the capability of some species to produce harmful 

toxins and taste and odor compounds (Bajpai et al., 2011; Graham et al., 2010). Some 

cyanobacteria (CB), commonly known as blue-green algae, can produce toxins known as 

cyanotoxins, which if consumed, pose a severe health risk to humans, as well as animals 

including aquatic animals (Bukaveckas, 2018; EPA, 2015). 

Microcystis aeruginosa is the most prominent and widespread CB found throughout the 

world in eutrophic water bodies (Stefanelli et al., 2014). Several Microcystis can produce 

microcystins (hepatoxins), which could lead to liver damage, gastroenteritis, 

bioaccumulation, cancer, and in case of extreme intoxication, even death (Al-Ammar et al., 

2013; Berry et al., 2011; Health Canada, 2016). On the other hand, Chlorella (green algae) 

is widely prevalent in natural water sources such as lakes, streams, and rivers and is often 

found in conjunction with CB blooms (American Water Works Association, 2011; Li et 
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al., 2016; Safi, 2014). Chlorella is a resilient algae and proliferates easily because of its 

low nutrient requirement and ability to survive in harsh conditions, which can result in 

nuisance such as surface scum formation and reduction of dissolved oxygen in source 

water, among others (Dong et al., 2018). Due to the aforementioned reasons, it is critical 

for water authorities across the globe to be able to detect algae before bloom formation, so 

that correct management strategies can be applied to handle events (Boyer, 2007; Chorus, 

2005, 2012). These strategies heavily rely on threshold levels identified by governing 

bodies that define alert levels for management purposes. Different countries have varying 

recreational and drinking water regulations which makes selecting a single technique for 

monitoring difficult. Countries without their own guidance values tend to follow WHO 

recommendations (Giddings et al., 2012; WHO, 2003a). For safety purposes, while 

monitoring blooms, these values assume that any algae present is potentially toxic. Table 

5.1 shows a few examples of regulations and guidance values in water sources around the 

world. 

Table 5.1: Examples of regulations/ guidance values for recreational and drinking water 

sources. 

Country/ 

Source 

Recreational water Drinking water Reference 

USEPA ≤ 20,000 cells/mL or 

10 µg/L Chl-a 

1.6 µg/L Microcystin (EPA, 2015) 

Canada ≤ 100,000 cells/mL or 

20 µg/L Chl-a 

1.5 µg/L Microcystin (Health Canada, 

2020) 

WHO ≤ 20,000 cells/mL or 

10 µg/L Chl-a 

1 µg/L Microcystin (WHO, 2003a) 
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Cuba 20,000 – 100,000 

cells/mL 

< 20,000 cells/mL (WHO, 2003b) 

Australia ≤ 50,000 cells/L 

M. aeruginosa 

6,500 cells/L 

1 µg/L Microcystin 

(NRMMC, 2017; 

NWQMS, 2000) 

 

Various technologies are currently employed to quantify microalgae and cyanobacteria, 

and they rely either on pigment or toxin detection. The oldest method is based on 

microscopic enumeration but is labor-intensive and prone to errors (Chorus & Bartram, 

1999). Newer techniques are based on chromatography (such as HPLC and LC-MS), 

molecular-based methods (for example, qPCR, RAPD, and microarrays), and fluorometry 

(Azevedo et al., 2011; Balest et al., 2016; Baxa et al., 2010; Furukawa et al., 2006; Kim et 

al., 2017; Liu et al., 2020; Quansah et al., 2010). Although molecular and chromatography 

based methods are highly selective and sensitive, they require extraction of toxins and 

pigments from the sample before detection, making them intrusive in nature, time-

intensive, and require skilled personnel for operation and analysis purposes (Balest et al., 

2016; EPA, 2005; Moreira et al., 2011). In-situ fluorometry is the most common 

technology used for on-site monitoring of cyanobacteria due to its sensitivity and relies 

primarily on detecting chlorophyll-a (Chl-a). However, fluorescence-based methods 

require high caution while quantifying algae, as the data reported is in relative fluorescence 

units in comparison to standard methods (American Water Works Association, 2011; 

McCullough, 2007).  

The use of real-time spectrophotometers to measure different water quality parameters such 

as but not limited to chemical oxygen demand (COD), biological oxygen demand (BOD), 
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dissolved organic matter (DOM), UV transmittance (UVT), and total suspended solids 

(TSS), has grown tremendously over the last decade (Burgess & Thomas, 2017). 

Spectrophotometric measurements are rapid, simple, can be performed with or without 

extraction, and have the capacity to work in real-time (Agberien & Örmeci, 2019).  But 

spectrophotometers have not been widely used for monitoring microalgae or cyanobacteria 

(AlMomani & Örmeci, 2018). Studies have shown the capability of spectrophotometry to 

measure various microalgae species, and most algae are quantified by selecting a 

wavelength of interest in the range from 540 – 685 nm (American Water Works 

Association, 2011; Craig & Carr, 1968; Lichtenthaler & Buschmann, 2001; Liu et al., 

2020). The main limitation of UV-Vis spectrophotometry is that the sensitivity of 

measurements is affected by the presence of organic matter and turbidity in source water, 

which might lead to higher noise than signal recorded in the absorbance measurements 

(Agberien & Örmeci, 2019; Burgess & Thomas, 2017).  

Most current methods focus on detection of a single photopigment at a time. Detection of 

multiple photopigments simultaneously is a complex process, which results in increased 

cost making it undesiarable. It is of great advantage to be able to detect multiple 

photopigments using existing technology, as that reduces the cost required for estimation 

and early-detection of cyanobacteria.  Previous studies have focused on the 

spectrophotometric detection of individual cyanobacteria or microalgae strains. The aim of 

this study was to investigate the use of spectrophotometry for early detection and 

monitoring of mixed algal blooms, with a focus on the detection of cyanobacteria in a 

mixed-culture setting. This is how cyanobacteria would naturally be present in surface 

waters and it would also be more challenging to detect and differentiate cyanobacteria in a 
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mixed culture. It should be noted that the potentially toxic CB release minimal amount of 

toxins during the growth phase (before cell lysis) and thus the focus of this study is on early 

detection (Dodds et al., 2009; EPA, 2015).  Furthermore, different cuvette pathlengths were 

examined, and derivative of absorbance was applied to improve the method detection limit 

(MDL). Finally, MDLs were calculated, and analyses were carried out between the mixed 

culture and the individual axenic cultures to establish performance differences. 

5.2 Materials and Methods 

5.2.1 Cultivation of microalgae 

A green algae strain (Chlorella vulgaris) and a non-toxigenic blue-green cyanobacteria 

strain (Microcystis aeruginosa) were used for this study. C. vulgaris CPCC90 and M. 

aeruginosa CPCC 632 algal cultures were obtained from Canadian Phycological Culture 

Centre (CPCC) at the University of Waterloo (Ontario, Canada) and cultured in sterile 

BBM and 3N-BBM mediums, respectively. The algal cultures were grown and sustained 

in separate 500 mL Erlenmeyer flasks. To prevent contamination and maintain the axenic 

cultures, the flasks were rinsed with deionized (D.I.) water and sterilized using an autoclave 

for 30 mins at 15 psi and 121 °C. A dilution ratio of 1:2 and 1:4 was maintained during 

cultivation using 3N-BBM and BBM growth mediums for M. aeruginosa and C. vulgaris, 

respectively.  

The flasks were incubated inside a temperature-controlled incubator (at 24 °C), equipped 

with fluorescent tube light blubs emitting daylight, 24-hours daily. The algal cultures were 

maintained at a light intensity of 1,800 lux and 1,000 lux for C. vulgaris and M. aeruginosa, 

respectively. C. vulgaris was cultured at a higher intensity due to its higher photo-intensity 

requirement for optimal growth (Canadian Phycological Culture Centre, 2013). The culture 
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flasks were stirred gently and manually twice a day to promote homogenous distribution 

within the growth medium, and no additional carbon dioxide (CO2) was supplied to the 

algal cultures other than the natural diffusion of CO2 present in ambient air. 

5.2.2 Preparation of mixed algal samples 

C. vulgaris and M. aeruginosa were individually pipetted from their growth flasks and 

separated from their growth medium using 50 mL centrifuge tubes via centrifugation at 

8,000 x g for 5 mins. The separated growth medium for both the algal tubes was then 

discarded, and the concentrated algal cells were re-suspended in 40 mL D.I. water, 

individually. The samples were gently inverted thrice to obtain a homogenous cell mixture. 

The two algal cultures were then enumerated using a Leitz Laborlux 12 light microscope 

to quantify the concentration of the separated cultures using an improved Neubauer 

hemocytometer. Once the cultures were quantified, an initial dilution was performed on 

both the algal samples to obtain equal initial concentration (7,600,040 cells/mL). 

Subsequently, a 50 mL stock of the mixed culture was prepared by mixing 25 mL of 

equalized concentration of M. aeruginosa with 25 mL of C. vulgaris, so that the overall 

concentration of the stock solution remained at approximately 7,600,000 cells/mL. The 

concentration of the mixed culture was verified by direct counting using the previously 

mentioned microscope and hemocytometer technique. Dilutions using the stock culture 

were performed to obtain sample concentration ranging from 7,614,678 cells/mL to 3,710 

cells/mL. Fresh samples were prepared on the day of the experiment from the growth 

cultures for individual cuvette pathlengths used. The concentration range developed for the 

analysis using varying pathlength was kept approximately equal to each other to perform a 

representative comparison.   
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5.2.3 Spectrophotometry 

A Cary 100 Bio UV-Vis Spectrophotometer (Varian) was used for analysis with varying 

pathlengths (using 10-, 50-, and 100-mm quartz cuvettes). The spectrophotometer was 

zeroed to D.I. water and calibrated before use. The spectral scan was performed over the 

wavelength range between 200 nm to 800 nm with a spectral scan step set at 1 nm. The 

results were reported in terms of absorbance units (a.u.). Four unique replicates were 

analyzed at each concentration level to avoid potential errors due to photobleaching of 

pigments present in the sample. The scanned absorbance values were subtracted by an 

absorption blank (performed using D.I. water) to obtain resultant absorbance 

measurements for the mixed culture sample. The analysis was performed by distributing 

the scanned concentration range into higher [i.e., 951,834 – 118,750 cells/mL] and lower 

[i.e., 59,490 – 3,710 cells/mL] concentration ranges. Standard calibration curves were 

plotted for the mixed culture sample to verify that the measured absorbance values agreed 

with Beer-Bouguer-Lambert Law. The sample volume for all the experiments was kept at 

3-, 17.5-, and 35-mL for 10-, 50-, and 100-mm pathlengths, respectively. The entire 

experiment was replicated twice to ensure consistency and repeatability. 

5.2.4 Derivative of absorbance 

Derivative spectrophotometry offers the ability to check a sample quality in a robust way 

(Burgess & Thomas, 2017). Derivative spectra do not increase the information content of 

the traditional spectra; rather it allows the information to be analyzed in a better manner. 

Derivative spectra provide information about the slope of the spectrum, as well as the 

shoulder and inflexion points allowing for a better characterisation of a compound. 

Savitzky-Golay (S-G) first-order derivative can be used to simultaneously obtain first-
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order derivative and smoothen the obtained plot while improving the signal to noise ratio 

using the following correlation (Savitzky & Golay, 1964): 

aj = 

∑  CiFj+i 

m−1
2

i=−
m−1

2

N
 
m+1

2
  ≤  j  ≤  n - 

m−1

2
 

Where aj = Savitzky-Golay first derivative of absorbance; m = number of data points used; 

Ci = Savitzky-Golay filter coefficient; F = absorbance value measured at a specific 

wavelength; j = smoothened data point; N = standardization factor. 

Each measured absorbance value was smoothened over twenty-three data points so that i 

= -11, -10, ……..10, 11; Ci = -11, -10, …….10, 11; m = 23; N = 1012; following first 

derivative of absorbance developed by Savitzky and Golay (Savitzky & Golay, 1964). 

5.2.5 Method detection limit 

Method detection limit (MDL) is the minimum concentration of a component that can be 

measured with 99% confidence, that the concentration of the compound is greater than 

zero, using an analytical procedure (Kus et al., 1996; WDNR, 1996). The MDLs for this 

study were calculated using a tool developed by Chemiasoft based on the Hubaux and Vos 

method. The Hubaux and Vos method is strongly dependent on the linear regression of the 

concentration data to that of the measured absorbance (Hubaux & Vos, 1970). The method 

requires a minimum of 3 replicates at each concentration to calculate the detection limit. 

5.3 Results 

5.3.1 Absorbance measurements 

The cyanobacterial and green-algae, mixed culture experiments, were conducted using D.I. 

water to characterize the effect on the spectral scan (interference-free) for cyanobacterial 
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detection. The scanned spectra (as illustrated in Figure 5.1) resulted in three peaks at 682-

, 632-, and 444-nm, of which 682 nm was most prominently observed. The photopigment 

chlorophyll-a (Chl-a) characteristically results in peaks proximate to 680- and 440-nm; 

while chlorophyll-b (Chl-b) peaks close to 650- and 450-nm (Dos Santos et al., 2003; Saini 

et al., 2018). It should be noted that Chl-b weakly absorbs around 650 nm (Miazek et al., 

2015). Further, the peak at 632 nm corresponds to the accessory photopigment 

phycocyanin which is an accessory photopigment present in cyanobacteria. Typically, 

phycocyanin (PC) absorption peak is located between 612 – 626 nm, but small peak shifts 

are often observed with changing water characteristics and between different 

cyanobacterial algae (Lichtenthaler & Buschmann, 2001; Simis & Kauko, 2012; 

Sobiechowska-Sasim et al., 2014). Considering the above, the peak at 682 nm and the 

spectral range between 400 – 800 nm were selected as the primary area for analysis and 

detection. 

With increasing cuvette pathlength and cell concentration, an overall increase in 

absorbance was observed (Figure 5.1), as is expected considering the Beer–Lambert–

Bouguer Law (Swinehart, 1962). The primary reason for the increase is because longer 

pathlengths require larger sample volume, resulting in higher area and number of sample 

cells being exposed which in turn absorb more light (Burgess & Thomas, 2017). From the 

results, it was observed that no significant peak could be detected using 10 mm pathlength 

at lower concentrations (Figure 5.1 b), while peaks of interest were observed using 50-, 

and 100-mm cuvette pathlengths (Figure 5.1 d, f) even at lower concentrations. Smoother 

and more distinct peaks of interest could be observed with increasing pathlength at lower 

concentration range with Chl-a being the most prominent. The results showed a 7-fold 
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improvement in sensitivity from 10- to 50-mm pathlength, while an approximate 12-fold 

improvement in detection limit was observed between 10-, and 100-mm pathlength. The 

lowest MDL for mixed-algal culture using normal absorbance values at 682 nm was 

calculated to be 25,997 cells/mL, using a 100-mm cell pathlength, in D.I. water. Similarly, 

a 13-fold improvement was observed with increasing pathlength for the mixed-culture at 

632 nm (PC peak), which resulted in a MDL of 36,227 cells/mL using 100-mm pathlength 

(Table 5.2). 

Standard calibration curves generated at 682- and 632-nm verified that the results followed 

Beer-Bouguer-Lambert Law for both, higher and lower concentration ranges. Lower 

concentration results will be discussed henceforth as the aim of the study was for sensitive 

analysis of mixed-algal culture. A positive linear trend and strong correspondence was 

observed between the mixed-culture concentration and absorbance at lower concentrations 

(R2 > 0.9 for 10-, 50-, and 100-mm pathlengths) for both Chl-a and PC peaks.  Standard 

calibration curves are presented in supplementary material (Figure D.5 and Figure D.7). 

Additionally, at 632 nm, the strong correspondence was maintained between mixed-culture 

concentration and absorbance (R2 > 0.95), and similar slopes were observed for 682 nm 

and 632 nm [8.9927 × 10-07 ± 5.7847 × 10-08 au/(cells/mL) and 8.8187 × 10-07 ± 1.3199 × 

10-08 au/(cells/mL), respectively, for 100-mm pathlength]. It is worth noting that at low cell 

concentrations (< 40,000 cells/mL), it is difficult to distinguish the peak at 632 nm from 

background noise despite higher cuvette pathlength. 
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Figure 5.1: Absorbance spectra at higher and lower concentration ranges of mixed M. 

aeruginosa and C. vulgaris cultures at 10 mm (a, b), 50 mm (c, d), and 100 mm (e, f) 

cuvette pathlengths, respectively. 
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5.3.2 Savitzky-Golay first derivative of absorbance measurements 

Savitzky-Golay (S-G) first derivative of absorbance is an analytical tool which allows for 

the simultaneous obtainment of first order derivative of absorbance, while applying a 

smoothening filter (Ruffin et al., 2008). This technique helped enhance the signal while 

reducing background noise, which in turn resulted in sharp and distinct peaks for both 

concentration ranges, except for 10 mm pathlength at lower concentrations (see Figure 

5.2). However, it was difficult to distinguish between signal and noise at very low cell 

concentrations (< 10,000 cells/mL) using 10-, and 50-mm pathlengths. Considering the 

above, the results obtained from 50-, and 100-mm pathlength will be discussed. 

Upon comparison of the normal absorbance spectra (Figure 5.1) and S-G first derivative 

(Figure 5.2), shift in peaks is observed from 682-, 632-, and 444-nm to 706-, 662-, and 

466-nm, respectively. This is a characteristic of first order derivative of absorbance and 

corresponds to the rate of change of absorbance against wavelength (Kus et al., 1996). 

Figure 5.2 shows that 50-, and 100-mm pathlength spectral curves are comparable at both 

concentration ranges. Standard calibration curves plotted at 706- and 660- nm displayed a 

good linear relationship (R2 > 0.9) between the mixed-culture concentration and 

corresponding derivative of absorbance for all 3 pathlengths, except for 10 amm at lower 

concentration (see Table 5.2, Figure D.6 and Figure D.8). A slight change in the slope of 

the calibration curve was observed between the higher and the lower concentration ranges 

for the mixed-algal culture. For example, the slope for 50 mm pathlength for lower and 

higher concentrations at 706 nm was found to be 2.3317 × 10-09 ± 2.3292 × 10-11 and 2.8288 

× 10-09 ± 3.0028 × 10-11, respectively. The MDL of mixed culture in D.I. water at Chl-a 

peak using S-G first derivative of absorbance for 10-, 50-, and 100-mm pathlength was 
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calculated to be 90,449 cells/mL, 11,820 cells/mL, and 5,505 cells/mL, respectively. An 

approximate 7-fold improvement in MDL was observed between 10-, and 50-mm 

pathlength, while a 16-fold improvement in detection was observed between 10-, and 100-

mm pathlength. Similar improvements were observed for PC peak between 10-, and 50-

mm pathlength, whilst an 8-fold improvement was seen from 10- to 100-mm pathlength 

(Table 5.2). 
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Figure 5.2: Savitzky-Golay first derivative of absorbance spectra at higher and lower 

concentration ranges of mixed M. aeruginosa and C. vulgaris cultures at 10 mm (a, b), 50 

mm (c, d), and 100 mm (e, f) cuvette pathlengths, respectively. 

A summary of the experimental results obtained for the mixed algal culture in D.I. water 

including varying pathlength and MDLs are shown in Table 5.2. 

Table 5.2: Summary of experimental results for mixed equal concentration of Microcystis 

aeruginosa and Chlorella vulgaris in D.I. water for higher and lower concentration ranges. 

Test 

Pathlength 

(mm) 

Concentration 

Range (cells/mL) 

Slope R2 

MDL 

(cells/mL) 

M. aeruginosa and C. vulgaris equal concentration (Chl-a peak) 

Absorbance 

at 682 nm 

10 

3,711 – 59,375 

1.2611 × 10-07 ± 

1.6392 × 10-08 

0.9517 

308,962 

118,750 – 950,000 

1.0869 × 10-07 ± 

1.6577 × 10-09 

0.9995 

50 

3,711 – 59,375 

5.4239 × 10-07 ± 

1.0162 × 10-08 

0.9989 

41,259 

118,750 – 950,000 5.7816 × 10-07 ± 0.9998 
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4.1485 × 10-09 

100 

3,710 – 59,375 

8.9927 × 10-07 ±  

5.7847 × 10-08 

0.9998 

25,997 

118,750 – 950,005 

8.4497 × 10-07 ±  

4.6359 × 10-09 

0.9999 

S-G first 

derivative of 

absorbance 

at 706 nm 

10 

3,711 – 59,375 

5.8425 × 10-10 ± 

4.1112 × 10-11 

0.9853 

90,449 

118,750 – 950,000 

5.4258 × 10-10 ± 

9.4576 × 10-12 

0.9993 

50 

3,711 – 59,375 

2.3317 × 10-09 ± 

2.3292 × 10-11 

0.9997 

11,820 

118,750 – 950,000 

2.8288 × 10-09 ± 

3.0028 × 10-11 

0.9997 

100 

3,710 – 59,375 

4.0634 × 10-09 ± 

4.6983 × 10-11 

0.9995 

5,505 

118,750 – 950,005 

4.5383 × 10-09 ± 

1.1569 × 10-10 

0.9987 

M. aeruginosa and C. vulgaris equal concentration (PC peak) 

Absorbance 

at 632 nm 

10 

3,711 – 59,375 

1.2682 × 10-07 ± 

1.6786 × 10-08 

0.9500 

474,335 

118,750 – 950,000 

1.0871 × 10-07 ± 

3.1043 × 10-09 

0.9983 
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50 

3,711 – 59,375 

5.3680 × 10-07 ± 

8.8240 × 10-09 

0.9991 

52,613 

118,750 – 950,000 

5.7713 × 10-07 ± 

6.6004 × 10-09 

0.9997 

100 

3,710 – 59,375 

8.8187 × 10-07 ±  

1.3199 × 10-08 

0.9993 

36,227 

118,750 – 950,005 

8.0134 × 10-07 ±  

1.0528 × 10-08 

0.9996 

S-G first 

derivative of 

absorbance 

at 660 nm 

10 

3,711 – 59,375 

2.6602 × 10-10 ± 

7.3097 × 10-11 

0.8153 

127,084 

118,750 – 950,000 

7.3157 × 10-10 ± 

5.6211 × 10-11 

0.9883 

50 

3,711 – 59,375 

5.5599 × 10-10 ± 

5.8670 × 10-11 

0.9676 

18,418 

118,750 – 950,000 

5.2513 × 10-10 ± 

8.8348 × 10-12 

0.9994 

100 

3,710 – 59,375 

1.1397 × 10-09 ± 

4.2211 × 10-11 

0.9959 

14,697 

118,750 – 950,005 

5.8276 × 10-09 ± 

1.0666 × 10-10 

0.9993 

 



 

225 

 

5.3.3 Spectral comparison of mixed-culture with M. aeruginosa and C. vulgaris 

cultures 

In the last phase of the study, the spectral curves of both individual algae were compared 

to that of the mixed-culture to investigate potential differences and overlaps. This allows 

us to determine whether cyanobacteria can be identified and detected in the presence of 

non-cyanobacterial algae and validate its application for monitoring purposes. M. 

aeruginosa and C. vulgaris share similar spherical and/or ovoidal cell structures, with the 

exception that M. aeruginosa contain gas vacuoles, which allows them to naturally change 

their location in water (Li et al., 2016; Reynolds, 2007; Wilson et al., 2006). Nonetheless, 

both algal cultures have diverse cell diameter which ranges from 3 – 10 µm for C. vulgaris 

and from 3 – 5 µm for M. aeruginosa (Álvarez et al., 2020; Bañares-España et al., 2016; 

Safi, 2014). Under natural conditions, M. aeruginosa tends to form colonies which ranges 

from 10 – 1000 µm in size and can aggregate at a high rate in response to harsher 

environmental conditions (as part of their natural survival instinct) (Gan et al., 2012; 

Kurmayer et al., 2003). On the other hand, C. vulgaris usually lives in unicellular 

populations but can potentially form colonies in presence of competing predatory algae 

(Dong et al., 2018; Fisher et al., 2016). It should be noted that the aforementioned factors 

can potentially affect the spectral absorbance response. 

The absorbance spectra of M. aeruginosa, C. vulgaris, and equal concentration mixed 

culture algae at near similar concentrations using 50-mm pathlength are shown in Figure 

5.3 for comparative purposes. The algal culture M. aeruginosa contains photopigments 

Chl-a and PC; whilst C. vulgaris carries both Chl-a and Chl-b photopigments (CPCC, 

2013). Observing Figure 5.3, M. aeruginosa exhibited peaks at 442-, 632-, and 682 nm 
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(Figure 5.3 a); C. vulgaris peaked at 446-, and 684-nm (Figure 5.3 b); and the mixed culture 

displayed peaks at 444-, 632-, and 682-nm (Figure 5.3 c).  The mixed culture showed a 

slight variation in peaks close to 440-, and 680-nm due to the presence of Chl-a and Chl-b 

together, but the PC peak at 632-nm remained constant. As outlined earlier (refer to 5.3.1), 

photopigment Chl-a peaks around 680-, and 440-nm; Chl-b peaks around 650-, and 450-

nm; and PC peaks at 632 nm (Craig & Carr, 1968; Dos Santos et al., 2003; Gray, 2010). 

PC is predominantly present in cyanobacteria which allows cyanobacterial algae to be 

differentiated from other algae in a mixed culture environment (Cotterill et al., 2019; 

Schneider et al., 1991). A comparison using the S-G derivative spectra was performed 

using 50-mm pathlength as shown in Figure 5.4 and similar results were observed. M. 

aeruginosa exhibited peaks relevant to Chl-a and PC photopigments at 660-, and 706-nm, 

respectively (Figure 5.4 a); C. vulgaris peaked at 708-nm, corresponding to Chl-a (Figure 

5.4 b); and the mixed culture displayed peaks at 660-, and 706-nm for Chl-a and PC, 

respectively (Figure 5.4 c). 

From the results, it was observed that the equal concentration mixed culture (Figure 5.3 c) 

resulted in an overall reduction in overall absorbance when compared to M. aeruginosa 

absorbance spectra (Figure 5.3 a), but was higher than the absorbance observed for axenic 

C. vulgaris (Figure 5.3 b). This can be attributed to the fact that the photopigment Chl-a is 

known to absorb more strongly when compared to Chl-b (Gray, 2010). Regardless, a strong 

and clear peak for the photopigment PC was observed in the mixed culture (Figure 5.3 c 

and Figure 5.4 c), despite the presence of a foreign, non-cyanobacterial algae. This exhibits 

the potential detection capability of cyanobacteria in a mixed culture environment using 

the method outlined in this study.  
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Figure 5.3: Absorbance spectra of M. aeruginosa (a), C. vulgaris (b), and mixed-culture 

(c) using 50 mm pathlength cuvette. 
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Figure 5.4: Savitzky-Golay first order derivative of absorbance spectra of M. aeruginosa 

(a), C. vulgaris (b), and mixed-culture (c) using 50 mm pathlength cuvette. 

5.4 Discussion 

The results shown in this study indicate that, it is possible to detect cyanobacteria in a 

mixed-culture using longer pathlengths, while employing derivative spectrophotometry, in 

the presence of equally concentrated non-cyanobacterial algae. Comparing the MDL 

obtained by the normal absorbance to that of the S-G first order derivative of absorbance, 

10-, 50-, and 100-mm results showed an approximate 3-, 3-, and 5-fold improvement in 

detection, respectively (see Table 5.2). As previously shown in a study by Malhotra & 

Örmeci (2021), using 100 mm cell pathlength in conjunction with derivative 

spectrophotometry, the MDL for M. aeruginosa was reported to be 4,916 cells/mL, while 

C. vulgaris had an MDL of 11,661 cells/mL. This study showed that it was possible to 

detect a mixture of both algae to as low as 5,505 cells/mL concentration. The MDL 

obtained using the method described in this study is well within (< 20,000 cells/mL) the 

WHO recommended guideline for low probability of negative health effects from 
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cyanobacteria in a mixed population is considered extremely beneficial from a water 

monitoring and management perspective (Altenburger et al., 2015; Bowling et al., 2017). 

To reiterate the results, in this mixed algal culture, we observe both Chlorophylls (a&b) 

and PC peaks which allows us to determine that cyanobacteria are present. But the presence 

of Chlorophyll alone does not allow us to distinguish between the type of algae present in 

source water (Lichtenthaler & Buschmann, 2001; Simis & Kauko, 2012; Sobiechowska-

Sasim et al., 2014). The absorbance values itself differs with varying algae as seen with M. 

aeruginosa, C. vulgaris, and mixed culture (refer 5.3.3), therefore, the measurement of 

Chl-a photopigment is most commonly employed to estimate a potential bloom formation 

for water monitoring purposes (Bowling et al., 2016; Friedrichs et al., 2017; Lichtenthaler 

& Buschmann, 2001; Liu et al., 2020). To quantify unknown concentration of algae in 

source water, calibration curves between the concentration and sample absorbance (at a 

wavelength of interest) are universally used (AlMomani & Örmeci, 2018; Dos Santos et 

al., 2003; Millie et al., 2002). So, comparing slopes at similar concentrations is critical in 

determining whether the linear relationship to quantify unknown concentration holds true 

under mixed-culture condition.  

This part of the discussion will focus on slopes of regression lines using 50 mm cell 

pathlength, over the approximate concentration range from 3,710 – 950,000 cells/mL. The 

slope from the absorbance spectra at 682 nm for mixed culture, M. aeruginosa, and C. 

vulgaris, were calculated as 5.6937 × 10-07 ± 3.7337 × 10-09, 5.6618 × 10-07 ± 4.8373 × 10-

09, 1.8695 × 10-07 ± 5.3264 × 10-09, respectively, for the whole concentration range 

(Malhotra & Örmeci, 2021). A strong linear relationship between the concentration and 

absorbance was observed for three algal samples (R2 > 0.99). The slopes for mixed culture 
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and M. aeruginosa were found to be close to each other, while C. vulgaris had a slope that 

was uniquely associable to it (AlMomani & Örmeci, 2016; Shin et al., 2018). Despite the 

equal concentration mixed culture, the slope indicates that the cyanobacteria, M. 

aeruginosa might be predominating in the culture sample. Further research is needed to 

understand the interactions between different algae in a mixed culture environment which 

might impact culture dominance and change of peaks due to presence of multiple 

photopigments. Likewise, the slope at 632 nm for mixed culture and M. aeruginosa were 

calculated as 5.6786 × 10-07 ± 4.3607 × 10-09 and 5.6290 × 10-07 ± 3.4260 × 10-09 

respectively, for the concentration ranging from 3,710 – 950,000 cells/mL. The slopes were 

found to be comparable and had a strong linear relationship (R2 > 0.99). 

Current techniques for algal detection include chromatography based (such as HPLC) 

methods, Polymerase Chain Reaction (PCR), spectroscopy-based methods, fluorometry 

and remote sensing (Al-Tebrineh et al., 2011; Azevedo et al., 2011; Catherine et al., 2012; 

Greenfield et al., 2008; Lichtenthaler & Buschmann, 2001). Although these techniques are 

sensitive, most of these methods are labor-intensive, require skilled personnel, and often 

require extraction prior to detection, making them time-consuming processes.   

Spectrophotometry is one of the most common and historic methods that can be used to 

estimate photopigment (such as Chl-a and PC) concentrations in samples. The dominant 

advantage of the spectrophotometric method described is that it is simple, rapid, does not 

require pigment extraction or reagent use, and can potentially be used for in-line 

monitoring to measure potential bloom formation (cyanobacterial and non-cyanobacterial) 

(Mukhopadhyay & Mason, 2013; Tran Khac et al., 2018). Further, spectrophotometry can 

be employed to simultaneously quantify multiple water quality parameters (such as DOM, 
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UVT, DOC, TSS, BOD, and N-compounds, among others), in conjunction with algal 

photopigments making this method really attractive to water quality managers (Burgess & 

Thomas, 2017; Lichtenthaler & Buschmann, 2001; Schneider et al., 1991, 1991).  

The main drawback of spectrophotometry is that it is less specific and sensitive when 

compared to fluorometry and chromatography based methods (Beltrán et al., 2012; Bertone 

et al., 2018). Additionally, fluorometry does not rely on cuvettes and estimates 

concentration based on the ability of a pigment to fluoresce (as each phytoplankton 

compound has a distinct signal in fluorescence) (Liu et al., 2020). Regardless, fluorometry 

has a limited working range (typically below 200,000 cells/mL) and is not capable of 

measuring multiple water quality parameters simultaneously limiting its application for 

highly eutrophic source water bodies (Zamyadi et al., 2016). Moreover, fluorometers have 

to be calibrated to a known photopigment concentration range which is typically expected 

at a particular water source for algal monitoring purposes (Bertone et al., 2018).  

Fluorometry and spectrophotometry are both analytical processes which work on the 

principal of pigment interaction with light and are susceptible to similar interference 

factors. Some of the major factors include the presence of degradation and VBNC products, 

turbidity, varying algal morphologies, and bias resulting from instrumentation, which 

might lead to improper quantification of algal concentration (Liu et al., 2020; 

Sobiechowska-Sasim et al., 2014; Zamyadi et al., 2016). Regardless, this study shows that 

using longer pathlengths and employing derivative spectrophotometry, the 

spectrophotometric method described could be a potentially valuable monitoring tool. It 

should be noted that this study was conducted in D.I. water and had equal concentrations 
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of both algae, which might not hold true in the natural environment and can result in 

potential differences in absorbance patterns. 

5.5 Conclusion 

This study indicates that it is possible to sensitively detect cyanobacteria with UV-vis 

spectrophotometry in a mixed-culture environment. An increase in cuvette pathlength, 

enhanced the detection limit of normal absorbance spectra from 308,967 cells/mL to 

25,997 cells/mL for 10-, and 100-mm, respectively, for a mixed M. aeruginosa and C. 

vulgaris culture, without any application of statistical or mathematical techniques. Upon 

applying the Savitzky-Golay first derivative of absorbance (derivative spectrophotometry 

method), the peaks smoothened by improving the signal-to-noise typically observed in 

traditional spectrophotometry, making analysis and detection easier. The MDL for Chl-a 

peak in a mixed M. aeruginosa and C. vulgaris culture after applying the derivative method 

was calculated to be 5,505 cells/mL using 100-mm pathlength, which is well below the 

limit for low probability of adverse health effects in recreational water according to the 

EPA guideline (< 20,000 cells/mL). In addition, this study was able to separately identify 

cyanobacterial (PC) peak from chlorophyll peak in a mixed-culture setting, while the 

chlorophyll peaks of both algae overlapped each other. The MDL for PC peak with 100-

mm pathlength and derivative spectrophotometry was found to be 14,697 cell/mL 

indicating method viability. This method can also be implemented as an early warning 

system for water monitoring purposes to detect potential bloom formation of common 

algae, as well as HABs. The proposed method is simple, straight-forward, non-destructive, 

requires no sample processing (reagent or extraction), and can be applied to monitor broad 

array of source water quality parameters due to its wide concentration working range. 
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Appendix D 

 

 

 

Figure D.5: Standard calibration curves for absorbance spectra at Chl-a peak at higher and 

lower concentration ranges of mixed-culture for 10 mm (a, b), 50 mm (c, d), and 100 mm 

(e, f) cuvette pathlengths, respectively. 
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Figure D.6: Standard calibration curves for Savitzky-Golay first derivative of absorbance 

at Chl-a peak at higher and lower concentration ranges of mixed-culture for 10 mm (a, b), 

50 mm (c, d), and 100 mm (e, f) cuvette pathlengths, respectively. 
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Figure D.7: Standard calibration curves for absorbance spectra at PC peak at higher and 

lower concentration ranges of mixed-culture for 10 mm (a, b), 50 mm (c, d), and 100 mm 

(e, f) cuvette pathlengths, respectively. 
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Figure D.8: Standard calibration curves for Savitzky-Golay first derivative of absorbance 

at PC peak at higher and lower concentration ranges of mixed-culture for 10 mm (a, b), 50 

mm (c, d), and 100 mm (e, f) cuvette pathlengths, respectively. 
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Abstract 

Monitoring of microalgae in source water has become more important than ever, especially 

due to worsening eutrophication as well as global warming and an increase in potentially 

toxic cyanobacterial bloom formation. This research investigated using longer cuvette 

pathlengths (50-, and 100-mm) and Savitzky-Golay (S-G) first derivative of absorbance 

for detection and monitoring of Microcystis aeruginosa (cyanobacteria) and Chlorella 

vulgaris (green algae) in river water to provide realistic conditions in determining the 

method performance. Further, differences between the absorbance spectra of 

cyanobacterial and green algae were analyzed to identify key peaks from different 

photopigments for monitoring purposes. For both microalgae, correlations between cell 

concentrations, absorbance, and derivative of absorbance measurements were investigated. 

In addition, method detection limits (MDLs) were established, and calibration curves were 

made to carry out sensitivity analyses. A strong linear relationship (R2 > 0.9) was observed 

between concentration and absorbance for all peaks of interest (such as 682 nm for 

photopigment Chl-a and 632 nm for phycocyanin). Finally, the performance and MDLs 

were compared for both microalgae in river water with deionized water. Results obtained 

using 100 mm pathlength and S-G derivative were found to be the most sensitive and had 
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the lowest MDLs of 12,798 cells/mL and 8,546 cells/mL for M. aeruginosa for 

phycocyanin and Chl-a peaks in river water; whilst C. vulgaris had the lowest MDL of 

13,695 cells/mL for Chl-a peak in river water. These results indicate that using longer 

cuvette pathlengths and employing derivative spectrophotometry, the method described 

can be potentially used for early detection and monitoring of cyanobacteria and green algae 

in real environmental samples. 

Keywords: Chlorella vulgaris; Microcystis aeruginosa; cyanobacteria; derivative 

spectrophotometry; water; monitoring. 

6.1 Introduction 

Monitoring of source waters for algae proliferation is essential, with worsening water 

quality and increasing eutrophication (Altenburger et al., 2015; Dodds et al., 2009). Global 

climate warming in combination with eutrophication supports microalgal growth by 

increasing water column stability and facilitating bloom formation (Figueiredo et al., 2004; 

Ibelings et al., 2014). Microalgae in source waters are increasing globally and can cause 

nuisance by producing taste and odor (T&O) compounds, reducing natural dissolved 

oxygen (DO), impacting natural aquatic habitat, forming scum, and increasing treatment 

cost if source water is used for drinking or recreational purposes) (Bajpai et al., 2011; Oren, 

2014; Sharma et al., 2010). In regard to microalgae, of particular concern are potentially 

toxic cyanobacteria (CB) which have the capability of producing harmful toxins, known as 

cyanotoxins in addition to T&O compounds (Al-Sammak et al., 2013; Bukaveckas, 2018). 

CB blooms pose a major hazard to human and animal health, as well as to the environment 

(Falconer, 1999; Health Canada, 2016).  
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Amongst cyanobacteria, Microcystis sp. is a bloom-forming genus which is found all over 

the world in highly eutrophic source water bodies (Pelaez et al., 2010). Species within this 

genus can be toxic or non-toxic in nature and but several species produce hepatoxins, which 

upon ingestion can cause gastroenteritis, liver damage, cancer, and/or bioaccumulation 

(Berry et al., 2011; Health Canada, 2016; Winter et al., 2011). Likewise, Chlorella sp. is a 

common green algae genera that is found in eutrophic source waters around the globe 

(AlMomani & Örmeci, 2016; Safi, 2014). Therefore, Microcystis aeruginosa 

(cyanobacteria) and Chlorella vulgaris (non-cyanobacterial algae) were selected for 

monitoring and detection purposes in this study.  

Due to reasons mentioned before, the early detection of bloom in source water is a 

requirement in many countries (Bowling et al., 2017; Bukaveckas, 2018). Some water 

authorities around the world have developed their own drinking and recreational water 

regulations for source water containing algae with a prime focus on cyanobacteria, but the 

great majority follow guidance values recommended by the World Health Organization 

(WHO) (Bartram & Rees, 2000; Chorus, 2012; WHO, 2017a). With varying regulations 

and management practices, selecting a single technology for monitoring purposes becomes 

a challenging task (Giddings et al., 2012). A few examples of regulations and guidance 

values for source waters are shown in Table 6.1. It is important to be aware that for public 

safety, while monitoring potential blooms in drinking water sources, any detected 

cyanobacteria is assumed to be potentially toxic in nature (EPA, 2005, 2015). This makes 

early detection a key for the management of blooms. It should also be mentioned that 

minimal to no guidelines exist for non-toxic algae in source waters.  
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Table 6.1: Regulations/ guidance value examples for low probability of adverse health 

effects in drinking and recreational water sources around the world for cyanobacteria. 

Regulatory 

Body 

Drinking water Recreational water Reference 

Canada 1.5 µg/L Microcystin ≤ 100,000 cells/mL 

or 

20 µg/L Chl-a 

(Health Canada, 

2020) 

WHO 1 µg/L Microcystin ≤ 20,000 cells/mL or 

10 µg/L Chl-a 

(WHO, 2003a) 

USEPA 1.6 µg/L Microcystin ≤ 20,000 cells/mL or 

10 µg/L Chl-a 

(EPA, 2015) 

Cuba < 20,000 cells/mL 20,000 – 100,000 

cells/mL 

(WHO, 2003b) 

Brazil 10,000 – 20,000 

cells/mL 

Not declared (Chorus, 2005) 

Turkey > 5,000 cells/L 

> 1 µg/L Chl-a 

< 20,000 cells/L 

< 10 µg/L Chl-a 

(Chorus, 2012) 

 

Detection and monitoring techniques for cyanobacteria and other microalgae are broadly 

based on either pigment or toxin estimation (Moreira et al., 2014; UNESCO, 1996). 

Traditional methods are based on direct counting and microscopic estimation, which are 

highly prone to errors but cost-effective (Chorus & Bartram, 1999). Current techniques are 

based on molecular methods (such as qPCR and biochemical assays), fluorometry, 

spectrophotometry, remote sensing, and chromatography (Agberien & Örmeci, 2019; 

Balest et al., 2016; Greenfield et al., 2008; Kim et al., 2017; Moreira et al., 2011; Quansah 
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et al., 2010). Techniques based on chromatography and molecular methods are highly 

selective and sensitive in detection with a limit of detection as low as 1 ng/L, but are 

intrusive in nature, require extensive sample preparation before analysis, and skilled 

personnel for operation (Balest et al., 2016; Dos Santos et al., 2003; EPA, 2005). 

Spectrophotometric, fluorometric, and remote sensing methods can be used for intrusive 

or non-intrusive monitoring based on the methods applied. Typically, non-intrusive 

methods are selected to reduce analysis time and environmental waste produced by relying 

on reagent/pigment or toxin extraction (Gray, 2010; McCullough, 2007). Remote sensing, 

although an attractive alternative monitoring technique, is highly dependent on weather 

and cannot distinguish between the type of microalgal bloom present (Furevik et al., 2004; 

Wang et al., 2015). Fluorometry is presently the most common technology applied for on-

line monitoring of microalgae and cyanobacteria due to its high sensitivity and low 

detection limit (Zamyadi et al., 2016). However, studies have shown that the sensitivity is 

susceptible to changing microalgal physical properties, intensity of fluorescent light, 

presence of non-algal phytoplankton, and fluctuating pigment content (Bertone et al., 2018; 

Bowling et al., 2016, 2017).  

Using spectrophotometry for on-line monitoring of water quality parameters such as total 

organic carbon (TOC), chemical oxygen demand (COD), biological oxygen demand 

(BOD), nitrates, nitrites, benzene, total suspended solids (TSS), among others, has 

increased dramatically (Burgess & Thomas, 2017). The ability to measure different water 

parameters is beneficial for microalgae monitoring as multiple factors contribute to bloom 

proliferation (such as a mix of nutrients and favorable environmental conditions) (Health 

Canada, 2016). The main advantage of spectrophotometry is that it is easily available, 
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simple, rapid, can measure extracted and unextracted pigment concentration, and can 

transmit data in real-time (AlMomani & Örmeci, 2018). However, spectrophotometry has 

not been widely used for real-time monitoring of cyanobacteria and microalgae. The main 

limitation of spectrophotometry is that it is vulnerable to baseline shifts of water and 

measurements are altered in the presence of different water contaminants, and turbidity 

(Owen, 1995). To correct this, derivative spectrophotometry can be applied to reduce 

background noise and improve spectra for analysis while reducing issues with baseline 

shifts (Kus et al., 1996). A study by Agberien & Örmeci (2019) investigated the use of 

derivative spectrophotometry for monitoring cyanobacteria (M. aeruginosa) and reported 

a detection limit of 90,231 cells/mL in surface water using 10 mm pathlength. Another 

study that tested derivative spectrophotometry for monitoring microalgae reported a 

detection limit of 0.56 TVS/L in surface water (AlMomani & Örmeci, 2018). These studies 

indicate that spectrophotometry has potential for monitoring but might not be as sensitive 

as other methods.  

The objective of this study was to demonstrate the potential of using readily available UV-

Vis spectrophotometer technology while implementing derivative spectrophotometry as an 

analytical tool in order to develop an early detection system to be used for monitoring of 

cyanobacteria and microalgae in surface waters. Studies using environmental samples are 

limited in nature but critical for understanding applicability for real-time microalgae 

monitoring. Unfiltered river water was used in order to provide realistic and challenging 

conditions in determining the performance and limitations of the method. Most of the 

traditional techniques require pre-processing to analyze environmental samples resulting 

in a key drawback and raising a need for better monitoring technique, which can analyze 
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samples in a robust manner without relying on sample processing.  Cuvette pathlengths of 

50- and 100-mm were used to improve the detection and sensitivity compared to traditional 

spectrophotometry. To compare Rideau River water to typical source waters where 

cyanobacterial blooms occur, it was tested for pH, turdibity and COD for charecterisation 

and representative purposes. Lastly, detection limits were established, and sensitivity 

analyses were conducted between inoculated microalgae in river water and deionized water 

while comparing their performance. 

6.2 Materials and Methods 

6.2.1 Microalgae growth and cultivation 

Microcystis aeruginosa CPCC632 (non-toxigenic cyanobacteria) and Chlorella vulgaris 

CPCC90 (common green algae) were selected for this study and acquired from the 

Canadian Phycological Culture Center (CPCC) at the University of Waterloo (Ontario, 

Canada). These microalgae were cultured using sterile growth media of Bold’s Basal 

Medium with triple Nitrogen stock (3N-BBM) and Bold’s Basal Medium (BBM), 

respectively (CPCC, 2013). M. aeruginosa and C. vulgaris were cultured in their 

corresponding growth medium using 1:2 and 1:3 dilution factors for the duration of this 

study. The microalgae were cultured in individual 1,000 mL clean Erlenmeyer flasks, 

which were rinsed using deionized (D.I.) water and sterilized using an autoclave for 30 min 

at 15 psi and 121 °C, before use. This was done to prevent potential cross-contamination 

from foreign sources, which might impact algal growth and properties. 

The Erlenmeyer flasks containing the cultures were cultivated in a temperature-controlled 

incubator (kept at 24 °C), under 24-hour photoperiod using two fluorescent tube lights 

emitting daylight, to mimic optimal natural growth conditions. M. aeruginosa was kept at 
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an intensity of 1,000 lux inside the incubator, while C. vulgaris was exposed to 1,800 lux 

for optimal growth (CPCC, 2013). The cultures sourced carbon dioxide diffused from 

natural air for growth purposes. To maintain a homogenous mixture and promote higher 

gas exchange rate, both culture flasks were manually stirred twice a day. 

6.2.2 Characterization of river water 

A clean high-density polyethylene container was used to grab surface water from Rideau 

River (Ottawa, Ontario). Fresh river water was collected on the day of the experiment and 

the collected water was allowed to acclimate to room temperature for experimental 

consistency purposes following standard operating procedures (KBGAWG, 2009). The 

raw water was analyzed for chemical oxygen demand (COD), turbidity, and pH in 

triplicates according to Standard Methods, 5220 D. Closed Reflux Colorimetric Method, 

2130 B. Nephelometric Method, and 4500-H+ B. Electrometric Method, respectively (Rice 

et al., 2017). A DR 2800 Spectrophotometer (HACH, CO, USA) using USEPA Reactor 

Digestion Method 8000 was used for COD measurement; while a HACH 2100AN 

Turbidimeter (Hach, CO, USA) and a pH meter (Orion 5-star, Thermo Scientific, Canada) 

were used to measure turbidity and pH, respectively. The instruments were calibrated daily 

using manufacturer’s standards, before use. 

6.2.3 Sample preparation for spectrophotometric analysis 

The cultivated M. aeruginosa and C. vulgaris cultures were separated from their respective 

growth mediums by centrifugation at 8,000×g for 5 mins using 50 mL centrifuge tubes. 

Subsequently, the separated media was discarded, and the microalgae was resuspended in 

45 mL river water. Then the samples were gently inverted 5 times to ensure a homogenous 

mixture of microalgae which was used as stock for sample dilutions (for both cultures). 
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Afterward, the stock cultures were enumerated under a Leitz Laborlux 12 light microscope, 

and an improved Neubauer hemocytometer was used for quantification purposes. 

Following quantification of both algal strains, sample preparation was carried out using the 

same dilution ratios to achieve near similar cell concentrations between each concentration 

range. The prepared samples ranged from 3,800,000 cells/mL to 1,855 cells/mL with 12 

concentration levels for both M. aeruginosa and C. vulgaris cultures. This consistency 

allowed for an accurate comparison between different tests. Note that the raw water for 

sample preparation was used as is (without any particulate filtration) from the source and 

was kept under constant mixing using a magnetic stirrer to avoid particulate settlement. 

This was done to ensure a better representation of realistic water conditions on microalgal 

detection limit. 

6.2.4 UV-Vis Spectrophotometry 

A laboratory UV-Vis spectrophotometer Cary 100 (Agilent Technologies, USA) was used 

for analysis, while varying pathlengths using 50-, and 100-mm quartz cuvettes. Before each 

test, the spectrophotometer was calibrated and zeroed to D.I. water using respective 

cuvettes. The absorbance measurements were carried over the spectral range from 200 nm 

to 800 nm, with a 1 nm set spectral scan step. Absorbance measurements for both M. 

aeruginosa and C. vulgaris in water samples were repeated at least four times using a 

freshly prepared microalgae solution, and the absorbance values were measured in 

absorbance units (a.u.). A higher number of replicates were used to ensure repeatability 

between samples while minimizing error and avoiding potential issues associated with 

photobleaching of microalgae (Hudnell, 2008; UNESCO et al., 2004). The resultant 

absorbance values for each test sample were subtracted by a blank river water measurement 
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to obtain the final absorbance for both M. aeruginosa and C. vulgaris tests independently. 

This was done for both 50-and 100-mm pathlengths before the experiment. The same 

cuvette orientation was consistently used between individual measurements, and the 

cuvettes were regularly inspected for any damage that might impact analyzed values. 

Between each test, the cuvettes were thoroughly cleaned using D.I. water, and the samples 

were scanned starting from lowest concentration to highest concentration. To simplify the 

analysis, the measured samples were distributed into lower [i.e., 59,375 – 1,855 cells/mL] 

and higher [i.e., 950,000 – 118,750 cells /mL] concentration ranges. To verify whether the 

samples followed Beer-Bouguer-Lambert law, standard calibration curves were plotted, 

and each test was performed twice to verify applicability and repeatability. The volumes 

for the prepared grab samples for 50 mm, and 100 mm were kept at 17.5 mL and 35 mL, 

respectively. 

6.2.5 Calculation of Savitzky-Golay first-order derivative of absorbance 

Derivative spectrophotometry is the use of first or higher derivatives of observed 

absorbance with respect to the recorded wavelength. It is used for qualitative and 

quantitative analysis (Owen, 1995). Savitzky-Golay (S-G) first-order derivative is a 

technique that allows to simultaneously smoothen the observed data and attain first-order 

derivative of absorbance. This improves the signal-to-noise ratio in comparison to the zero-

order absorbance, resulting in sharper and clearer peaks for better analysis (Ruffin et al., 

2008). It is calculated using the following correlation: 

aj = 

∑  CiFj+i 

m−1
2

i=−
m−1

2

N
 
m+1

2
  ≤  j  ≤  n - 

m−1

2
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Where, aj = Savitzky-Golay first derivative of absorbance; Ci = Savitzky-Golay filter 

coefficient; F = absorbance value measured at a specific wavelength; m = number of data 

points used; j = smoothened data point; N = standardization factor. Each measured 

absorbance value was smoothened over twenty-three data points so that i = -11, -10, 

……..10, 11; Ci = -11, -10, …….10, 11; m = 23; N = 1012; following S-G table of 

coefficients for first derivative of absorbance (Savitzky & Golay, 1964). 

6.2.6 Establishing detection limit 

The minimum detection limit for microalgae concentration was determined using Hubaux 

and Vos method, which is a widely accepted statistical method for calculating method 

detection limit (MDL) (Voigtman, 2017). At least 10 data points were recorded and used 

to determine the MDL as the method requires a minimum of 3 data points and 3 replicates 

(Hubaux & Vos, 1970). An excel-based calculator developed by Chemiasoft for Hubaux 

and Vos method was used to calculate the MDL. All the MDLs for all both microalgal 

concentrations were determined at a 99% confidence level indicating that the analyte 

concentration is greater than zero (Berthouex & Brown, 2002). 

6.3 Results 

6.3.1 Spectrophotometric measurements of M. aeruginosa in river water 

Spectrophotometric measurements were carried out to determine the viability of 

spectrophotometry for cyanobacterial detection in a natural water sample. Since the river 

water was used as-is, without any filtration, the absorbance measurements are susceptible 

to variations due to organic and inorganic contaminants present in the source water. The 

river water was characterized for its chemical oxygen demand (COD), turbidity, pH, and 

the results are shown in Table 6.2. The absorbance spectra of M. aeruginosa 
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(cyanobacteria) was determined in river water in two major concentration ranges: higher 

(118,750 – 950,000 cells/mL) and lower (1,855 – 59,375 cells/mL) ranges. The absorbance 

measurements (illustrated in Figure 6.1) resulted in three major peaks to be observed at 

442-, 632-, and 682-nm, with the sharpest peak being observed at 682 nm. This correlates 

well considering that M. aeruginosa are known to carry the primary photopigment 

chlorophyll-a (Chl-a) and an accessory photopigment known as phycocyanin (PC) which 

is unique to cyanobacteria (Dos Santos et al., 2003; Saini et al., 2018). Typically, the 

photopigment Chl-a peaks close to 440-, and 680-nm; while the peak at 632 nm correlates 

to PC. The phycocyanin peak is traditionally located between 612 – 626 nm, but the peak 

is prone to shifts with different cyanobacteria and changing water characteristics (Craig & 

Carr, 1968; McQuaid et al., 2011; Raps et al., 1985; Sobiechowska-Sasim et al., 2014). It 

should be noted that the objective of this research was not to study the impact of individual 

water quality parameters on detection, rather the effectiveness of this method under 

realistic water monitoring conditions.  Lastly, as all the identified peaks fell between the 

range of 400 – 800 nm of the spectrum, and therefore the study focused on that range for 

analysis purposes. 

Table 6.2: Results from Rideau River characterization. 

Parameter Measurement (Mean) 

COD (mg/L) 24 ± 1.8 

Turbidity (NTU) 12 ± 2.0 

pH 7.84 

Temperature (°C) 20.5 ± 0.5 
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Following the Beer-Lambert Law, both 50-, and 100-mm results saw an incremental 

increase in absorbance values with increasing concentration (Figure 6.1). With increasing 

cuvette pathlength, the observed absorbance values increased for samples with the same 

cell concentration. This is expected as a larger pathlength holds a bigger volume, which in 

turn results in more light being absorbed by the sample (Burgess & Thomas, 2017). At the 

higher concentration range for both pathlengths, all peaks were clearly observed (Figure 

6.1 a,c). At lower concentrations, for 50 mm pathlength (Figure 6.1 b), results indicated 

that a clear peak could not be readily identified for Chl-a and PC below 30,000 cells/mL 

and 60,000 cells/mL concentration, respectively. On the other hand, lower concentration 

100 mm pathlength (Figure 6.1 d) results showed no clear peak for Chl-a and PC below 

15,000 cells/mL and 30,000 cells/mL, respectively. The detection limit was calculated at 

both Chl-a and PC peak at 682-, and 632-nm, respectively. Changing cuvette pathlength 

from 50-, to 100-mm improved the sensitivity by approximately 2-fold, reducing the 

detection limit to 26,788 cells/mL and 36,705 cells/mL using 100 mm pathlength for Chl-

a and PC, respectively from 44,248 cells/mL and 62,660 cells/mL (Table 6.3).  

Calibration curves were generated at 682-, and 632-nm for higher and lower ranges to 

validate coherency of the data with Beer-Lambert Law and are illustrated in supplementary 

information Figure E.4 and Figure E.6. A strong linear relationship was observed between 

absorbance and concentration at both the wavelengths (R2 > 0.9), and the slopes at 682-, 

and 632-nm were approximately the same for 50-, and 100-mm pathlengths over the entire 

concentration range (Table 6.3). For example, at 682-, and 632-nm, the slopes for lower 

concentration range for 50 mm were 3.8336 × 10-07 ± 3.0833 × 10-08 au/(cells/mL) and 

3.7430 × 10-07 ± 2.7904 × 10-08 au/(cells/mL), respectively. Similarly, for 100 mm at 682-
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, and 632-nm, the slopes for lower concentration range were 6.6302 × 10-07 ± 1.0201 × 10-

08 au/(cells/mL) and 6.4778 × 10-07 ± 1.0084 × 10-08au/(cells/mL), respectively. However, 

even with 100 mm pathlength, at concentrations lower than 30,000 cells/mL, it was 

difficult to clearly distinguish cyanobacterial peaks from background noise in river water. 

 

 

Figure 6.1: Absorbance spectra at higher and lower concentration ranges of M. aeruginosa 

for 50 mm (a, b), and 100 mm (c, d) cuvette pathlengths, respectively. 

 

6.3.2 Savitzky-Golay first derivative of absorbance of M. aeruginosa in river water 

Savitzky-Golay (S-G) first derivative of absorbance was implemented to concurrently 

calculate the first-order derivative of absorbance, while smoothening the plot obtained 
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using predefined polynomial coefficients (Chen et al., 2014; Ruffin et al., 2008). This 

analytical tool facilitated in reducing random background noise while amplifying 

absorbance signal, which resulted in sharp and readily identifiable peaks for M. aeruginosa 

(Figure 6.2).  

Comparing the zero-order absorbance spectra (Figure 6.1) to S-G derivative spectra (Figure 

6.2), a shift in primary peaks of interest was observed at 706-, and 660-nm from 682-, and 

632-nm, which correspond to Chl-a and PC, respectively. This is a characteristic and an 

expected shift in peak as the first-order derivative of absorbance corresponds to the rate of 

change of absorbance with wavelength (Agberien & Örmeci, 2019; Kus et al., 1996). With 

changing M. aeruginosa concentration, these wavelengths exhibited the most noticeable 

changes as well. At the lower concentration range, the PC peak showed a lower response 

in absorbance. This is likely due to interferences from water constituents such as turbidity, 

which might have a significant impact on lower cyanobacterial concentrations. Similar 

spectral curves could be observed for 50- and 100-mm pathlengths at similar concentration 

ranges (Figure 6.2). An approximate 2-fold improvement in detection was observed by 

increasing the cuvette pathlength from 50 mm to 100 mm. The MDL of M. aeruginosa in 

river water using S-G first derivative of absorbance for 50 mm pathlength was found to be 

22,457 cells/mL for PC and 18,324 cells/mL for Chl-a peaks, while the MDL using 100 

mm pathlength was found to be 12,798 cells/mL for PC and 8,546 cells/mL for Chl-a.  

Standard calibration curves were plotted at 660-, and 706-nm wavelengths indicating a 

strong linear relationship (R2 > 0.94) between M. aeruginosa concentration and the S-G 

first derivative of absorbance for both cuvette pathlengths and are illustrated in 

supplementary information Figure E.7 and Figure E.5, respectively. The slopes of the 
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calibration curves were similar between different concentration ranges. For example, the 

slope for 100 mm pathlength at 706 nm at lower and higher concentration range was 

estimated to be 4.2421 × 10-09 ± 4.5723 × 10-10 and 4.4338 × 10-09 ± 1.5224 × 10-10, 

respectively (see Table 6.3). However, at concentrations below 7,500 cells/mL, it was 

difficult to differentiate between signal with noise for both 50-, and 100-mm pathlengths 

(Figure 6.2Error! Reference source not found. b,d).   

 

  

Figure 6.2: Savitzky-Golay first derivative of absorbance spectra at higher and lower 

concentration ranges of M. aeruginosa for 50 mm (a, b), and 100 mm (c, d) cuvette 

pathlengths, respectively. 

A summary of experimental results obtained from river water testing using different 

pathlengths is shown for Microcystis aeruginosa and Chlorella vulgaris in Table 6.3. 
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Table 6.3: Critical data for Microcystis aeruginosa and Chlorella vulgaris in river water 

for higher (118,750 – 950,000 cells/mL) and lower (1,855 – 59,375 cells/mL) concentration 

ranges. 

Test 
Pathlength 

(mm) 

Concentration 

Range (cells/mL) 
Slope R2 

MDL 

(cells/mL) 

M. aeruginosa (Phycocyanin peak) 

Absorbance 

632 nm 

50 

1,855 – 59,375 

3.7430 × 10-07 ± 

2.7904 × 10-08 

0.9782 

62,660 

 

118,750 – 950,000 

3.4729 × 10-07 ± 

2.1838 × 10-08 

0.9921 

100 

1,855 – 59,375 

6.4778 × 10-07 ±  

1.0084 × 10-08 

0.9116 

36,705 

118,750 – 950,005 

7.3408 × 10-07 ±  

4.2665 × 10-08 

0.9932 

S-G first 

derivative of 

absorbance 

660 nm 

50 

1,855 – 59,375 

4.0325 × 10-10 ± 

9.0640 × 10-11 

0.9590 

22,457 

118,750 – 950,000 

4.9574 × 10-10 ± 

2.7866 × 10-11 

0.9937 

100 

1,855 – 59,375 

1.3138 × 10-09 ± 

1.5133 × 10-10 

0.9445 

12,798 

118,750 – 950,005 

1.0965 × 10-09 ± 

6.3494 × 10-11 

0.9933 
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M. aeruginosa (Chlorophyll peak) 

Absorbance 

682 nm 

50 

1,855 – 59,375 

3.8336 × 10-07 ± 

3.0833 × 10-08 

0.9747 

44,248 

118,750 – 950,000 

3.5300 × 10-07 ± 

2.0612 × 10-09 

0.9932 

100 

1,855 – 59,375 

6.6302 × 10-07 ±  

1.0201 × 10-08 

0.9134 

26,788 

118,750 – 950,005 

7.4297 × 10-07 ±  

4.2146 × 10-08 

0.9936 

S-G first 

derivative of 

absorbance 

706 nm 

50 

1,855 – 59,375 

2.2093 × 10-09 ± 

1.4560 × 10-10 

0.9829 

18,324 

118,750 – 950,000 

2.1409 × 10-09 ± 

9.6281 × 10-11 

0.9959 

100 

1,855 – 59,375 

4.2421 × 10-09 ± 

4.5723 × 10-10 

0.9555 

8,546 

118,750 – 950,005 

4.4338 × 10-09 ± 

1.5224 × 10-10 

0.9976 

C. vulgaris (Chlorophyll peak) 

Absorbance 

684 nm 

50 

1,855 – 59,375 

4.0230 × 10-07 ± 

2.2721 × 10-08 

0.9874 

65,489 

118,750 – 950,000 

3.4216 × 10-07 ± 

2.8811 × 10-08 

0.9860 
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100 

1,855 – 59,375 

9.0934 × 10-07 ±  

3.0517 × 10-08 

0.9955 

40,369 

118,750 – 950,005 

7.1222 × 10-07 ±  

4.7140 × 10-08 

0.9913 

S-G first 

derivative of 

absorbance 

708 nm 

50 

1,855 – 59,375 

2.0380 × 10-09 ± 

1.0649 × 10-10 

0.9891 

24,509 

118,750 – 950,000 

1.9404 × 10-09 ± 

1.5834 × 10-10 

0.9868 

100 

1,855 – 59,375 

5.0128 × 10-09 ± 

8.0320 × 10-11 

0.9989 

13,695 

118,750 – 950,005 

4.0864 × 10-09 ± 

2.1265 × 10-10 

0.9946 

 

6.3.3 Comparison of M. aeruginosa and C. vulgaris cultures spectra in river water 

and D.I. water 

The final phase of this study involved comparing the zero-order and derivative spectra of 

M. aeruginosa and C. vulgaris, to determine the potential differences based on their 

absorbance characteristics and impact on detection.  M. aeruginosa and C. vulgaris share 

similar structural morphologies where cells can be present in spherical and ovoidal shapes 

but have varying cell sizes which range from 3 – 5 µm in diameter and 3 – 10 µm in 

diameter for M. aeruginosa and C. vulgaris, respectively (Álvarez et al., 2020; Bañares-

España et al., 2016; Safi, 2014). One key difference is that M. aeruginosa contains natural 
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gas vacuoles allowing them to freely alter their location in source waters based on their 

nutrient/ light requirements (Reynolds, 2007; Wilson et al., 2006). Additionally, M. 

aeruginosa are known to form mucilaginous colonies in natural environments ranging from 

10 – 1000 µm in diameter, usually in response to harsh growth conditions but can also be 

found in nature as unicellular organisms (Gan et al., 2012; Yang et al., 2008). On the other 

hand, C. vulgaris are generally present in unicellular populations; nevertheless, there have 

been some studies showing potential colony formation behavior of C. vulgaris for survival 

in the presence of competing algae (Dong et al., 2018; Fisher et al., 2016). It should be 

noted that these varying environmental factors can potentially impact the absorbance 

spectra. 

Similar concentrations of M. aeruginosa and C. vulgaris were tested for comparative 

purposes and the resultant spectra in river water and D.I. water using 100 mm pathlength 

are illustrated in Figure 6.3. C. vulgaris absorbance spectra resulted in two peaks at 446-, 

and 684-nm (Figure 6.3 b), of which 684 nm is the most prominent. C. vulgaris are known 

to carry two photopigments, Chl-a and chlorophyll-b (Chl-b) (Safi, 2014). It is known that 

Chl-a peaks close to 440- and 680-nm (refer 6.3.1), while Chl-b peaks close to 650-, and 

450-nm (Dos Santos et al., 2003; Miazek et al., 2015; Saini et al., 2018). However, Chl-b 

peaks weakly at 450 nm when compared to peak close to 680 nm due to its naturally weak 

absorbance at that wavelength (Gray, 2010; Millie et al., 2002). The primary difference 

between absorbance spectra of M. aeruginosa and C. vulgaris is that M. aeruginosa 

contains an additional peak at 632 nm, which is a due to the presence of the pigment PC 

and differentiates cyanobacterial algae from non-cyanobacterial algae (Cotterill et al., 

2019). Comparing the zero-order absorbance results of M. aeruginosa and C. vulgaris in 
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D.I. water (Figure 6.3 c,d) to river water (Figure 6.3 a,b), no significant visual differences 

could be observed and the peaks for both algal cultures remained at the same wavelengths. 

However, at lower concentrations, small and frequent fluctuations in absorbance were 

observed for river water tests (Figure 6.1 b,d). This can be potentially attributed to the 

presence of organic and inorganic contaminants present in source river water, leading to 

interferences being observed in the absorbance spectra. A slightly lower detection limit 

was found in D.I. water results for both M. aeruginosa and C. vulgaris than in river water. 

The MDL for M. aeruginosa at Chl-a peak (682 nm), using 100 mm pathlength in river 

water and D.I. water was calculated to be 26,788 cells/mL (Table 6.3) and 22,038 cells/mL, 

respectively. The lowest MDL for C. vulgaris using 100 mm at Chl-a peak (684 nm) was 

calculated to be 40,369 cells/mL in river water (Table 6.3) and 37,413 cells/mL in D.I. 

water.  

Further, the Savitzky-Golay first-order derivative of absorbance spectra of M. aeruginosa 

and C. vulgaris were compared in river water to investigate the differences in peaks 

between cyanobacterial and non-cyanobacterial algae (Figure 6.3 e,f). As previously 

discussed, M. aeruginosa resulted in two peaks of interest at 706 nm and 660 nm which 

corresponds to the photopigments Chl-a (682 nm) and PC (632 nm), respectively in the 

zero-order absorbance spectra (refer 6.3.2). Meanwhile, for C. vulgaris, the primary peak 

of interest was observed at 708 nm, which corresponds to Chl-a (684 nm) peak observed 

in the zero-order absorbance spectra (Figure 6.3 b,f). Between the two algal cultures, M. 

aeruginosa derivative spectra had an additional peak at 660 nm which can be potentially 

used to identify cyanobacteria from non-cyanobacterial algae. The MDL for S-G first-order 

derivative of absorbance using 100 mm pathlength was calculated to be 8,546 cells/mL and 
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13,695 cells/mL for M. aeruginosa and C. vulgaris at 706- and 708-nm, respectively, in 

river water. 

 

 

  

Figure 6.3: Absorbance spectra of M. aeruginosa and C. vulgaris in river water (a, b), in 

D.I. water (c, d), and Savitzky-Golay first derivative of absorbance spectra in river water 

(e, f) using 100 mm cuvette pathlengths, respectively. 
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6.4 Discussion 

The results indicate that using spectrophotometry would be extremely beneficial for 

sensitive monitoring of microalgae with a focus on potentially toxic cyanobacteria in 

source river water. Coupled together with derivative spectrophotometry, this method could 

be beneficial for potential bloom management, providing data that can be used for an early 

warning system. The detection limit calculated for the zero-order absorbance spectra and 

the S-G first derivative of absorbance showed higher sensitivity (approximately 3-fold 

improvement) with increasing cuvette pathlength from 50 mm to 100 mm for both M. 

aeruginosa and C. vulgaris. For example, the MDL for M. aeruginosa from zero-order 

absorbance to S-G derivative of absorbance using 100 mm pathlength for Chl-a reduced 

from 26,788 cells/mL to 8,546 cells/mL (ref. Table 6.3). The MDLs for both microalgaes 

using the longest pathlength resulted in a concentration below 20,000 cells/mL, which is 

well within the WHO recommendation for low probability of negative health effects in 

recreational waters from cyanobacterial algae (WHO, 2003a, 2017b). Lake and low-

flowing rivers with high nutrient loading have a high chance of algal proliferation. 

Typically, surface water characteristics vary from as low as 2 mg/L to 30 mg/L in 

unpolluted water (used for drinking water purposes) for COD; turbidity is usually reported 

to be < 20 NTU but high turbidity (> 40 NTU) is reported during weather events (for 

rivers); and pH varies between 6.8 – 8.6 (Boyer, 2008; Jain & Singh, 2003; Mohamed et 

al., 2015; Puig et al., 2016; Zamyadi et al., 2012a). The properties analyzed for Rideau 

River water falls within the typical characteristics observed for source waters, making this 

method viable for monitoring purposes. 
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The technique applied in this paper provides data on cyanobacterial and green algae 

concentrations in terms of the photopigments chlorophyll-a and phycocyanin. The PC peak 

observed in the cyanobacterial sample is what allows us to distinguish between 

cyanobacterial and non-cyanobacterial algae (Cotterill et al., 2019; Simis & Kauko, 2012). 

Results suggest that by monitoring multiple peaks for data, better insight into the algal 

population can be obtained. Universally, to measure unknown concentrations of 

microalgae in sample water, calibration curves are made using existing concentration data 

and sample absorbance (Burgess & Thomas, 2017; Dos Santos et al., 2003; Millie et al., 

2002). Comparing and analyzing slopes at similar concentrations in D.I. water and river 

water is critical to understanding the applicability of the method for realistic monitoring 

purposes. For consistency purposes, the following part focuses on slopes of regression lines 

related to the PC peak for M. aeruginosa over the concentration range from 1,855 – 950,000 

cells/mL. The slopes at 632 nm for zero-order absorbance using 100 mm pathlength were 

calculated to be 7.9489 × 10-07 ± 1.6140 × 10-08 and 7.4757 × 10-07 ± 1.6194 × 10-08 for 

river water and D.I. water, respectively. Similarly, for S-G derivative, slopes at 660 nm 

using 100 mm pathlength were found to be 1.1750 × 10-09 ± 6.2721 × 10-11 and 1.1221 × 

10-09 ± 2.7632 × 10-11 for river water and D.I. water, respectively. The slopes for 100 mm 

pathlength for the PC peak were similar between different experiments demonstrating 

applicability for monitoring use. However, slopes at the same wavelengths were estimated 

using 50 mm pathlengths for similar concentrations, and a slight change in slope was 

observed. For example, at 632 nm, the slopes were calculated to be 4.8 × 10-07 ± 8.0200 × 

10-09 and 3.7411 × 10-07 ± 2.0307 × 10-09 for river water and D.I. water, respectively using 

zero-order absorbance data. This could be explained due to the presence of unknown water 
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constituents potentially causing interferences and impacting the absorbance scan, which 

has been demonstrated in several studies before (AlMomani & Örmeci, 2018; Burgess & 

Thomas, 2017; Mukhopadhyay & Mason, 2013; Sobiechowska-Sasim et al., 2014).  Slopes 

calculated using Chl-a peaks for M. aeruginosa and C. vulgaris exhibited similar 

characteristics between the two pathlengths as well. Nonetheless, a strong linear 

relationship between absorbance data and concentration was observed (R2 > 0.99) over the 

concentration range from 1,855 – 950,000 cells/mL. 

Although a number of sensitive techniques (based on chromatography, immunoassay, or 

PCR, for example) are currently used for monitoring of microalgae and cyanotoxin 

detection, most require high skill to operate, pigment/toxin extraction prior to analysis, and 

are time-consuming in nature (Al-Ammar et al., 2013; Al-Tebrineh et al., 2011; Azevedo 

et al., 2011; Campàs & Marty, 2007; Liu et al., 2020). The main advantage of the 

spectrophotometric method is the capability to simultaneously monitor multiple 

photopigments for algal detection while monitoring different important water quality 

parameters such as biological oxygen demand (BOD), ultraviolet transmittance (UVT), 

total suspended solids (TSS), and but not limited to, nitrogen compounds (Burgess & 

Thomas, 2017; Mukhopadhyay & Mason, 2013; Schneider et al., 1991; Tran Khac et al., 

2018). Further, spectrophotometry is simple, rapid, can be applied for on-line monitoring, 

does not require pigment extraction for quantification, and has a broad working range (up 

to 3,800,000 cells/mL) (Agberien & Örmeci, 2019; AlMomani & Örmeci, 2018). In 

addition to these abilities, the potential of the spectrophotometric method to distinguish 

cyanobacteria from non-cyanobacterial algae in a realistic environment can prove to be a 

valuable tool to municipal water managers around the world (Altenburger et al., 2015; 



 

273 

 

Bowling et al., 2017). However, for real-time applications, fluorometry is more sensitive 

and specific than spectrophotometry for algal monitoring and does not rely on cuvette for 

sample analysis (Zamyadi et al., 2016). The high specificity of fluorometry is based on 

measuring both excitation and emission spectra from a photopigment to quantify based on 

its distinct fluorescence signature (Bowling et al., 2016; Liu et al., 2020). Fluorometers 

have been reported to be able to estimate cell concentration below 2,000 cells/mL, but 

sufficient studies verifying the detection limits have not been published (Bowling et al., 

2016; Garrido et al., 2019; Kim et al., 2017; Zamyadi et al., 2012b). Nonetheless, 

fluorometry has a significantly lower working range in comparison to spectrophotometry 

(< 200,000 cells/mL) and is incapable of multi-water parameters measurement, limiting 

the applicability of the single instrument (Bowling et al., 2016, 2016). Both 

spectrophotometry and fluorometry are analytical processes that are susceptible to some 

similar sources of inferences. For example, when measuring Chl-a, these methods can 

over/under-estimate cell concentration with varying algal cell properties (such as size, 

agglomeration, and pigment content), presence of non-algal phytoplankton containing Chl-

a, other phycobilin proteins or degradation products, and water properties (such as 

turbidity, color, temperature, and organic matter) (Burgess & Thomas, 2017; Catherine et 

al., 2012; Kim et al., 2017; Lichtenthaler & Buschmann, 2001; Schneider et al., 1991).  

6.5 Conclusion 

Considering that eutrophication is a growing issue around the world, algal blooms, 

including potentially toxic cyanobacterial blooms, are here to stay. As it is well known that 

blooms pose a hazard to human and aquatic life, this increases the need for better 

monitoring technology. The method used in this study for monitoring of microalgae 
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performed adequately when using higher pathlengths with derivative spectrophotometry 

for early detection of cyanobacterial and non-cyanobacterial algae in river water. The 

lowest method detection limit for M. aeruginosa for the photopigment PC was calculated 

to be 12,798 cells/mL; whilst the photopigment Chl-a resulted in a detection limit of 8,546 

cells/mL and 13,695 cells/mL for M. aeruginosa and C. vulgaris, respectively, using 

Savitzky-Golay first derivative of absorbance and 100 mm cuvette pathlength. The MDLs 

calculated were below the WHO recommendation of 20,000 cells/mL cyanobacterial 

concentration in source water for low probability of adverse health effects. In addition, 

spectral comparision of M. aeruginosa and C. vulgaris showed that cyanobacteria could be 

differentiated from common green microalgae in river water, based on the presence of 

different photopigments present in sample water.  

Further, spectrophotometry can be used to measure multiple water parameters (such as 

TSS, BOD, N-compounds) while monitoring microalgae which is a great asset from a 

source monitoring perspective. Having a single piece of equipment for monitoring saves 

cost as well as space requirements. However, spectrophotometry is prone to fluctuations in 

the presence of water constituents (such as turbidity, dissolved organic carbon, 

phytoplankton containing the same photopigment as algae, to name a few), warranting 

further research to check the potential impact of individual water quality parameters, on 

spectral interferences that might impact algal detection. Nonetheless, the use of 

spectrophotometry has considerable potential for early detection and monitoring of 

microalgae in realistic conditions (i.e., river water monitoring), which can greatly aid water 

professionals and decision-makers in making early management decisions. 
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Appendix E 

 

  

Figure E.4: Standard calibration curves for absorbance spectra at Chl-a peak at higher and 

lower concentration ranges of M. aeruginosa in river water for 50 mm (a, b) and 100 mm 

(c, d) cuvette pathlengths, respectively. 
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Figure E.5: Standard calibration curves for Savitzky-Golay first derivative of absorbance 

at Chl-a peak at higher and lower concentration ranges of M. aeruginosa in river water for 

50 mm (a, b) and 100 mm (c, d) cuvette pathlengths, respectively. 

 

 

  

Figure E.6: Standard calibration curves for absorbance spectra at PC peak at higher and 

lower concentration ranges of M. aeruginosa in river water for 50 mm (a, b) and 100 mm 

(c, d) cuvette pathlengths, respectively. 
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Figure E.7: Standard calibration curves for Savitzky-Golay first derivative of absorbance 

at PC peak at higher and lower concentration ranges of M. aeruginosa in river water for 50 

mm (a, b) and 100 mm (c, d) cuvette pathlengths, respectively. 
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Figure E.8: Standard calibration curves for absorbance spectra at Chl-a peak at higher and 

lower concentration ranges of C. vulgaris in river water for 50 mm (a, b) and 100 mm (c, 

d) cuvette pathlengths, respectively. 

 

 

   

Figure E.9: Standard calibration curves for Savitzky-Golay first derivative of absorbance 

at Chl-a peak at higher and lower concentration ranges of C. vulgaris in river water for 50 

mm (a, b) and 100 mm (c, d) cuvette pathlengths, respectively.  
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Abstract 

Cyanobacterial blooms are now a long-standing and recurring environmental issue around 

the globe due to their potential toxicity and accompanying negative impacts such as the 

formation of taste and odor compounds, water discoloration, scum formation, to name a 

few. Early detection and routine monitoring of source water is, therefore, an increasing 

need, and methods to promptly identify cyanobacterial presence are critical. In this study, 

M. aeruginosa was used to test the impact of three water quality parameters (WQP), 

including salinity, DOC (dissolved organic carbon), and turbidity, on the detection and 

monitoring of cyanobacteria using UV-Vis derivative spectrophotometry. The study 

established the method detection limits under a wide range of WQP. Further, the effect of 

two cuvette pathlengths (50-, and 100-mm) and two exposure times (90 and 180 mins) at 

two peaks, corresponding to photopigments chlorophyll-a (Chl-a) and phycocyanin (PC), 

were investigated while applying and Savitzky-Golay (S-G) first derivative of absorbance 

technique to improve sensitivity. Results indicate that the relationship between the two 

photopigments and absorbance was generally strong (R2 > 0.9), except for higher turbidity 

tests (R2 > 0.8), and 100 mm pathlength was found to be the most sensitive in terms of 
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detection. Additionally, there was no significant change in absorbance, detection limit, or 

slope observed between the two exposure times. The lowest detection limits using the 

established method was found to be 11,083 cells/mL and 12,632 cells/mL for 1 mg/L DOC 

for Chl-a and PC, respectively. Sensitivity analyses revealed slight variations in slopes of 

regression with increasing WQP concentration, which was expected with increasing 

interfering contaminants. Overall, the results demonstrate that despite varying WQPs, with 

the aid of derivate spectrophotometry and longer cuvette pathlength (100 mm), the method 

can be successfully used for potential detection and monitoring of cyanobacteria in 

different source waters. 

Keywords: Microcystis aeruginosa; cyanobacteria; derivative spectrophotometry; early 

detection, water, monitoring. 

7.1 Introduction 

Cyanobacteria (CB), also referred to as blue-green algae, are photosynthetic prokaryotes 

that use various photopigments, primarily chlorophyll-a (Chl-a), to capture sunlight for 

energy production (WHO, 2003). They are commonly found in freshwater lakes, ponds, 

wetlands, rivers, and streams but can even occur in oceans (Bowling et al., 2017; Chorus, 

2012; Winter et al., 2011). It is often assumed that when cyanobacteria from freshwater 

sources reach saline estuaries, they stop growing after some period of time, but studies 

have shown that some cyanobacteria can survive saline conditions (Rosen et al., 2018). 

However, salinity tolerance varies between different cyanobacteria, and the study by Rosen 

et al. (2018) using Microcystis aeruginosa reported a maximum tolerance of 18 ppt salinity, 

above which, toxins were found to leak from the cells into the water. Further, Álvarez et 
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al. (2020) reported that salinity can have a direct impact on the morphology and colony 

forming behavior of M. aeruginosa.  

In addition to this, dissolved organic carbon (DOC) is another critical parameter that affects 

cyanobacteria. Following cell lysis, when CB biomass undergoes decomposition, research 

has shown that CB releases DOC and nurtients corresponding to the differences of 

Nitrogen-based compounds and total phosphorous in source water (Li et al., 2018; Ye et 

al., 2011). This in response adds to existing dissolved organic matter (DOM) in source 

water and supports microorganism growth (Li et al., 2018). Moreover, Ye et al. (2011) 

reported that nitrate depletion causes CB to undergo cell lysis and cause release of DOC, 

significantly increasing carbon to nitrogen (C/N) ratio in water. Additionally, after a bloom 

collapse, Ye et al. (2011) reported that the C/N ratio declines as DOC is biologically 

reactive, changing the DOM pool from carbon enriched to nitrogen enriched caused by 

bacterial respiration. Furthermore, experimentation conducted by Zhao et al. (2019) has 

shown that in presence of DOC extracted from biochar, paddy soil and rice husks, an 

increase in phytosynthesis of M. aeruginosa was observed at carbon concentrations ranging 

from 0 to 10 mg/L. However, inhibition of M. aeruginosa growth rate was reported in 

excess presence of humic-acid like substances and high carbon concentrations of biochar 

(Zhao et al., 2019). Non-algal turbidity is another parameter which impacts CB growth in 

source waters. Research suggests that CB biomass yield per unit total phosphorous is 

higher in presence of natural turbidity and turbidity can impact relationship between CB 

biomass and total phosphorous in a given water system (Dzialowski et al., 2011). 

Nevertheless, Dzialowski et al. (2011) also reported that high levels of natural turbidity can 

lower CB predicted yield, which might be caused by reduced amount of light reaching CB 
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biomass. Supplimentarily, turbidity and DOC are known to cause optical interference with 

spectrophotometric measurements, increasing importance of these water quality 

parameters (WQPs) as potential impact factors on CB detection (Burgess & Thomas, 

2017). 

There are three groups of CB commonly observed in the aquatic environments: bloom-

formers, mat-forming, and picocyanobacteria (Vincent, 2009). Bloom-formers flourish in 

warm, stable, and nutrient-rich lakes. Anabaena, Aphanizomenon, and Microcystis are the 

three genera of cyanobacteria commonly present in surface waters, and Microcystis spp. is 

the most prevalent genera around the world (Stefanelli et al., 2014). Studies show that a 

single factor does not necessarily determine bloom formation, rather a mixture of nutrients 

(nitrogen and phosphorous) and environmental conditions (warm temperature, light 

intensity, growth rate, and stability) present together influence cyanobacterial growth 

(Health Canada, 2016; Pelaez et al., 2010). In addition, studies have shown that 

cyanobacteria can adjust their depth in water using gas vacuoles to enhance growth 

conditions and can survive extreme water conditions, for example, at high temperatures 

(74 °C) and low pH (4) (Oren, 2014). These properties of bloom-formers suggest that with 

warming global temperatures, the frequency and severity of blooms will become 

increasingly prevalent. Thus, there is a need to be able to monitor the source water body 

for different water quality parameters in tandem with cyanobacteria to ensure the protection 

and safe use of water bodies.  

Cyanobacteria can be toxigenic or non-toxigenic in nature; the toxigenic species release 

toxins known as cyanotoxins stored inside the cell walls, on cell lysis. The toxins released 

during the growth phase are minimal, and they quickly dissolve in water and rapidly dilute 
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and degrade with time (EPA, 2015). Species within the Microcystis sp. genus can be 

toxigenic or non-toxigenic. Toxic species produce hepatoxins, which upon ingestion can 

cause gastroenteritis, liver damage, cancer, and/or tissue bioaccumulation (Berry et al., 

2011; Health Canada, 2016). Additionally, cyanobacterial blooms also lead to lower source 

dissolved oxygen content, production of taste and odor compounds (i.e., 2-

methylisoborneol and Geosmin), and scum formation, which can lead to overall 

deterioration of source water quality (Graham et al., 2010). Studies have shown that source 

water impacted by toxic blooms can cost millions of additional dollars in operational costs 

to water and wastewater treatment plants (Oren, 2014). This increasing global issue gives 

rise to the need for the early detection of cyanobacteria in source waters.  It should be noted 

that both toxigenic and non-toxigenic M. aeruginosa carry the same photopigment markers 

phycocyanin (PC) and Chl-a (American Water Works Association, 2011; Saini et al., 

2018).Current monitoring and detection techniques for cyanobacteria rely on quantitative 

estimation of toxin amount, pigment present, or methods relying on direct counting 

(Moreira et al., 2014). However, due to high variability of water quality and cyanobacteria 

present in source water, technologies have difficulties quantifying amount accurately and 

lack repeatability (Srivastava et al., 2013). For example, direct counting methods which 

use microscopic enumeration are incapable of providing in-situ results and require skilled 

technicians for sampling and quantification to avoid measurement bias (Falconer, 1999). 

Other promising techniques rely on real-time quantitative polymerase chain reaction 

(qPCR), remote sensing, and probe technology (based on fluorometry) which can 

theoretically provide an estimation of cell/toxin concentration (Baxa et al., 2010; Bertone 

et al., 2018; Furevik et al., 2004; Lane et al., 2012). Currently, fluorometry-based 
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instruments are the most used for real-time monitoring of cyanobacteria because of their 

specificity and sensitivity (Zamyadi et al., 2012). Despite that, research shows that the 

reported sensitivity of fluorometry is vulnerable to sources of interferences such as the 

presence of target photopigment in mixed phytoplanktonic populations, fluctuating water 

quality and column optics, uncertain cell pigment content, and prior cyanobacterial 

exposure to light (Bertone et al., 2018; Zamyadi et al., 2016). 

Spectrophotometry depends on recording and reporting absorbance values of different 

photopigments (such as Chl-a) at individual wavelengths for cyanobacterial quantification 

(Hudnell, 2008; Saini et al., 2018). Furthermore, it is a readily available, rapid, flexible, 

and non-intrusive technique that can be used for the detection of cyanobacteria without 

relying on reagents and/or sample preparation/extraction (Burgess & Thomas, 2017). 

Recently, the use of spectrophotometers for real-time monitoring of different water quality 

parameters (such as TSS, BOD, COD, N-compounds, UVT, and Benzene, among others) 

has increased drastically (Altenburger et al., 2015; Burgess & Thomas, 2017). However, 

its use for cyanobacterial detection has not been widely studied due to its vulnerability to 

shifting baseline with seasonal changes and absorbance impact with changing water quality 

(such as turbidity, interfering phaeopigments, organic and inorganic contaminants) 

(AlMomani & Örmeci, 2018). Recent studies have investigated the use of derivative 

spectrophotometry for detection of microalgae (including cyanobacteria) and the results 

reported that baseline shifts were minimized and there was in improvement in signal to 

noise ratio of the resultant derivative spectra (Agberien & Örmeci, 2019; Malhotra & 

Örmeci, 2021).  
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In light of this present scenario, it becomes vital to develop and apply techniques that can 

assist in early detection and routine monitoring of cyanobacterial blooms in source waters. 

This study focused on non-toxigenic bloom-forming variety of cyanobacteria aka M. 

aeruginosa  under different water quality parameters using UV-Vis spectrophotometry. 

The main goal of this study was to examine the performance and effectiveness of derivative 

spectrophotometry, as a potential tool for early detection of cyanobacteria under varying 

water quality parameters (lowest to highest concentration levels). The effect of controlled 

water quality parameters on cyanobacterial detection using spectrophotometry has not been 

studied before. Understanding the impact of individual parameters allows for evaluating 

the field monitoring application of derivative spectrophotometry. Varying cuvette 

pathlengths (50-, and 100-mm) and water quality parameter exposure times were 

investigated to check the impact on cyanobacterial absorbance. Linear relationships and 

coefficient of determinations were established using absorbance measurements, derivative 

of absorbance, and cyanobacterial concentration. Finally, sensitivity analyses were carried 

out between different water matrices to confidently determine the lowest cyanobacterial 

concentrations that can be detected under varying water quality conditions. 

7.2 Materials and Methods 

7.2.1 Cyanobacteria cultivation and growth 

Microcystis aeruginosa CPCC632 (cyanobacteria) and its growth media were acquired 

from Canadian Phycological Culture Center (CPCC) at the University of Waterloo 

(Ontario, Canada). M. aeruginosa was grown using sterile Bold’s Basal Medium with triple 

Nitrogen stock (3N-BBM) media with a dilatation factor of 1:2 for the duration of this 

study and was cultured in 500 mL Erlenmeyer flasks (Canadian Phycological Culture 
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Centre, 2013). The Erlenmeyer flasks were thoroughly cleansed using deionized (D.I.) 

water and autoclaved for 30 mins at 15 psi and 121 °C to achieve sterilization. Sterilization 

was performed and the mouths of the flasks were covered using aluminum foil to prevent 

potential culture contamination. 

For each batch experiment, 200 mL of synthetic growth medium (3N-BBM) was inoculated 

with M. aeruginosa in the sterile Erlenmeyer flask and was placed inside an incubator at a 

constant temperature (of 24 °C). The microalgae were grown under continuous 24-hour 

light photoperiod, using 2 daylight emitting fluorescent tube-lights, and were kept at an 

intensity of 1,000 lux to obtain optimal growth rate (Canadian Phycological Culture Centre, 

2013).  Additional carbon dioxide (CO2) was not supplied to the culture and the cultivation 

relied on natural diffusion of the CO2 from ambient air. Sufficient headspace was 

maintained in the flasks for gas exchange between the microalgae and ambient air. The 

cultivation flasks were stirred gently and manually, twice daily, to maintain a homogenous 

growth and promote a healthy culture.  

7.2.2 Sample preparation for spectrophotometric analysis 

M. aeruginosa was separated from its growth medium by centrifugation at 8,000×g for 5 

mins using 50 mL centrifuge tubes for individual experiments. Following centrifugation, 

the growth medium was discarded and the collected microalgal pellet was resuspended in 

45 mL of respective water matrices as needed. To obtain a homogenous stock culture, the 

resuspended sample was gently inverted 5-times and was subsequently used for sample 

preparation. The prepared stock culture was then quantified using an improved Neubauer 

hemocytometer by enumerating it under a Leitz Laborlux 12 light microscope, equipped 

with a 20x magnification objective. The microscope was kept on a stable base that is free 
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from disturbances such as environmental vibration. Following quantification, dilutions 

were performed to get 12 concentration levels where the cell concentration ranged from 

3,800,000 cells/mL to 1,855 cells/mL for M. aeruginosa . Constant dilution ratios were 

maintained between different WQPs tests to achieve consistency in concentration ranges 

and aid in comparative analyses. Fresh D.I. water from Direct-Q UV Water Purification 

System (Millipore Sigma, USA) and clean glass containers were used to prepare standard 

water matrices as necessary on the day of the experiments. No stored water was used for 

experimentation to avoid possible contamination and change to D.I. water properties.  

The following water quality parameters were used for experimental testing purposes: saline 

water, DOC water, and turbid water; and were prepared on the day of the experiment in 

D.I. water. These WQPs were selected following protocols set by the Alliance for Coastal 

Technologies (ACT) for the nutrient sensor challenge (Johengen, 2016). ACT is jointly 

funded by National Oceanic and Atmospheric Administration (NOAA) and EPA to 

develop, improve, and apply sensor technologies for monitoring purposes. Nutrient sensor 

challenge was developed to verify sensor technology performance in controlled and field 

environments, and the same protocols were used to verify the developed UV-Vis 

spectrophotometry methodology for cyanobacterial detection (Johengen, 2016). Salinity, 

DOC, and turbidity waters matrices were developed using Instant Ocean® sea salt, EPA 

recommended Upper Mississippi River Natural Organic Matter standard (cat # 1R110N), 

and Elliot Silt Loam reference material (cat # 1B102M), respectively, obtained from the 

International Humic Substance Society (IHSS, 2020). All tests were performed at three 

concentration levels following ACT protocols and the preparation information using the 

aforementioned reference material is shown in Table 7.1 (Johengen, 2016). 
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Table 7.1: Water quality parameters preparation information. 

Parameter Value Reference material added per 1000 mL of D.I. water 

Salinity 

10 ppt 12.37 g 

20 ppt 25.02 g 

30 ppt 38.37 g 

DOC 

1 ppm 2 mg 

5 ppm 10 mg 

10 ppm 20 mg 

Turbidity 

10 NTU 45.97 mg 

50 NTU 229.88 mg 

100 NTU 459.78 mg 

*Where, ppt = parts per thousand; ppm = parts per million, NTU = Nephelometric 

Turbidity unit; g = grams; mg = milligrams. 

Each water matrix was constantly stirred (at 350 rpm) using a magnetic stirrer during 

sample preparation to avoid particle settling and maintain a homogenous mixture. Based 

on the ACT protocols, each concentration level of cyanobacteria was exposed for 90 mins 

to the respective water parameter before UV-Vis spectrophotometric analysis. A 

comparative analysis was run by exposing another set of the same cyanobacterial culture 

using the same concentration levels, but with a higher exposure time of 180 mins to each 

individual water parameter, to examine the potential impact of exposure on detection limit 

(Johengen, 2016). 

7.2.3 Verification of water quality parameters 

The prepared WQP solutions to be used for inoculation were tested and verified on the day 

of the experiments for accuracy purposes. All instruments were calibrated using the 

manufacturer’s standards before use. Salinity was verified using a S47 SevenMulti™ dual 
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meter pH / conductivity meter (Mettler Toledo, Ontario, Canada); while turbidity was 

verified using HACH 2100AN Turbidimeter (Hach, Colarado, USA). A minimum of 

triplicates of each standard solution was measured using the same flask and different grab 

samples to ensure consistency. On the other hand, DOC preparation was based on the 

elemental composition declared by the IHSS where organic carbon is reported at 

approximately 50% of the total composition (IHSS, 2020) and is as follows: 

Table 7.2: Elemental composition of Upper Mississippi River Natural Organic Matter 

standard (IHSS, 2020). 

Cat. # H2O Ash C H O N S P 

1R110N 8.55 8.05 49.98 4.61 41.4 2.36 2.62 – 

Where, H2O content is the %(w/w) of H2O in the air-equilibrated sample; Ash is the 

%(w/w) of inorganic residue in a dry sample; and C, H, O, N, S, and P are the elemental 

composition in %(w/w) of a dry, ash-free sample. 

7.2.4 UV-Vis Spectrophotometry 

Sample analysis was performed using a Jenway 6850 Double Beam Spectrophotometer 

(Cole-Parmer, UK) and quartz cuvettes of pathlengths 10-, 50-, and 100-mm. The 

spectrophotometer was calibrated before use and was zeroed to D.I. water to maintain a 

consistent baseline. The absorbance scan for each WQP was performed with a spectral scan 

step of 1 nm and over the wavelength range of 190 nm to 800 nm. The resultant absorbance 

values were reported as absorbance units (a.u.). Cyanobacterial samples were analyzed in 

triplicates by using another sample for each run to avoid photobleaching of cyanobacteria 

and minimize scanning error (American Water Works Association, 2011; Hudnell, 2008). 

A blank water matrix absorbance scan was subtracted from the absorbance of 

cyanobacterial inoculated sample to attain final absorbance values. Constant cuvette 
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orientation was maintained between different experiments to ensure consistency. Cuvettes 

were cleaned using foam swabs and D.I. water between experiments, and the test was 

performed starting from the lower concentration going towards the highest concentration.  

Standard calibration curves were plotted to verify whether the data followed Beer-Lambert 

Law. The analyzed cyanobacterial samples were segregated into lower [59,375 – 1,855 

cells/mL] and higher [950,000 – 118,750 cells/mL] concentration ranges to facilitate data 

analysis. At each individual WQP value, two individual tests were performed at 

cyanobacterial exposure times of 90 mins and 180 mins based on the ACT guideline for 

sensor testing (Johengen, 2016). Similar sample concentrations were maintained between 

each test to establish representative results, and a consistent sample volume of 3-, 17.5-, 

and 35-mLwas maintained for 10-, 50-, and 100-mm pathlength cuvettes, respectively.  

7.2.5 Savitzky-Golay first-order derivative of absorbance 

Derivative spectrophotometry is a method which offers the ability to check sample quality 

in a robust way (Burgess & Thomas, 2017). It is based on the use of first or higher 

derivatives of absorbance with respect to wavelength. A derivative spectrum does not 

increase the information content of the traditional spectrum; rather it allows the information 

to be analyzed in a better manner (Owen, 1995). Savitzky-Golay (S-G) first-order 

derivative of absorbance is an analytical tool which upon application results in 

simultaneous first-order derivative of absorbance and smoothening of the recorded data, 

boosting the observed signal while reducing noise (Savitzky & Golay, 1964). Further, it 

functions as a better fingerprint identifier than the normal spectrum as it results in more 

distinct peaks and can function for multicomponent quantitative analysis (Ruffin et al., 

2008). It is calculated as follows: 
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aj = 

∑  CiFj+i 

m−1
2

i=−
m−1

2

N
 
m+1

2
  ≤  j  ≤  n - 

m−1

2
 

Where, aj = Savitzky-Golay first derivative of absorbance; m = number of data points used; 

Ci = Savitzky-Golay filter coefficient; F = absorbance value measured at a specific 

wavelength; N = standardization factor; j = smoothened data point. Each measured 

absorbance value was smoothened over twenty-three data points so that i = -11, -10, 

……..10, 11; Ci = -11, -10, …….10, 11; m = 23; N = 1012; following Savtizky-Golay 

recommended guideline and coefficients for first derivative of absorbance (Savitzky & 

Golay, 1964). Higher derivative spectrums often do not add any supplementary relevant 

information and hence were not be considered as part of this research (Owen, 1998). 

7.2.6 Establishing method detection limit 

Method detection limit (MDL) is the lowest concentration of a sample substance that can 

be statistically determined using an analytical procedure, with 99% confidence to be 

different from a blank sample (WDNR, 1996). For this study, the MDLs were calculated 

according to Hubaux and Vos (H-V) method which relies on a minimum of 3 data points 

for the calculation of detection limit (Voigtman, 2017). H-V method states that the 

sensitivity of the method is proportional to its precision, which can be measured using the 

standard deviation of the analyzed samples and is strongly dependent on the linear 

regression of the observed data (Voigtman, 2017). For accuracy and repeatability purposes, 

three replicates at 10 individual concentration levels were measured in this study and used 

for the calculation of the MDL. 
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7.3 Results 

7.3.1 Spectrophotometric measurements of M. aeruginosa in water matrices 

The absorbance spectra of M. aeruginosa were determined at individual concentrations 

(ranging from 950,000 – 1,855 cells/mL) in saline, DOC, and turbid water using three 

levels of WQPs (see Table 7.1). The test was conducted twice by varying exposure times 

(90 and 180 mins) and changing cuvette pathlength (50 and 100 mm) in order to check the 

effect of some important WQPs (from low impact to high impact) on the MDL of 

cyanobacteria. This allowed for sensitivity determination of the developed method at 

varying cyanobacterial concentrations. The absorbance spectra of M. aeruginosa under 20 

ppt salinity, 5 ppm DOC, and 50 NTU turbidity water matrices are presented in Figure 7.1; 

while 10 and 30 ppt salinity, 1 and 10 ppm DOC, and 10 and 100 NTU turbidity are shown 

in supplementary Figure F.5. Intermediate WQPs results using 100 mm cuvette pathlength 

and 180 mins exposure are shown here for visual representation. 90 mins exposure results 

for both pathlengths are tabulated in Table F.5 for reference. Higher exposure results (180 

mins) will be discussed here onwards as a minimal change in absorbance values were 

observed between the two exposure times and 180 mins provides more exposure between 

cyanobacteria and individual WQPs. For example, M. aeruginosa in 5 ppm DOC water 

matrix for 59,375 cells/mL concentration and at 682-nm, resulted in the absorbance values 

of 0.008033 a.u. and 0.007967 a.u. for 180- and 90-mins exposure, respectively.  

Three absorbance peaks were observed in these spectra (as illustrated in Figure 7.1) at 442-

, 632-, and 682-nm, with the most distinguished peak and the highest absorbance values 

observed at 682-nm. The peaks at 442- and 682-nm correspond to photopigment 

Chlorophyll-a (Chl-a), while the peak at 632-nm correlates to phycocyanin (PC), an 
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accessory photopigment found in cyanobacteria (Saini et al., 2018). It should be noted that 

phycocyanin peak is prone to slight variations within different cyanobacterial species and 

with fluctuating water properties (Craig & Carr, 1968; Sobiechowska-Sasim et al., 2014). 

The cyanobacteria M. aeruginosa is known to carry both photopigments, which are 

conventionally used for identification purposes, of which PC acts as a marker unique to 

cyanobacteria (Agberien & Örmeci, 2019; American Water Works Association, 2011; 

Bowling et al., 2016). The analysis focused on 400 – 800 nm spectral range as all peaks of 

interest fall in the middle of that range. For Chl-a, 682-nm peak was studied in detail 

because of its higher absorbance response. With higher WQPs levels, a decrease in 

absorbance at PC peak was observed, which is likely due to interferences from water 

constituents that contribute to overall absorbance value. Contrastingly, Chl-a peak was 

minimally affected in the presence of water constituents. 

Incremental increases in M. aeruginosa cell concentrations resulted in incremental 

increases in absorbance for both pathlength tests and exposures, indicating that the results 

followed Beer-Lambert Law. Except for 50 and 100 NTU results, a strong linear 

relationship between cyanobacterial concentration and absorbance at the peaks 632- and 

682-nm were observed (R2 > 0.9). Nonetheless, 50 and 100 NTU results still held a positive 

linear relationship (R2 > 0.8). With increasing WQP concentrations, the linearity of data 

showed a decrease in value, as did the slopes of regression lines. This, in turn, resulted in 

increasing MDL with a higher value of WQP water matrix. This is expected as with 

increasing interfering constituents that absorb or scatter light, it becomes harder to 

differentiate between signal and noise (Burgess & Thomas, 2017). Furthermore, with 

increasing WQP value, Chl-a peak continued showing a strong response, but the PC peak 
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absorbance decreased. It should be noted that the final absorbance values of the graphs (see 

Figure 7.1) differ with changing WQP because the blank water matrix is subtracted from 

the recorded absorbance to attain the final absorbance value. Moreover, turbidity displays 

a decreasing absorbance trend towards near-UV wavelengths as most organic and inorganic 

matter absorbs strongly with decreasing wavelength (Burgess & Thomas, 2017). The 

MDLs obtained for 50 mm pathlength were lower in sensitivity in comparison to 100 mm 

results. 100 mm pathlength results showed the highest sensitivity and their MDL are 

discussed hereafter. The highest MDL for absorbance with 180 mins exposure at 682- and 

632-nm was observed for 100 NTU turbidity at 268,626 and 308,530 cells/mL, 

respectively. On the other hand, the lowest MDL with 180 mins exposure at 682- and 632-

nm was observed for 1 ppm DOC at 33,113 cells/mL and 36,127 cells/mL, respectively 

(Table 7.3 and Table 7.4). Similar MDLs were observed for 90 mins exposure as well and 

are tabulated in Table F.5.  

Calibration curves for M. aeruginosa in different water matrices were generated at 682- 

and 632-nm. The slopes for 90- and 180-mins exposure were found to be close to each 

other for both 50- and 100-mm pathlengths (see Table 7.1, Table 7.4 and Table F.5). For 

instance, considering 20 ppt salinity test using 100 mm pathlength at 682 nm wavelength, 

the 90 mins exposure displayed a slope of 7.3056 × 10-08 ± 1.8412 × 10-09 while 180 mins 

exposure had a slope of 7.2840 × 10-08 ± 1.8038 × 10-09. Similarly, at 632 nm wavelength 

for 20 ppt salinity test, the 90-, and 180-mins exposure had a slope of 7.3391 × 10-08 ± 

1.8927 × 10-09 and 7.3441 × 10-08 ± 2.0372 × 10-09, respectively. Correspondingly, the 

MDLs between the two exposures at 682-, and 632-nm wavelengths were also found to be 

approximately the same.  
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Figure 7.1: Absorbance spectra of M. aeruginosa using 100 mm cuvette pathlength for 20 

ppt salinity (a), 5 ppm DOC (b), and 50 NTU turbidity (c). 

7.3.2 Savitzky-Golay first derivative of absorbance of M. aeruginosa in water 

matrices 

To simultaneously obtain the first-order derivative of absorbance and smoothen the data, 

Savitzky-Golay first derivative of absorbance was applied to zero-order absorbance of the 

same concentration range (from 950,000 – 1,855 cells/mL). Predefined S-G polynomial 
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coefficients were used to smoothen the plot as a means to amplify observed absorbance 

signal and reduce background noise (Ruffin et al., 2008). This resulted in the attainment of 

distinct and sharp peaks of photopigments of interest in terms of derivative of absorbance 

for M. aeruginosa under 20 ppt salinity, 5 ppm DOC, and 50 NTU turbidity water matrices 

(as illustrated in Figure 7.2). As it is known that the peaks of interest for M. aeruginosa lie 

within the wavelength range of 400 to 800 nm, the S-G analytical tool was applied 

specifically to that range, starting from 800 nm going towards 400 nm. 

A shift in peaks of interest was observed for the S-G derivative spectra (Figure 7.2) when 

compared to the zero-order absorbance graphs (Figure 7.1). The new peaks of interest for 

S-G derivative were observed at 660- and 706-nm wavelengths, which correspond to 632- 

and 706-nm wavelengths observed in the zero-order absorbance spectra. This shift in peak 

is characteristic of the derivative of absorbance technique as the derivative absorbance 

represents the rate of change in zero-order absorbance with respect to wavelength 

(Agberien & Örmeci, 2019; Kus et al., 1996). Similar to the zero-order absorbance, at 

higher turbidity levels (50 and 100 NTU), the PC peak at 660 nm absorbed lower when 

compared to the Chl-a peak (for example, Figure 7.2 c). However, for other WQP tests, 

both Chl-a and PC peaks showed a stronger absorbance response after application of S-G 

derivative technique than zero-order absorbance for 90 mins as well as 180 mins exposure 

(Figure 7.2 a, b). In character with zero-order absorbance, 100 mm results were much 

higher in sensitivity as compared to 50 mm and the MDLs for both peaks at 660- and 706-

nm wavelengths, and were found to be proximate to each other with changing exposure 

times (refer Table 7.3, Table 7.4 and Table F.5). The highest and the lowest MDL at 706- 

and 660-nm using 100 mm pathlength were observed for 100 NTU turbidity and 1 ppm 
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DOC, respectively at 67,577 and 76,775 cells/mL; and 13,632 and 13,966 cells/mL (Table 

7.3 and Table 7.4). A minimum of 2-fold improvement in detection limit was observed for 

all WQP tests upon application of S-G derivative technique to zero-order absorbance data. 

To verify the previous results, calibration curves at 660- and 706-nm wavelengths were 

plotted to test the linear relationship between the Savitzky-Golay first derivative of 

absorbance and M. aeruginosa cell concentration. The results indicate a strong linear 

relationship (R2 > 0.9) for all WQP tests at 660- and 706-nm except for higher turbidity 

results (50 and 100 NTU) at 660 nm (R2 > 0.8) for both exposure times (Table 7.3, Table 

7.4 and Table F.5). 50- and 100-mm pathlengths at 90- and 180-mins exposure revealed 

analogous slopes. To give an example, consider 5 ppm DOC test results using 100 mm 

pathlength at 660 nm wavelength; the slope was found to be 7.1655 × 10-10 ± 7.6877 × 10-

12 and 7.2790 × 10-10 ± 9.9051 × 10-12 for 90-, and 180-mins exposure, respectively. The 

results indicate that S-G first derivative of absorbance can be a useful analytical tool for 

the detection of cyanobacteria. 
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Figure 7.2: Savitzky-Golay first derivative of absorbance spectra of M. aeruginosa using 

100 mm cuvette pathlength for 20 ppt salinity (a), 5 ppm DOC (b), and 50 NTU turbidity 

(c).  

7.3.3 Modified application of Savitzky-Golay first derivative of absorbance 

In pursuit of further improving the detection limit for cyanobacteria under different WQPs, 

Savitzky-Golay technique was applied to a narrower range of wavelengths. This was done 

in order to reduce background noise and enhance the relevant signal response. It should be 

noted that derivative absorbance does not increase the amount of information present but 

rather amplifies relevant information for better analysis (Kus et al., 1996). As the peaks of 

interest lie at 632- and 682-nm wavelengths for zero-order spectra, the S-G technique was 

applied to two narrower sections of wavelengths starting from 800 – 600 nm and 750 – 450 

nm, respectively. The peaks for these two narrower sections for 5 ppm DOC (as illustrated 

in Figure 7.3) were observed at the same wavelengths of 660- and 706-nm corresponding 

to the S-G previously applied to a broader range of 800 – 400 nm (refer 7.3.2). Despite the 

modified wavelength range application of S-G, no improvement in detection limit was 

observed for M. aeruginosa.  
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Figure 7.3: Modified Savitzky-Golay first derivative of absorbance spectra using 100 mm 

cuvette pathlength for 5 ppm DOC matrix water from 800 – 600 nm wavelengths (a), and 

750 – 450 nm wavelengths (b). 

A summary of experimental results obtained from inoculating cyanobacteria in different 

water quality parameters for 180 mins using 50-, and 100-mm cuvette pathlengths, are 

shown in Table 7.3and Table 7.3. 

Table 7.3: Critical data for M. aeruginosa in different water matrices for photopigment 

Chl-a over the concentration range (1,855 – 950,000 cells/mL) after 180 mins exposure. 

Test 
Pathlength 

(mm) 
Parameter/Value Slope R2 

MDL 

(cells/mL) 

M. aeruginosa (Chlorophyll peak) 

Absorbance 

682 nm 

100 Salinity 

(ppt) 

10 
9.2189 × 10-08 ± 

1.6266 × 10-09 
0.9994 

46,169 

 

20 
7.2840 × 10-08 ± 

1.8038 × 10-09 
0.9951 59,678 

30 
6.5492 × 10-08 ± 

2.4481 × 10-09 
0.9889 73,085 

50 10 2.9644 × 10-08 ± 0.9975 70,687 
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5.2034 × 10-10 

20 
2.7996 × 10-08 ± 

5.5611 × 10-10 
0.9968 77,991 

30 
3.1151 × 10-08 ± 

1.0580 × 10-09 
0.9908 89,650 

100 

DOC 

(ppm) 

1 
9.8205 × 10-08 ± 

1.0939 × 10-09 
0.9990 33,113 

5 
8.0182 × 10-08 ± 

1.1887 × 10-09 
0.9982 55,075 

10 
7.0897 × 10-08 ± 

1.8950 × 10-09 
0.9943 70,869 

50 

1 
4.4368 × 10-08 ± 

7.9992 × 10-10 
0.9974 59,851 

5 
3.9800 × 10-08 ± 

1.6700 × 10-09 
0.9861 80,508 

10 
3.4847 × 10-08 ± 

8.9360 × 10-10 
0.9947 101,250 

100 

Turbidity 

(NTU) 

10 
8.5963 × 10-08 ± 

8.3962 × 10-09 
0.9290 56,795 

50 
6.1053 × 10-08 ± 

1.0587 × 10-09 
0.8060 68,191 

100 
7.9866 × 10-08 ± 

3.3407 × 10-09 
0.8031 268,626 

50 

10 
4.0419 × 10-08 ± 

2.1007 × 10-09 
0.9788 115,880 

50 
4.0437 × 10-08 ± 

9.5018 × 10-09 
0.8693 150,697 

100 
3.5728 × 10-08 ± 

3.3402 × 10-09 
0.8108 311,348 

100 Salinity 10 1.1389 × 10-09 ± 0.9996 11,157 
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S-G first 

derivative 

of 

absorbance 

706 nm 

(ppt) 7.7970 × 10-12 

20 
8.5649 × 10-10 ± 

9.6081 × 10-12 
0.9989 16,154 

30 
7.7963 × 10-10 ± 

1.3196 × 10-11 
0.9977 18,124 

50 

10 
3.4845 × 10-10 ± 

7.5270 × 10-12 
0.9962 20,583 

20 
3.5492 × 10-10 ± 

9.3685 × 10-12 
0.9944 30,354 

30 
3.6556 × 10-10 ± 

9.7717 × 10-12 
0.9943 38,200 

100 

DOC 

(ppm) 

1 
1.1611 × 10-09 ± 

7.7970 × 10-12 
0.9994 11,083 

5 
9.3710 × 10-10 ± 

7.5672 × 10-12 
0.9994 13,853 

10 
8.2547 × 10-10 ± 

1.4600 × 10-11 
0.9975 15,826 

50 

1 
5.3551 × 10-10 ± 

8.0253 × 10-12 
0.9982 13,966 

5 
4.4298 × 10-10 ± 

8.5647 × 10-12 
0.9970 25,730 

10 
4.2947 × 10-10 ± 

1.2373 × 10-11 
0.9934 26,858 

100 Turbidity 

(NTU) 

10 
1.0914× 10-09 ± 

4.9855 × 10-11 
0.9835 11,142 

50 
7.0836 × 10-10 ± 

5.3408 × 10-11 
0.9565 13,833 

100 
8.0379 × 10-10 ± 

8.1501 × 10-11 
0.9240 46,834 

50 10 4.8068 × 10-10 ± 0.9646 31,587 
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3.2552 × 10-11 

50 
4.2938 × 10-10 ± 

5.2199 × 10-11 
0.8724 60,953 

100 
4.4151 × 10-10 ± 

6.5436 × 10-11 
0.8505 76,775 

 

Table 7.4: Critical data for M. aeruginosa in different water matrices for photopigment 

phycocyanin over the concentration range (1,855 – 950,000 cells/mL) after 180 mins 

exposure. 

Test 
Pathlength 

(mm) 
Parameter/Value Slope R2 

MDL 

(cells/mL) 

M. aeruginosa (Phycocyanin peak) 

Absorbance 

632 nm 

100 

Salinity 

(ppt) 

10 
9.9764 × 10-08 ± 

1.9241 × 10-09 
0.9970 54,544 

20 
7.3441 × 10-08 ± 

2.0372 × 10-09 
0.9938 71,861 

30 
6.5761 × 10-08 ± 

2.3667 × 10-09 
0.9897 72,677 

50 

10 
2.9758 × 10-08 ± 

4.8143 × 10-10 
0.9979 72,933 

20 
2.8390 × 10-08 ± 

5.2284 × 10-10 
0.9972 87,761 

30 
3.1340 × 10-08 ± 

9.5068 × 10-10 
0.9920 95,133 

100 
DOC 

(ppm) 

1 
1.0067 × 10-07 ± 

1.1522 × 10-09 
0.9989 36,127 

5 
8.4159 × 10-08 ± 

9.8225 × 10-10 
0.9989 56,638 

10 7.3908 × 10-08 ± 0.9946 74,363 
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1.9090 × 10-09 

50 

1 
4.4661 × 10-08 ± 

7.5658 × 10-10 
0.9977 61,906 

5 
4.1715 × 10-08 ± 

1.6094 × 10-09 
0.9882 86,011 

10 
3.6892 × 10-08 ± 

7.4595 × 10-10 
0.9967 105,068 

100 

Turbidity 

(NTU) 

10 
8.3824 × 10-08 ± 

8.3620 × 10-10 
0.9262 65,288 

50 
6.2677 × 10-08 ± 

9.5660 × 10-09 
0.8429 77,840 

100 
6.2755 × 10-08 ± 

7.1381 × 10-09 
0.8844 308,530 

50 

10 
4.1448 × 10-08 ± 

2.2858 × 10-09 
0.9762 119,984 

50 
3.6378 × 10-08 ± 

8.5264 × 10-09 
0.8694 165,791 

100 
3.1331 × 10-08 ± 

9.3947 × 10-09 
0.8476 389,335 

S-G first 

derivative 

of 

absorbance 

660 nm 

100 

Salinity 

(ppt) 

10 
6.2861 × 10-10 ± 

3.4459 × 10-12 
0.9970 13,902 

20 
5.5483 × 10-10 ± 

1.4330 × 10-11 
0.9946 19,594 

30 
5.2107 × 10-10 ± 

6.2349 × 10-12 
0.9988 21,036 

 

50 

10 
2.3968 × 10-10 ± 

8.0827 × 10-12 
0.9909 30,386 

20 
2.1565 × 10-10 ± 

8.2556 × 10-12 
0.9984 37,685 

30 2.3962 × 10-10 ± 0.9845 42,852 
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1.0609 × 10-11 

100 

DOC 

(ppm) 

1 
8.0965 × 10-10 ± 

6.2739 × 10-12 
0.9995 12,632 

5 
7.1655 × 10-10 ± 

7.6877 × 10-12 
0.9990 14,922 

10 
6.1079 × 10-10 ± 

9.3379 × 10-12 
0.9981 19,174 

50 

1 
3.4961 × 10-10 ± 

4.9587 × 10-12 
0.9983 15,064 

5 
3.4717 × 10-10 ± 

1.0991 × 10-11 
0.9920 28,589 

10 
3.3557 × 10-10 ± 

2.5761 × 10-11 
0.9915 33,055 

100 

Turbidity 

(NTU) 

10 
6.7324 × 10-10 ± 

5.7467 × 10-11 
0.9449 13,922 

50 
4.5767 × 10-10 ± 

6.3860 × 10-11 
0.8652 19,126 

100 
5.4611 × 10-10 ± 

6.65744 × 10-11 
0.8937 67,577 

50 

10 
3.4664 × 10-10 ± 

3.8020 × 10-11 
0.9122 36,379 

50 
3.4704 × 10-10 ± 

2.7844 × 10-11 
0.8436 87,583 

100 
3.4063 × 10-10 ± 

7.6480 × 10-11 
0.9084 115,343 
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7.3.4 Comparison of M. aeruginosa spectra in D.I. water and different water 

matrices. 

The next phase of this study investigated the differences in the absorbance spectra of M. 

aeruginosa in D.I. water and under different WQPs, and their impact on detection limits. 

Almost identical cell concentrations of M. aeruginosa were tested using 100 mm 

pathlength, and the resultant absorbance and derivative absorbance spectra are shown in 

Figure 7.4. Upon comparing the D.I. water absorbance spectra (Figure 7.4 a) to that 

obtained by different WQPs (Figure 7.1), it was observed that the three primary peaks of 

interest remained consistent at 632- and 682-nm wavelengths. However, for the D.I. water 

results, clear peaks for photopigments Chl-a and PC could be observed at a concentration 

close to 30,000 cells/mL as they were free from interference factors that are observed for 

the WQP tests. The MDL for zero-order absorbance in D.I. water at 682 nm was found to 

be 22,038 cells/mL, whilst the lowest MDL among the WQP tests was found to be 33,113 

cells/mL for 1 ppm DOC (Table 7.3). Similarly, for S-G derivative of absorbance graphs 

(Figure 7.4 b and Figure 7.2), the peaks were displayed at 660- and 706-nm wavelengths 

for both D.I. water and WQP tests. This consistency indicates the good applicability of the 

method for in-field applications. The MDL using S-G technique at 706 nm for D.I. water 

was calculated to be 4,916 cells/mL and the lowest MDL for the WQP tests was found for 

1 ppm DOC to be at 11,083 cells/mL (Table 7.3). 

The final part of this phase involved analyzing calibration slope differences. The results 

indicate that at lower WQP levels (such as 10 ppt, 1 ppm, and 10 NTU), a good correlation 

between the slopes of D.I. water and WQP could be observed. However, at higher WQP 

levels, a deviation in slope is observed, which is likely due to the presence of a higher 
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amount of interference particles generated by the WQP mixture. For example, at 682 nm 

using 100 mm pathlength, the D.I. water had a slope of 9.1427 × 10-08 ± 1.4469 × 10-09, 

and salinity at 10 ppt displayed a slope of 9.2189 × 10-08 ± 1.6266 × 10-09; while 100 NTU 

turbidity slope was found to be 7.9866 × 10-08 ± 3.3407 × 10-09 (Table 7.3).  

 

Figure 7.4: Absorbance (a) and Savitzky-Golay first derivative of absorbance (b) spectra 

of M. aeruginosa in D.I. water using 100 mm cuvette pathlength, respectively. 

7.4 Discussion 

The cyanobacterial data under different water quality parameters reveal that 

spectrophotometry, when applied in combination with S-G derivative technique, can be 

potentially used to detect and monitor cyanobacteria in a wide variety of water conditions. 

Typically, natural salt in oceans and brackish sources is present below 35 ppt (or 53.065 

mS/cm) (Agriculture Victoria, 2018; Rosen et al., 2018).  The common range of DOC in 

lakes and surface water is between 0.7 – 15 mg/L (Adams et al., 2018; Hiriart-Baer, 2013), 

while turbidity is ordinarily below 30 NTU but can go over 100 NTU during a weather 

event (Huey & Meyer, 2010; Whiting, 2017). Conventionally, the river water will have 
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higher WQP values because of high flows and erosion, but lakes will contain significantly 

lower WQP values. For example, the five great lakes have average turbidity below 15 NTU 

year-round (Son & Wang, 2019), which would result in a lower impact on 

spectrophotometric detection of cyanobacteria. It should be noted that the DOC and 

turbidity for all the algal experiments add to the natural DOC and turbidity produced by 

algae (Adams et al., 2018). Different WQPs testing allowed for assessing method accuracy 

and sensitivity considering typical surface water conditions prone to cyanobacterial 

blooms. 

Analysing two peaks (Chl-a and PC) simultaneously allows for the identification of 

cyanobacterial algae from common green algae (McQuaid et al., 2011). With increasing 

WQP levels, the photopigment PC showed a decreasing overall absorbance for 

spectrophotometric measurements while Chl-a continued to be consistently detected 

(Figure 7.1Figure 6.1). More research is needed to understand the molecular impact of 

higher level WQPs on cyanobacterial absorbance. Regulations and management practices 

for cyanobacteria around the world vary, at the same time, several water authorities follow 

recommendations set by the WHO (Chorus, 2012; WHO, 2017). According to WHO, a 

cyanobacterial biomass concentration of < 20,000 cells/mL is considered as low risk with 

minimal health effects on exposure in recreational waters (WHO, 2003, 2017). The aim of 

this study was to detect cyanobacteria at the lowest possible biomass so that the method 

could be useful as an early warning system with varying WQPs. The lowest detection limits 

were obtained after the application of S-G derivative method and using 100 mm cuvette 

pathlength. Apart from the 100 NTU turbidity and 30 ppt salinity tests, the MDL using the 

S-G method were all found to be below the WHO guideline of 20,000 cells/mL as shown 
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in Table 7.3 and Table 7.4, making the method described a promising application for real-

time monitoring and early detection of cyanobacteria. 

Calibration curves based on absorbance and concentration data are principally used to 

estimate unknown concentrations of cyanobacteria in source water (Burgess & Thomas, 

2017; Millie et al., 2002). As this cyanobacterial study was conducted using multiple 

WQPs and with two major exposure times as well as pathlengths (i.e., 90 and 180 mins, 

and 50- and 100-mm, respectively), analyzing and comparing slopes (at both wavelengths 

of interest) becomes fundamental to understand potential changes/deviations for field 

monitoring application. Broadly, the two exposure times resulted in slopes of regression 

being approximate to each other at similar WQP levels and concentration ranges, 

suggesting that higher exposure would not impact the slope any further (see Table 7.3, 

Table 7.4 and Table F.5). For discussion purposes, higher exposure results are discussed 

hereon for reference. 50 mm pathlength slopes indicate higher slope stability with 

increasing WQP levels but lower sensitivity considering the overall detection limit. For 

example, consider turbidity 50 and 100 NTU using S-G derivative at Chl-a peak, their 

respective slopes were found to be 4.2938 × 10-10 ± 5.2199 × 10-11 and 4.4151 × 10-10 ± 

6.5436 × 10-11, while the MDLs were calculated to be 31,587 and 76,775 cells/mL, 

respectively. Whereas for 100 mm pathlength, at the same peak and WQP levels, the slopes 

of regression were found to be 7.0836 × 10-10 ± 5.3408 × 10-11 and 8.0379 × 10-10 ± 8.1501 

× 10-11; and the MDL was determined to be much lower at 13,833 and 46,834 cells/mL, 

respectively. With increasing WQP tests, a noticeable change in slope was observed using 

the 100 mm pathlength, which is expected as with longer pathlength, a higher quantity of 

incident light is absorbed by the sample (Burgess & Thomas, 2017). Additionally, at lower 
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WQP levels, comparable slopes are observed between different WQP; however, with an 

increasing amount of interferences (organic and/or inorganic) in a source sample, the 

calibration slopes deviated slightly as is expected and was also demonstrated in previous 

studies (AlMomani & Örmeci, 2018; Mukhopadhyay & Mason, 2013). For descriptive 

purposes, focusing on the highest level of WQPs namely 30 ppt salinity, 10 ppm DOC, and 

100 NTU turbidity at PC peak using 100 mm pathlength; the slopes were observed to be at 

5.2107 × 10-10 ± 6.2349 × 10-12, 6.1079 × 10-10 ± 9.3379 × 10-12, and 5.4611 × 10-10 ± 

6.65744 × 10-11, respectively, indicating a slight deviation from each other.  

Cyanobacteria can be detected using several methods based on chromatography, screening 

assays, and/or molecular techniques such as qPCR (Al-Tebrineh et al., 2011; Azevedo et 

al., 2011). These techniques are very sensitive in terms of detection but require highly 

skilled personnel for operation, require sample preparation and/or toxin/pigment 

extraction, and cannot be implemented with ease for field monitoring of cyanobacteria (Liu 

et al., 2020; Zamyadi et al., 2016). The min advantage of the spectrophotometric method 

is that it can measure multiple water parameters (such as BOD, UV254, TSS, UVT, and 

Nitrogen-compounds) and microalgal photopigments concurrently (Burgess & Thomas, 

2017; Mukhopadhyay & Mason, 2013). Furthermore, this method can be employed by on-

line spectrophotometers to provide real-time quantification of algal concentration, which 

can greatly assist water authorities in making early decisions for source water management 

(AlMomani & Örmeci, 2018). Derivative spectrophotometry can be implemented using a 

code in spectrophotometric instruments for real-time results. This method does not require 

sample preparation/extraction, making it straightforward and easy to use. Additionally, the 

sample scan time can be reduced by narrowing the scan range based on monitoring need 
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(for example, 400 – 800 nm scan range in this study) and cyanobacterial concentrations as 

high as 3,800,000 cells/mL can be confidently detected using 100 mm pathlength. 

However, spectrophotometry is susceptible to slope changes with changing water 

parameters as discussed earlier and previous study conducted by Agberien & Örmeci 

(2019) reported that it was not possible to differentiate between non-toxigenic and 

toxigenic cyanobacteria using spectrophotometry (Burgess & Thomas, 2017). Despite 

applying derivative spectrophotometric method, the sensitivity is still lover than traditional 

methods, but the capability of one instrument to measure multiple components is a 

potentially affordable alternative for field monitoring and detection of cyanobacteria 

(Altenburger et al., 2015).  

Fluorometry is a technique that gained popularity for field use for cyanobacterial 

monitoring due to its specificity, sensitivity and that it does not rely on a cuvette for 

analysis (Zamyadi et al., 2016). The detection limit of fluorometers has been reported to 

be as low as 2,000 cells/mL, but there has not been enough research verifying the 

consistency of the MDLs (Bowling et al., 2016; Garrido et al., 2019). However, 

fluorometry is incapable of multi-parameter and multi-pigment monitoring using a single 

instrument and has a lower working range (< 200,000 cells/mL) in comparison to 

spectrophotometry (Bowling et al., 2017). In addition, fluorometers measure biomass in 

terms of relative fluorescence units and have to be calibrated for a known/expected pigment 

before use (Bertone et al., 2018). Despite being more sensitive, fluorometry, as well as 

spectrophotometry, are impacted by similar sources of interferences. They include but are 

not limited to interferences such as varying cell pigment content, cell size, agglomeration, 

presence of the other phycobilin/Chl-a containing phytoplankton, viable but nonculturable 
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(VBNC) cells, water turbidity, temperature, light scattering and bias due to calibration 

algorithms (Liu et al., 2020; Zamyadi et al., 2016). For public safety, both monitoring 

methods while measuring photopigments assume that the cyanobacteria measured is 

potentially toxic and this information can be used as an early warning system to determine 

the correction steps required and whether detailed sample analysis is necessary. 

7.5 Conclusion 

The impact of critical water quality parameters (such as salinity, DOC, and turbidity) on 

spectrophotometric determination of cyanobacteria were investigated. Considering 

potential field application for real-time monitoring of cyanobacteria, studying these WQPs 

impact indicated that spectrophotometry when applied in tandem with higher cell 

pathlengths (100 mm) and derivative spectrophotometry, can be used for early detection 

and monitoring of cyanobacteria. Compared to traditional spectrophotometry, using 

Savitzky-Golay derivative method, the detection sensitivity was increased by a minimum 

of 2-fold and a maximum of 5-fold for different WQPs. The lowest MDL for M. aeruginosa  

using derivative spectrophotometry (100 mm pathlength) was found to be 11,083 cells/mL 

and 12,632 cells/mL for 1 ppm DOC at wavelengths 706-, and 660-nm, which correspond 

to the photopigments Chl-a and PC, respectively. Except for results from 100 NTU 

turbidity and 30 ppt salinity tests, all the other detection limits calculated using derivative 

spectrophotometry were found to be below the WHO guideline of 20,000 cells/mL, 

meaning low potential hazard of harmful health effects (WHO, 2017). Overall, with 

increasing WQP levels, the number of interfering particles increased, which in turn resulted 

in slight variations in slopes of calibration. Although less sensitive, 50 mm pathlength 

results showed higher stability in slope with changing WQPs when compared to 100 mm 
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results. The capability of spectrophotometry to measure multiple parameters and pigments 

simultaneously using a single instrument makes it a utilitarian tool for potential real-time 

monitoring purposes. This can result in reducing gross cost and space requirements 

associated with employing multiple instruments. Lastly, spectrophotometry is non-

destructive and non-intrusive technique requiring no pigment extraction/reagent, simple, 

rapid, and can be implemented in the field for real-time monitoring purposes, which can 

consecutively assist water authorities to take prompt management decisions for source 

waters. 
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Appendix F 

 

 

 

Figure F.5: Absorbance spectra of M. aeruginosa (180 mins exposure) using 100 mm 

cuvette pathlength for 10 and 30 ppt salinity (a, b), 1 and 10 ppm DOC (c, d), and 10 and 

100 NTU turbidity (e, f). 
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Figure F.6: Savitzky-Golay first derivative of absorbance spectra of M. aeruginosa (180 

mins exposure) using 100 mm cuvette pathlength for 10 and 30 ppt salinity (a, b), 1 and 10 

ppm DOC (c, d), and 10 and 100 NTU turbidity (e, f). 
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Table F.5: Critical data for M. aeruginosa in different water quality matrices for 

photopigments Chl-a and Phycocyanin over the concentration range (1,855 – 950,000 

cells/mL) after 90 mins exposure. 

Test 
Pathlength 

(mm) 
Parameter/Value Slope R2 

MDL 

(cells/mL) 

M. aeruginosa (Chlorophyll peak) 

Absorbance 

682 nm 

100 

Salinity 

(ppt) 

10 
9.6178 × 10-08 ± 

4.7922 × 10-10 
0.9997 

46,020 

 

20 
7.3056 × 10-08 ± 

1.8412 × 10-09 
0.9949 59,676 

30 
6.5583 × 10-08 ± 

2.4958 × 10-09 
0.9885 73,127 

50 

10 
2.9015 × 10-08 ± 

1.5971 × 10-10 
0.9996 70,658 

20 
2.8293 × 10-08 ± 

4.4694 × 10-10 
0.9980 77,989 

30 
3.1363 × 10-08 ± 

1.0266 × 10-09 
0.9915 89,661 

100 

DOC 

(ppm) 

1 
9.7963 × 10-08 ± 

1.0718 × 10-09 
0.9990 33,110 

5 
7.9529 × 10-08 ± 

1.3117 × 10-09 
0.9978 55,062 

10 
7.2000 × 10-08 ± 

1.7370 × 10-09 
0.9953 70,881 

50 

1 
4.4041 × 10-08 ± 

9.1706 × 10-10 
0.9965 59,845 

5 
3.9425 × 10-08 ± 

1.5883 × 10-09 
0.9871 80,513 

10 
3.4423 × 10-08 ± 

8.7479 × 10-10 
0.9948 101,238 
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100 

Turbidity 

(NTU) 

10 
7.5808 × 10-08 ± 

7.4163 × 10-09 
0.9288 56,782 

50 
6.0039 × 10-08 ± 

2.9998 × 10-09 
0.8108 68,742 

100 
7.5301 × 10-08 ± 

3.4027 × 10-09 
0.8047 268,587 

50 

10 
3.7322 × 10-08 ± 

1.7747 × 10-09 
0.9822 115,862 

50 
3.9741 × 10-08 ± 

9.5018 × 10-09 
0.8748 150,578 

100 
3.2790 × 10-08 ± 

9.9137 × 10-09 
0.8256 308,767 

S-G first 

derivative 

of 

absorbance 

706 nm 

100 

Salinity 

(ppt) 

10 
1.0979 × 10-09 ± 

5.2883 × 10-12 
0.9997 11,118 

20 
8.5991 × 10-10 ± 

9.5617 × 10-12 
0.9990 16,162 

30 
7.7587 × 10-10 ± 

1.2843 × 10-11 
0.9978 18,146 

50 

10 
3.3655 × 10-10 ± 

3.8035 × 10-12 
0.9987 20,567 

20 
3.4799 × 10-10 ± 

7.7677 × 10-12 
0.9960 30,362 

30 
3.8132 × 10-10 ± 

1.4661 × 10-11 
0.9883 38,198 

100 
DOC 

(ppm) 

1 
1.1644 × 10-09 ± 

7.5720 × 10-12 
0.9996 11,082 

5 
9.1014 × 10-10 ± 

1.4380 × 10-11 
0.9980 13,862 

10 
7.9916 × 10-10 ± 

2.2211 × 10-11 
0.9938 15,834 
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50 

1 
5.2546 × 10-10 ± 

9.1701 × 10-12 
0.9975 13,985 

5 
4.4030 × 10-10 ± 

8.5219 × 10-12 
0.9970 25,734 

10 
4.0603 × 10-10 ± 

1.1985 × 10-11 
0.9930 26,871 

100 

Turbidity 

(NTU) 

10 
1.0462 × 10-09 ± 

7.3007 × 10-11 
0.9625 11,143 

50 
7.1021 × 10-10 ± 

8.6733 × 10-11 
0.8934 13,912 

100 
7.8583 × 10-10 ± 

6.4435 × 10-11 
0.8936 46,902 

50 

10 
4.2677 × 10-10 ± 

2.4983 × 10-11 
0.9733 31,577 

50 
3.9276 × 10-10 ± 

2.2046 × 10-11 
0.8816 60,940 

100 
3.9132 × 10-10 ± 

9.2677 × 10-11 
0.8431 76,841 

M. aeruginosa (Phycocyanin peak) 

Absorbance 

632 nm 

100 

Salinity 

(ppt) 

10 
9.5900 × 10-08 ± 

4.7654 × 10-10 
0.9997 54,502 

20 
7.3391 × 10-08 ± 

1.8927 × 10-09 
0.9947 71,877 

30 
6.6062 × 10-08 ± 

2.4794 × 10-09 
0.9888 72,652 

50 

10 
2.8886 × 10-08 ± 

1.7241 × 10-10 
0.9996 87,906 

20 
2.8844 × 10-08 ± 

6.1429 × 10-10 
0.9963 87,754 

30 3.0969 × 10-08 ± 0.9925 95,120 
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9.9397 × 10-10 

100 

DOC 

(ppm) 

1 
1.0018 × 10-07 ± 

1.0386 × 10-09 
0.9991 36,124 

5 
8.2711 × 10-08 ± 

1.2579 × 10-09 
0.9981 56,647 

10 
7.4514 × 10-08 ± 

1.5957 × 10-09 
0.9963 74,368 

50 

1 
4.5230 × 10-08 ± 

7.5011 × 10-10 
0.9978 61,911 

5 
4.1303 × 10-08 ± 

1.6412 × 10-09 
0.9875 86,022 

10 
3.5863 × 10-08 ± 

7.4227 × 10-10 
0.9965 105,069 

100 

Turbidity 

(NTU) 

10 
7.6581 × 10-08 ± 

6.9750 × 10-10 
0.9377 65,276 

50 
5.9768 × 10-08 ± 

8.4560 × 10-09 
0.8524 77,823 

100 
8.4293 × 10-08 ± 

8.1823 × 10-09 
0.8577 308,279 

50 

10 
3.8976 × 10-08 ± 

1.0590 × 10-09 
0.9941 119,971 

50 
3.4297 × 10-08 ± 

5.7867 × 10-09 
0.8821 165,664 

100 
3.5921 × 10-08 ± 

9.4246 × 10-09 
0.8237 390,031 

S-G first 

derivative 

of 

absorbance 

660 nm 

100 
Salinity 

(ppt) 

10 
5.9785 × 10-10 ± 

4.6530 × 10-12 
0.9993 18,886 

20 
5.4267 × 10-10 ± 

6.7974 × 10-12 
0.9987 19,622 

30 5.1151 × 10-10 ± 0.9965 21,014 
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1.0605 × 10-11 

 

50 

10 
2.1574 × 10-10 ± 

2.8619 × 10-12 
0.9982 30,382 

20 
2.1986 × 10-10 ± 

8.9933 × 10-12 
0.9931 37,686 

30 
2.4748 × 10-10 ± 

1.0365 × 10-11 
0.9861 42,874 

100 

DOC 

(ppm) 

1 
7.9694 × 10-10 ± 

4.3725 × 10-12 
0.9997 12,638 

5 
7.2790 × 10-10 ± 

9.9051 × 10-12 
0.9990 14,924 

10 
6.2112 × 10-10 ± 

1.8072 × 10-11 
0.9932 19,171 

50 

1 
3.5978 × 10-10 ± 

3.7145 × 10-12 
0.9991 15,059 

5 
3.3437 × 10-10 ± 

1.2386 × 10-11 
0.9891 28,576 

10 
3.2537 × 10-10 ± 

9.3494 × 10-12 
0.9902 33,103 

100 

Turbidity 

(NTU) 

10 
6.2888 × 10-10 ± 

4.5007 × 10-11 
0.9606 13,913 

50 
4.6187 × 10-10 ± 

6.1711 × 10-11 
0.8765 19,147 

100 
5.2929 × 10-10 ± 

7.2148 × 10-11 
0.8434 67,498 

50 

10 
3.2374 × 10-10 ± 

3.7757 × 10-11 
0.9018 36,362 

50 
3.3169 × 10-10 ± 

2.1006 × 10-11 
0.8474 87,576 

100 3.3437 × 10-10 ± 0.8642 116,253 
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Abstract 

In the present work, a simple method was proposed for the determination of Cr (VI) using 

spectrophotometry and longer cuvette pathlengths (50- and 100-mm), followed by 

application of Savitzky-Golay first-order derivative of absorbance to improve method 

detection limit (MDL). Effect of different water matrices (i.e., deionized (D.I.), surface, 

and tap water) and water quality parameters (i.e., pH, dissolved organic carbon (DOC)) 

were investigated at Cr (VI) concentrations ranging from 1 – 100 µg/L. The results obtained 

showed derivative spectrophotometry with 100 mm pathlength to be the most sensitive for 

Cr (VI) detection. Furthermore, the peaks of interest shifted in the absorbance spectra with 

changing pH and displayed higher stability and response with increasing pH under alkaline 

conditions, indicating the importance of pH for spectrophotometric monitoring of Cr (VI). 

DOC is another important parameter as presence of organics can reduce Cr (VI) to Cr (III), 

potentially impacting spectrophotometric measurements. A decrease in pH was observed 

with increasing DOC concentration; nonetheless, the peaks of interest stayed consistent 

despite increasing DOC. There was a strong linear relationship between chromium 

concentration and absorbance for all water matrix tests (R2 > 0.96). Comparing the MDLs 
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of zero-order absorbance with derivative absorbance, the derivative method was more 

sensitive at least by 20%. Excellent MDLs were obtained with Cr (VI) detection limits as 

low as 2-, and 5-µg/L for tap water and surface water, respectively. Overall, the results 

indicate that the derivative spectrophotometry can be used for in-lab measurement or real-

time monitoring of Cr (VI) and the method proved to be sensitive even in environmental 

samples. 

Keywords: chromium; water; monitoring; early detection; derivative spectrophotometry. 

8.1 Introduction 

Heavy metals such as hexavalent chromium can accumulate in the environment and pose 

a health risk to humans and animals alike. Cr (VI) is a pollutant that can be found naturally 

in plants, rocks, soils, river waters, groundwaters, and anthropogenically due to industrial 

processes such as electroplating or ore processing (Canter, 1985; EPA, 2010). In water, 

chromium exists in two oxidation states; trivalent Cr (III) and hexavalent Cr (VI) forms. 

Cr (VI) is the oxidized and most toxic form of chromium, whereas Cr (III) is the most 

stable and less oxidized form. Cr (III) predominates in soil as Cr (VI) is readily reduced to 

Cr (III) by organic matter. Cr (VI) is 100-fold more toxic than Cr (III) and is highly soluble 

in water, making it mobile (Saha et al., 2011). Cr (III) is an essential trace element required 

by the human body for maintaining normal physiological functions, while Cr (VI) is a 

known carcinogen and has potential mutagenic capabilities (McNeill et al., 2012; Moffat 

et al., 2018; Rockett et al., 2015). Jarczewska et al. (2015) conducted a study on absorption 

of Cr (VI) in the form of potassium dichromate (K2Cr2O7), which resulted in a direct 

correlation between increasing dose and induced DNA damage in an immobilized system. 

The immobilized system was prepared by modifying gold disk electrodes with a monolayer 
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of double-stranded DNA (Jarczewska et al., 2015). Chronic exposure to Cr (VI) results in 

higher concentrations of chromium in red blood cells, plasma, liver, and kidney when 

ingested over a lifetime period (Moffat et al., 2018; Saha et al., 2011; WHO, 2017). Upon 

acute Cr (VI) ingestion, humans exhibit severe liver and kidney damage, cardiovascular 

collapse, and several gastrointestinal disorders. Several deaths have been reported due to 

acute exposure of chromium in children and adults (Agency for Toxic Substances and 

Disease Registry, 2012; Sutton, 2010). Hexavalent chromium is not effectively removed 

by traditional alum and ferric coagulants and hence, can pass through the drinking water 

treatment system with ease (Saha et al., 2011). Cr (VI) must be reduced to Cr (III) during 

the treatment process to meet safety standards for drinking water consumption (WHO, 

2019). Instances of chromium contamination have been reported all over the world, 

including UK, Europe, the Americas (North & South), and Asia, increasing the need for 

early and sensitive detection of Cr (VI) in water sources (American Water Works 

Association, 2013; EPA, 1998, 2010; Health Canada, 2018; McLean et al., 2012; WHO, 

2019). 

With increasing industrial applications and growing wastewater generation, the need for 

monitoring will increase every year. The concentration of Cr (VI) in drinking water is 

regulated to low parts per billion (ppb) levels by water authorities worldwide. Regulations 

vary based on local government directives, and the countries without chromium regulations 

follow guidance values recommended by the World Health Organization (WHO), which is 

50 µg/L of total chromium (WHO, 2019), and it is assumed that the amount measured 

contains potentially toxic Cr (VI) in totality (EPA, 2010; WHO, 2017). Table 8.1 shows a 

few examples of chromium guidance values in drinking water around the world. In 
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addition, the European Commission currently follows the WHO guideline for 50 µg/L as 

the maximum contaminant level for total chromium but plans to reduce the value by 50% 

by forcing the directive to 25 µg/L across Europe starting 2027 (European Commission, 

2017). With the world trend moving towards a stricter guideline value for Cr (VI), quick 

and simple detection and monitoring techniques are imperative for Cr (VI) detection. 

Table 8.1: Guidance values (GV) examples for total/hexavalent chromium in drinking 

water around the world. 

Country/ Source Contaminant GV Reference 

Canada Total chromium 50 µg/L (Health Canada, 2018) 

WHO Total chromium 50 µg/L (WHO, 2017) 

EPA Total chromium 100 µg/L (EPA, 2010) 

UK Cr (VI) 50 µg/L (Rockett et al., 2015) 

Australia Cr (VI) 50 µg/L (NRMMC, 2017) 

European Union Total chromium 50 µg/L (European Commission, 2017) 

 

Given the low concentration detection requirement for Cr (VI), highly sensitive analytical 

methods are required for measurement. Current chromium detection methods rely on 

fluorometry, spectrophotometry, colorimetry, chemiluminescence, inductive coupled 

plasma-mass spectrometry, atomic absorption/emission spectrometry, chromatography 

based methods, and electrochemical methods (Elavarasi et al., 2014; Guertin et al., 2005; 

Harris & Lucy, 2015; Jena & Raj, 2008; Lace et al., 2019; Neubauer et al., 2003; Perkin 

Elmer, 2018; Sanchez-Hachair & Hofmann, 2018; Sanz-Medel et al., 2009; Vaz et al., 

2017; Yarbro, 1976). Some of these techniques are highly sensitive and selective for 
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measuring Cr (VI). For example, a method using ion-chromatography in tandem with UV 

spectrophotometry reported the detection limit to be 0.015 µg/L in drinking and tap water, 

but required sample preparation using solid-phase extraction (SPE) and formation of Cr 

(VI)-diphenylcarbazide (DPC) complex, before analysis (EPA, 2011). Techniques based 

on atomic absorption/emission spectrometry reported varying Cr (VI) method detection 

limits (MDL) based on the water matrix and ranged from 0.01 µg/L in seawater to 145 

µg/L in groundwater (de Jong & Brinkman, 1978; Krishna et al., 2005). This high 

variability reduces reliability for early and rapid detection of Cr (VI). Most of the methods 

listed above require sample preparation commonly via SPE, acidification, liquid 

microextraction, solubilization, and/or using combination with ethylenediaminetetraacetic 

acid/DPC before sample analysis. This adds to method complexity, increases the time 

required to run a sample, and requires skilled personnel to operate and interpret results for 

quantification (Burgess & Thomas, 2017).  

Spectrophotometry, on the other hand, is a well-established method that requires no 

pretreatment or sample preparation prior to analysis (Burgess & Thomas, 2017). 

Quantification of Cr (VI) using spectrophotometry is based on the absorption spectra of 

chromate and dichromate ions. Previous studies using spectrophotometry were conducted 

using 10 mm and 50 mm pathlength, which do not rely on any reagent or pretreatment 

showing viability for direct measurements (Sanchez-Hachair & Hofmann, 2018; Thomas 

et al., 1990). The study by Thomas et al. (1990) showed a detection limit of 10 µg/L using 

the 50 mm pathlength for direct UV measurements of chromium and reported the method 

to be applicable for the 5 – 1000 µg/L concentration range. A higher optical pathlength is 

thus necessary for the detection of Cr (VI) because of stringent effluent and drinking water 
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regulation constraints. Additionally, real-time spectrophotometers are available in the 

market which are capable of multi-component measurements such as dissolved organic 

matter (DOM), total organic carbon (TOC), biological and chemical oxygen demand (BOD 

& COD), UV-transmittance (UVT), and microalgae/cyanobacteria, among others 

(AlMomani & Örmeci, 2018; Burgess & Thomas, 2017; Malhotra & Örmeci, 2021). This 

makes them a low-cost, single equipment alternative to conventional water monitoring 

techniques. However, spectrophotometry has been known to be vulnerable to high spectral 

noise in the presence of absorbing organic/inorganic contaminants and is prone to baseline 

shifts with changing seasonal water properties (Owen, 1998). Nevertheless, studies have 

shown that the impact on resultant spectra due to baseline shifts can be reduced by applying 

derivative spectrophotometry techniques, indicating applicability (Agberien & Örmeci, 

2019; Malhotra & Örmeci, 2021). 

The aim of this research was to utilize longer pathlengths for the detection of Cr (VI) using 

spectrophotometry and investigate the application of derivative spectrophotometry to 

improve MDL. The focus was to develop a method that is non-intrusive and non-

destructive and has the potential to be applied as an early monitoring system. Initial 

experiments using cuvettes of 10-, 50-, and 100-mm pathlengths were performed to analyze 

the improvement in Cr (VI) detection with increasing pathlength. Due to lack of testing in 

different water matrices, further experimentation was conducted using 100 mm pathlength 

to examine pH, surface water, tap water, and dissolved organic carbon (DOC) response on 

Cr (VI) detection in different water matrices. Finally, MDLs for all the tests were obtained, 

slopes were established, and sensitivity analyses were performed by comparing the zero-

order absorbance data with the Savitzky-Golay first-order derivative of absorbance. 
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8.2 Materials and Methods 

8.2.1 Sample preparation and characterization for analysis 

Cr (VI) was prepared using analytical-reagent grade potassium dichromate (Sigma-

Aldrich, ≥99.0% purity, ACS reagent grade). To prepare 50 mg/L of stock Cr (VI) solution, 

141.4 mg of dried potassium dichromate (K2Cr2O7) crystals were dissolved in deionized 

(D.I.) water and diluted to 1000 mL (EPA, 1992). The fresh stock solution was prepared 

right before experimentation to avoid potential contamination and interferences in the 

spectral scans. Cr (VI) experiments used the following water matrices for testing: D.I. 

water, varying pH waters, surface water, tap water, and DOC water. Dilutions using stock 

Cr (VI) solution were performed by inoculating Cr (VI) in respective water matrices and 

performing dilutions to get 7 concentration levels ranging from 100 µg/L to 1 µg/L. For 

each individual water matrix test, equivalent concentration levels were made, and the same 

concentration range was tested to aid in analysis. The prepared water matrices were verified 

on the day of the tests, and equipments used for verification were calibrated using their 

respective manufacturers' standards for accuracy purposes. All verification measurements 

were carried out in three technical replicates (n = 3) from each water matrix to ensure 

consistency. 

8.2.1.1 D.I. water 

Fresh D.I. water from Direct-Q UV Water Purification System (Millipore Sigma, USA) 

was used to prepare Cr (VI) sample dilutions on the day of the experiment. Stored water 

was not used for testing purposes as that could result in potential contamination and change 

to D.I. water properties. 
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8.2.1.2 pH water preparation 

To prepare stock solutions at selected pH values, analytical grade sodium hydroxide 

(NaOH) and hydrochloric acid (HCL) were added to 1L of D.I. water in a clean, autoclaved 

glass container, and kept under constant stirring. Cr (VI) was tested at pH 5, 6, 7, 9 and 10. 

Most drinking water samples can be pH adjusted by adding 1 mL or less of adjustment 

buffer per 100 mL of sample, which introduces an acceptable 1% dilution error 

(Basumallick & Rohrer, 2016). The pH of the prepared water matrix was verified using a 

pH meter (Orion 5-star, Thermo Scientific, Canada) while under constant stirring. The pH 

of the final water matrix was measured as three technical replicates (n = 3), which had a 

standard deviation of ± 0.01 between individual readings. 

8.2.1.3 Surface and tap water 

A clean container was used to collect surface water from Rideau River (Ottawa, Ontario) 

on the day of the experiments, and the water was acclimatized to room temperature before 

use. Surface water was used without any filtration to better represent realistic 

environmental conditions during detection. Surface water was kept under continious 

mixing at 200 rpm using a magnetic stirrer to avoid particulate settling during sample 

preparation. Tap water was collected on the day of the experiment using a clean and sterile 

glass bottle at Carleton University (Ottawa, Ontario) and was used as is for experimental 

purposes. Both surface and tap waters were analyzed for chemical oxygen demand (COD), 

hexavalent chromium, turbidity, total organic carbon (TOC), and pH using USEPA Reactor 

Digestion Method 8000, USEPA 1,5 diphenylcarbohydrazide method 8023, HACH 

2100AN Turbidimeter (Hach, USA), Shimadzu TOC-VCPH/CPN analyzer (Shimadzu 

Scientific Instruments, USA), and pH meter (Orion 5-star, Thermo Scientific, Canada). In 
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addition to these tests, tap water was analyzed for free and total chlorine using USEPA 

DPD (N,N-diethyl-p-phenylenediamine) method 8021 and 8167, respectively (EPA, 2010; 

Rice et al., 2017). 

8.2.1.4 DOC water preparation 

DOC water was prepared using EPA-recommended Upper Mississippi River Natural 

Organic Matter standard (cat # 1R110N), obtained from the International Humic Substance 

Society (IHSS, 2020; Johengen, 2016). DOC response was tested in the presence of 1-, 5-

, and 10 mg/L C. To prepare 1 mg/L of DOC water, for example, 2 mg of the natural 

organic matter was mixed per 1000 mL of D.I. water. The DOC solution was stirred at a 

constant speed of 350 rpm using a magnetic stirrer to maintain a homogenous mixture 

during sample preparation. DOC preparation was established on the basis of the elemental 

composition of the standard material provided by the IHSS, where approximately 50% of 

the total composition consists of carbon (IHSS, 2020)  as shown in Table 8.2. 

Table 8.2: Elemental composition of Upper Mississippi River Natural Organic Matter 

standard (IHSS, 2020). 

Cat. # H2O Ash C H O N S P 

1R110N 8.55 8.05 49.98 4.61 41.4 2.36 2.62 – 

Where, H2O content is the %(w/w) of H2O in the air-equilibrated sample; Ash is the 

%(w/w) of inorganic residue in a dry sample; and C, H, O, N, S, and P are the elemental 

composition in %(w/w) of a dry, ash-free sample. 

8.2.1.5 Hexavalent chromium verification 

Initial analytical verification of prepared sample concentrations in the 10 – 100 µg/L range 

was performed using HACH method 8023 based on the USEPA 1,5 diphenyl 

carbohydrazid method to ensure that the concentrations used for testing were accurate. The 
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test samples for verification were prepared by inoculating Cr (VI) stock solution in D.I. 

water and subsequently analyzing them using a DR 2800 Spectrophotometer (HACH, CO, 

USA). As the method sensitivity is limited to 10 µg/L, the Cr (VI) concentration levels 

below 10 µg/L were not verified. 

8.2.2 UV-Vis Spectrophotometry 

A Jenway 6850 Double Beam Spectrophotometer (Cole-Parmer, UK) was used for sample 

analysis. The spectrophotometer’s light path was cleaned with lint-free foam swabs and 

warmed up for at least 30 mins before use to attain light source stability. The equipment 

was zeroed to D.I. water and calibrated prior to running any test. Initial D.I. water tests 

were conducted using 10-, 50-, and 100-mm pathlength quartz cuvettes, while all the other 

tests were conducted using only 100 mm pathlength. In order to maintain consistency, the 

same sample volume was maintained between all tests for the 10-, 50-, and 100-mm 

pathlengths at 3-, 17.5-, and 35-mL, respectively. The spectral absorbance scan was set 

over the range of 190 nm to 800 nm, with a constant step interval of 1 nm. The final 

absorbance values were obtained by subtracting the scanned blanks of the individual water 

matrix from the scanned absorbance values of Cr (VI) spiked samples . All samples were 

analyzed as three technical replicates (n=3). The same cuvettes, in the same orientation, 

were used for all the experiments to obtain representative results. The samples were 

analyzed starting from the lowest concentration towards higher concentration and the 

cuvettes were rinsed thoroughly using D.I. water between each experiment. All the tests 

were performed at standard room temperature and Cr (VI) was exposed to the individual 

water parameter that was tested for 60 mins before analysis. 
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8.2.3 Savitzky-Golay first-order derivative of absorbance 

The use of first or higher derivatives by measuring the rate of change in absorbance with 

respect to the wavelength is known as derivative spectrophotometry (Burgess & Thomas, 

2017). Derivative spectrophotometry does not increase the amount of information obtained 

from zero-order/normal spectrum; rather, it allows for data to be analyzed in a robust 

manner by amplifying the signal observed (Owen, 1995). Savitzky-Golay (S-G) first-order 

derivative of absorbance is a method that can be applied to obtain the simultaneous first-

order derivative of absorbance and smoothen the observed data (Savitzky & Golay, 1964). 

The method performs a local polynomial regression for each data point by taking a set 

number of adjacent data points and applying the simplified least squares method to 

determine the final smoothed value (Chen et al., 2014). S-G method results in reduced 

noise features observed by traditional first-order derivative and strengthens the observed 

signal by increasing the number of distinct peaks observed (Ruffin et al., 2008). S-G first 

derivative of absorbance is calculated using: 

aj = 

∑  CiFj+i 

m−1
2

i=−
m−1

2

N
 
m+1

2
  ≤  j  ≤  n - 

m−1

2
 

Where, aj = Savitzky-Golay first derivative of absorbance; m = number of data points used; 

F = absorbance value measured at a specific wavelength; Ci = Savitzky-Golay filter 

coefficient; j = smoothened data point; N = standardization factor.  

Each absorbance data point was smoothened using twenty three distinct points so that i = -

11, -10, ……..10, 11; Ci = -11, -10, …….10, 11; m = 23; N = 1012; following a linear 

convolution and applying Savtizky-Golay recommended filter coefficients (Ruffin et al., 
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2008; Savitzky & Golay, 1964). Further, S-G method is useful in removing slow-changing 

baselines and revealing spectral features, which are difficult to observe using traditional 

spectrophotometry and/or the first derivative of absorbance. 

8.2.4 Establishing detection limits 

The minimum detection limit for each individual test of Cr (VI) was calculated according 

to Hubaux and Vos (H-V) statistical method, which requires a minimum of 3 data points 

(with a maximum of 12) for the calculation of method detection limit (MDL) (Berthouex 

& Brown, 2002; Hubaux & Vos, 1970). A Microsoft Excel based calculator developed by 

Chemiasoft was used to determine MDL and the wavelength with the best sensitivity 

(highest peak) was selected. The H-V MDL is calculated based on the assumption that the 

measured absorbance and the standard concentration are linearly correlated (Voigtman, 

2017). For high accuracy, 3 technical replicates (n = 3) at 7 concentration levels were used 

for the calculation of the MDL. All MDLs in this study were calculated at a minimum 

confidence level of 95%. 

8.2.5 Statistical analysis 

Microsoft Office Excel was used for statistical analysis of the measured Cr (VI) data. Zero-

order absorbance and S-G first derivative of absorbance graphs were plotted over the entire 

test concentration range (100 µg/L to 1 µg/L). Standard calibration curves were plotted at 

the wavelengths of interest to verify whether the data was in accordance with the Beer–

Bouguer–Lambert Law. The mean values of the measured triplicates were used to plot the 

final curves, and linearity was verified by calculating the coefficient of determination (R2) 

and slopes (± standard deviation) based on the wavelengths of peaks observed. 
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8.3 Results and Discussions 

8.3.1 Spectrophotometric measurements of Cr (VI) in D.I. water 

Initial spectrophotometric experiments for Cr (VI) determination were carried out using 

D.I. water to establish interference-free spectra and verify the applicability of 

spectrophotometry for detection by scanning between 190 and 800 nm wavelengths. 10-, 

50-, and 100-mm cuvette pathlengths were employed to examine the improvement in 

detection with increasing pathlength. Cr (VI) can be found in 7 forms, namely: dichromate 

(Cr2O7
2−), chromate (CrO4

2−), dihydrogen chromate (H2CrO4), hydrogen chromate 

(HCrO4
−), hydrogen dichromate (HCr2O7

−), trichromate (Cr3O10
2−), and tetrachromate 

(Cr4O13
2−). Their distribution is based on the pH of the aqueous solution and of these, the 

last three ions do not exist in solutions where pH is greater than 0 (Rakhunde et al., 2012).  

The absorbance spectra of Cr (VI) solution in D.I. water resulted in two peaks (maximum 

absorbance wavelengths) of interest at 260 and 360 nm (Figure 8.1 a, c, e). The peaks were 

found to be consistent with changing cuvette pathlength. It was observed that the Cr (VI) 

compounds absorb light in the ultraviolet (UV) regions of the spectrum, with the first peak 

observed in the UV-C (100 – 280 nm) region, while the second peak observed in the UV-

A (320 – 400 nm) region, which coincides with previously reported studies (Fournier-

Salaün & Salaün, 2007; Sanchez-Hachair & Hofmann, 2018). When pH is greater than 6.4, 

CrO4
2− predominates the solution. Both peaks represent Cr (VI) absorption with the UV-A 

peak representing direct CrO4
2− absorption and the UV-C peak corresponding to the 

absorption due to charge transfer between O and Cr (VI) ion (Bensalem et al., 1997; 

Sanchez-Hachair & Hofmann, 2018).  
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In addition to zero-order absorbance, S-G first derivative of absorbance was applied to 

investigate the potential improvement in the detection of Cr (VI). S-G method resulted in 

sharper and more distinct peaks than the absorbance spectra. They were located at 304 and 

400 nm, corresponding to the UV-C and UV-A peaks, respectively, observed in the zero-

order absorbance spectra (Figure 8.1 b, d, f). A shift in peak was observed, which is 

expected and is a characteristic property of derivative spectrophotometry, as it was 

determined by plotting the rate of change in absorbance with respect to wavelength 

(Agberien & Örmeci, 2019; Kus et al., 1996). This study focused on the peak observed in 

the UV-A region, as most organic/inorganic compounds absorb light in the UV-C region, 

which can result in improper signals due to interfering particles (Buck et al., 1954; Burgess 

& Thomas, 2017). Further, as the peak of interest was in the UV region, the analysis 

focused on the wavelengths range from 200 – 500 nm. 

For both traditional and derivative spectra (Figure 8.1), increasing cuvette pathlength 

resulted in higher overall absorbance and linearly increasing absorbance values with 

increasing Cr (VI) concentration, validating the Beer–Bouguer–Lambert Law (Burgess & 

Thomas, 2017). The coefficient of determination for all three pathlengths exhibited strong 

linear relationships between the measured absorbance and Cr (VI) concentration (R2 > 

0.99) at the representative UV-A peak. The MDLs calculated showed an improvement in 

detection with the application of the S-G derivative method and with increasing cuvette 

pathlength. For example, zero-order absorbance using 10 and 100 mm pathlength had the 

MDL values of 55 and 5 µg/L Cr (VI), while the S-G derivative resulted in the MDL of 44 

and 3 µg/L Cr (VI), respectively (Table 8.4). By increasing pathlength from 10 to 100 mm, 

there was an approximately 11-fold improvement in detection for zero-order absorbance, 
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during which S-G derivative method resulted in an approximately 15-fold improvement 

with increasing pathlength. The results indicate that 100 mm pathlength was the most 

sensitive for detecting Cr (VI) and thus was be the primary pathlength for the remaining 

tests. 
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Figure 8.1: Absorbance and Savitzky-Golay first derivative of absorbance spectra of Cr 

(VI) in D.I. water using 10- (a, b), 50- (c, d), and 100 mm (e, f) cuvette pathlengths, 

respectively. 

8.3.2 pH response 

Studies have shown that the pH of the aqueous solution impacts Cr (VI) peaks observed 

via UV-Vis spectrophotometry (Buerge & Hug, 1997; Hagendorfer & Goessler, 2008; 

Rakhunde et al., 2012). The shift in peak with pH change of the solution makes studying 

pH a vital factor in detecting Cr (VI). Studies by Tandon et al. (1984) and Fournier-Salaün 

& Salaün (2007) reported the following: if the pH is between 4.2 – 6, the primary species 

that exist in the solution are CrO4
2− (0.5% to 23%), HCrO4

− (95% to 25%) and Cr2O7
2− 

(5% to 1%); pH between 9 – 13.3 only consists of CrO4
2−; and at pH around 7, the species 

distribution in the solution comprises of CrO4
2− (75%) and HCrO4

− (25%). Further, they 

reported that the O–H bonding was the sole reason for shifts in absorption band, as long as 

no interference particles/reducing agents were present in the sample. 

Cr (VI) in the presence of varying pH (from 5 – 10) was studied using 100 mm cuvette 

pathlength and absorbance spectra were obtained over the concentration range from 1 to 
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100 µg/L as illustrated in Figure 8.2 a, c, e, g, i. Analogous with the zero-order absorbance, 

two peaks of interest were observed, but the maximum absorbance wavelengths differed 

with changing pH. Increasing pH values resulted in shift of the UV-A peak gravitating 

towards visible region (as is expected and reported in previous studies) (Levitskaia et al., 

2008). The UV-A peak at pH 5 was observed at 352 nm (Figure 8.2 a), while pH 6 and 7 

displayed the peak at 364 and 370 nm (Figure 8.2 c, e), respectively. The peak for pH 9 

and 10 was found to be at 372 nm, which is the maximum absorbance wavelength of Cr 

(VI) (Figure 8.2 g, i). With increasing pH from 7 to 10, a mild shift in peak was observed 

as chromate predominates in the solution and Cr (VI) as chromate exhibits a higher overall 

absorbance in comparison to hydrogen- and dihydrogen-chromate. Thus, resulting in a 

stronger UV-A peak response under alkaline conditions. 

Similar to the D.I. water results, the S-G derivative graphs exhibited strong absorbance 

response and showed a shift in peak wavelength compared to the zero-order absorbance 

graph. The new peaks for pH 5, 6, 7, 9, and 10 were located at 394, 400, 402, 404, and 404 

nm, respectively (Figure 8.2 b, d, f, h, j). Unlike zero-order absorbance, the peaks for S-G 

derivative were closer to each other. This can be attributed to the fact that S-G method 

relies on applying polynomial function over 23 data points to obtain the final derivative 

absorbance value. Both zero-order absorbance and S-G derivative of absorbance Cr (VI) 

tests for different pH water matrices displayed a strong linear relationship (R2 > 0.99) 

between absorbance and Cr (VI) concentration, validating that the analysis followed Beer–

Bouguer–Lambert Law. The slopes for absorbance graphs at lower pH values showed 

higher variation but with increasing pH, the slope values stabilized. Consider absorbance 

slopes for pH 5 and 7, they were found to be 2.6242 × 10-04 ± 6.4635 × 10-06 and 4.0580 × 
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10-04 ± 1.0191 × 10-05, respectively; whilst slopes were established at 9.9307 × 10-04 ± 

1.4790 × 10-05 and 9.2541 × 10-04 ± 1.3327 × 10-05 for pH 9 and 10, respectively (Table 

8.4). Likewise for S-G derivative, the slopes at higher pH exhibited lower variations as 

well. The MDLs calculated were found to improve in sensitivity with increasing pH (due 

to stronger absorbance response) and was estimated to be as low as 2 µg/L at a pH of 10 

using S-G derivative data. The MDLs obtained for S-G derivative were found to be slightly 

lower than zero-order absorbance and resulted in the overall improvement (greater than 

20%).  
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Figure 8.2: Absorbance and Savitzky-Golay first derivative of absorbance spectra of Cr 

(VI) using 100 mm cuvette pathlength at pH 5 (a, b), 6 (c, d), 7 (e, f), 9 (g, h), and 10 (i, 

j), respectively. 

8.3.3 Surface and tap water response 

To determine the applicability of the spectrophotometric method for Cr (VI) determination 

in uncontrolled environmental samples, tests were carried out using surface water and tap 

water source (without subjecting them to particulate filtration). The water source(s) were 

characterized for their pH, COD, TOC, turbidity, free- and total-chlorine as technical 

triplicates and their respective results in terms of mean values with standard deviation (SD) 

are shown in Table 8.3. Characterization assists in understanding the potential source of 

interferences observed during experimentation. The pH of both source waters was 

measured to be in the proximity of each other; whilst COD, TOC, and turbidity were found 

to be much higher for surface water than tap water as is expected in presence of natural 

contaminants. Primarily, surface water pH varies within 6.8 – 8.6; COD, DOC, and TOC 

are found between 2 – 30 mg/L, 0.7 – 15 mg/L, and 2 – 20 mg/L, respectively; whilst 

turbidity is generally below 20 NTU but in the presence of weather events, high turbidity 

(> 40 NTU) have been reported (Health Canada, 2019, 2020b; Jain & Singh, 2003; 

OEHHA, 2011; Potter & Wimsatt, 2005; Puig et al., 2016; Zamyadi et al., 2012). On the 

other hand, considering Canadian tap water quality data, pH ranges between 7 – 10.5; 

COD, DOC, TOC, and turbidity are present below 5 mg/L, 4 mg/L, 2 mg/L, and 1 NTU 

respectively; meanwhile guideline limits dictate free chlorine should be in the range of 0.04 

– 2 mg/L and total chlorine should be below 4 mg/L (Health Canada, 2019, 2020a, 2020b; 

Moore et al., 1999). The results from surface and tap water characterization indicate that 
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they conform within conventionally observed values and thus, can act as a good 

representation of realistic conditions during monitoring. 

Spectrophotometric measurements of Cr (VI) were carried out in surface and tap water 

over the concentration range from 1 – 100 µg/L (Figure 8.3). Similar to the results obtained 

from previous tests, the absorbance spectra of surface and tap water (Figure 8.3 a, c, 

respectively) resulted in two peaks observed at 274 and 372 nm, with the UV-A peak (at 

372 nm) being the most prominent (to be used for Cr (VI) detection). For surface water 

(Figure 8.3 a), the peak in the UV-C region diminishes rapidly below 75 µg/L Cr (VI) 

concentration and overlapping spectral lines can be observed. This can be rationalized by 

the fact that natural samples contain interfering organic/inorganic contaminants (of varying 

degree), which can impact the peak observed in the absorbance spectra (Burgess & 

Thomas, 2017). The objective of testing using different source waters was not to 

characterize the impact of different water parameters on detection, rather to check the 

effectiveness of spectrophotometry using 100 mm cuvette pathlength for Cr (VI) detection. 

Table 8.3: Results from surface water and tap water characterization (mean value ± SD). 

Parameter Surface Water Tap Water 

pH 8.02 ± 0.04 8.42 ± 0.05 

COD (mg/L) 21 ± 1 5 ± 0.4 

TOC (mg/L) 14.21 ± 1.19 2.04 ± 0.37 

Turbidity (NTU) 12 ± 0.8 0.20 ± 0.02 

Free Chlorine (mg-Cl2/L) – 0.10 ± 0.01 

Total Chlorine (mg-Cl2/L) – 1.35 ± 0.02 
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The S-G first order derivative spectra for surface and tap water resulted in peaks to be 

observed at 302 and 404 nm wavelengths, corresponding to the UV-C and UV-A peaks 

observed in zero-order absorbance spectra. Comparing the surface water zero-order 

absorbance spectra with S-G derivative spectra (Figure 8.3 a, b), S-G spectra resulted in 

clearer spectral lines that do not overlap in the UV-C region over the concentration range 

of 25 – 100 µg/L. Nonetheless, both tests exhibited strong linear relationship (R2 > 0.98) 

between absorbance and Cr (VI) concentration for zero-order and derivative spectra, 

supporting Beer–Bouguer–Lambert Law. The slopes for surface and tap water tests were 

found to be close to each other, indicating applicability of using spectrophotometry for 

sensitive Cr (VI) detection. For example, consider the absorbance spectra, the slopes for 

surface and tap water were found to be 8.4938 × 10-04 ± 4.1017 × 10-05 and 8.6012 × 10-04 

± 2.0092 × 10-05, respectively (Table 8.4). Additionally, pH of both source waters was 

measured in the alkaline range, which might explain the adjacency of observed slope. 

Further, the MDLs obtained using S-G derivative data was found to be more sensitive (> 

20%) than their traditional counterparts. The lowest MDLs for Cr (VI) under surface and 

tap water were found to be 5 and 2 µg/L, respectively (Table 8.4). Upon comparing the 

D.I. water test with surface and tap water, the MDLs obtained were in close proximity to 

each other, indicating applicability.  
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Figure 8.3: Absorbance and Savitzky-Golay first derivative of absorbance spectra of Cr 

(VI) in surface water (a, b) and tap water (c, d) using 100 mm cuvette pathlength. 

8.3.4 DOC response 

Spectrophotometric measurements of Cr (VI) were determined in the presence DOC at 

three concentration levels (aka 1, 5 and 10 mg/L), over the concentration range of 1 – 100 

µg/L Cr (VI). The test was conducted using a 100 mm pathlength to check the effect of 

DOC on Cr (VI) detection. The absorbance spectra of Cr (VI) resulted in two clear peaks 

at 258 and 352 nm wavelengths (corresponding to UV-C and UV-A regions) to be observed 
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at 1 mg/L of DOC (Figure 8.4 a); while at 5 mg/L of DOC exposure, the UV-C peak rapidly 

diminishes with reducing Cr (VI) concentration and is not visible below 50 µg/L (Figure 

8.4 c). On the other hand, with increasing DOC concentration to 10 mg/L, the UV-C peak 

completely disappears (Figure 8.4 e). This is likely because most organic compounds tend 

to absorb light in the UV-C region, resulting in increasing interference in observed 

absorbance, with higher DOC content (Mostofa et al., 2013). It should also be noted that, 

at 10 mg/L of DOC, the solution exhibits yellow color since it contains high levels of 

Humic substances. For DOC tests above 1 mg/L, it becomes difficult to readily distinguish 

between signal and noise observed at the UV-A peak below Cr (VI) concentration of 25 

µg/L (Figure 8.4 b, c). Nonetheless, the UV-A peak is more prominent and less prone to 

overall interferences in the presence of contaminants.  

Research has shown that in the presence of organic matter, where a source of electrons is 

present and with decreasing pH, Cr (VI) reduces to Cr (III) (Chang et al., 2012; Stollenwerk 

& Grove, 1985). Further, some forms of dissolved sulfides and inorganic metals, such as 

Fe (II), can also reduce Cr (VI) (Buerge & Hug, 1998). These factors can potentially impact 

the overall Cr (VI) observed during spectrophotometric measurements, resulting in lower 

detection. Moreover, as it is known that pH plays an important role in Cr (VI) detection, 

the prepared DOC standards were tested for pH. For 1-, 5-, and 10-mg/L of DOC, the pH 

was measured at 5.60 ± 0.04, 4.72 ± 0.06, and 4.34 ± 0.03, respectively. The measured pH 

indicates that increasing DOC content resulted in reducing pH, which can in turn lead to 

higher detection limits for Cr (VI). 

To amplify the observed signal and improve detection of Cr (VI), the S-G derivative 

method was applied. In character with previous tests, the S-G derivative resulted in more 
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distinct peaks, aiding in analysis. The peaks of interest were observed at 307 and 387 nm 

wavelengths for the derivative spectra (Figure 8.4 b, d,f). In comparison to the zero-order 

absorbance, the derivative spectra for 5 and 10 mg/L DOC resulted in peaks observed at 

25 µg/L and 10 µg/L (Figure 8.4 c, d, e, f). With increasing Cr (VI) concentrations, an 

incremental increase in measured absorbance was observed (R2 > 0.96), following Beer–

Bouguer–Lambert Law. In general, with increasing DOC concentration tests, the linearity 

decreased, which is expected as higher amount of compounds act as interfering particles 

for absorbance signal. For example, the coefficient of determination was found to be R2 = 

0.9980 and R2 = 0.9617 using S-G derivative data at 1 and 10 mg/L of DOC (Table 8.4). 

However, the slopes at higher DOC concentrations were found to be approximately the 

same, while a mild variation was observed at low concentrations. The slopes obtained from 

absorbance data of 1-, 5-, and 10-mg/L DOC were found to be 2.4226 × 10-04 ± 1.2075 × 

10-05, 3.3775 × 10-04 ± 2.1215 × 10-05, and 3.3813 × 10-04 ± 2.1461 × 10-05, respectively.  

Lastly, MDLs were calculated, and the lowest MDL was observed at 3 µg/L for the 1 mg/L 

DOC test, using S-G derivative method. A 20% improvement in Cr (VI) detection was 

observed between the zero-order absorbance MDL and S-G derivative MDL at 1 mg/L 

DOC; however, with 5 and 10 mg/L DOC response tests, over 2-fold of improvement in 

detection was seen. For example, at 5 mg/L DOC, the zero-order absorbance and S-G 

derivative MDLs were calculated to be 33 µg/L and 12 µg/L, respectively (Table 8.4). 

Comparing surface water tests to DOC response tests, surface water tests showed more 

favorable results in terms of detection (5 µg/L), despite having comparable organic matter. 

The measured pH of surface water was found to be in the alkaline range, which might have 

contributed to the sensitive detection of Cr (VI). Additionally, comparing DOC response 



 

367 

 

to D.I. water test using 100 mm pathlength, the slopes at higher DOC (5 and 10 mg/L) were 

found to be closer to the D.I. water test, but at lower DOC (1 mg/L), the slope displayed a 

deviation (Table 8.4). Further research is needed to understand the complex interactions of 

Cr (VI) with DOC to understand the impact on absorbance and overall detection. 
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Figure 8.4: Absorbance and Savitzky-Golay first derivative of absorbance spectra of Cr 

(VI) using 100 mm cuvette pathlength at DOC 1- (a, b), 5- (c, d), and 10 mg/L (e, f), 

respectively. 

 

Table 8.4: Summary of critical data for Cr (VI) in different water matrices over the 

concentration range (1 – 100 µg/L). 

Parameter  

Pathlength 

(mm) or  

value 

Wavelength 

Slope ± standard 

deviation 

R2 

MDL 

(µg/L) 

Absorbance 

D.I 

 

10 

360 nm 

3.3565 × 10-05 ± 

1.3169 × 10-06 

0.9923 55 

50 

1.6270 × 10-04 ± 

4.9477 × 10-06 

0.9953 18 

100 

3.1853 × 10-04 ± 

1.3583 × 10-05 

0.9909 5 
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pH 

5 352 nm 

2.6242 × 10-04 ± 

6.4635 × 10-06 

0.9969 10 

6 364 nm 

4.0580 × 10-04 ± 

1.0191 × 10-05 

0.9968 6 

7 370 nm 

6.2614 × 10-04 ± 

1.3631 × 10-05 

0.9976 4 

9 372 nm 

9.9307 × 10-04 ± 

1.4790 × 10-05 

0.9988 4 

10 372 nm 

9.2541 × 10-04 ± 

1.3327 × 10-05 

0.9989 3 

DOC 

(mg/L) 

1 

352 nm 

2.4226 × 10-04 ± 

1.2075 × 10-05 

0.9877 4 

5 

3.3775 × 10-04 ± 

2.1215 × 10-05 

0.9806 33 

10 

3.3813 × 10-04 ± 

2.1461 × 10-05 

0.9802 39 

Surface water 

372 nm 

8.4938 × 10-04 ± 

4.1017 × 10-05 

0.9884 6 

Tap water 

8.6012 × 10-04 ± 

2.0092 × 10-05 

0.9972 4 

S-G first derivative of absorbance 

D.I 10 400 nm 7.2828 × 10-07 ± 0.9907 44 
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 3.1472 × 10-08 

50 

3.8299 × 10-06 ± 

1.3418 × 10-07 

0.9939 12 

100 

7.5255 × 10-06 ± 

2.0455 × 10-07 

0.9963 3 

pH 

5 394 nm 

5.8691 × 10-06 ± 

3.0013 × 10-08 

0.9998 8 

6 401 nm 

9.7787 × 10-06 ± 

6.1195 × 10-08 

0.9998 4 

7 402 nm 

1.6681 × 10-05 ± 

1.2494 × 10-07 

0.9997 3 

9 404 nm 

2.6298 × 10-05 ± 

2.3282 × 10-07 

0.9996 3 

10 404 nm 

2.6608 × 10-05 ± 

1.4583 × 10-07 

0.9998 2 

DOC 

(mg/L) 

1 

387 nm 

6.5436 × 10-06 ± 

1.2944 × 10-07 

0.9980 3 

5 

5.3795 × 10-06 ± 

2.5904 × 10-07 

0.9885 12 

10 

5.4393 × 10-06 ± 

4.8501 × 10-07 

0.9617 16 

Surface water 404 nm 2.4992 × 10-05 ± 0.9995 5 
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2.3311 × 10-07 

Tap water 

2.4476 × 10-05 ± 

1.0001 × 10-07 

0.9999 2 

 

 

8.3.5 Cr (VI) verification results 

The test was conducted using three technical replicates (n = 3). The USEPA 1,5 diphenyl 

carbohydrazide resulted in verifying individual concentration levels from 10 – 100 µg/L of 

Cr (VI) in D.I. water, with a maximum observed standard deviation value of 0.4. 

Concentrations below 10 µg/L were assumed to be linear with data verified between the 

concentration range of 10 – 100 µg/L. 

Several analytical methods exist for quantification of Cr (VI), which rely on the individual 

or combined use of spectrophotometry, spectroscopy (mass, flame or atomic type), 

chromatography (such as ion-, or liquid- chromatography), inductive coupled plasma (ICP) 

and electrochemical methods (using nanoparticles or capillary electrophoresis) 

(Ernstberger & Neubauer, 2015; Guertin et al., 2005; Harris & Lucy, 2015; McSheehy et 

al., 2010; Perkin Elmer, 2018; Weldy et al., 2013). Some of these techniques are highly 

selective and sensitive for the detection of Cr (VI) and can detect Cr (VI) to as low as 0.01 

µg/L using IC-MS (Basumallick & Rohrer, 2016). Currently, the Canadian Drinking Water 

Quality Guidelines rely on the EPA recommended method for Cr (VI) determination in 

drinking water (Method 218.7), which uses IC with post-column derivatization and UV-

Vis spectroscopy, and has an MDL of 0.012 µg/L (Health Canada, 2016). Further, Weldy 

et al. (2013) reported an MDL of 2 µg/L for tap and river water samples using electrospray 
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ionization-mass spectrometry, but required DPC reagent and derivatization to attain the 

final sample for analysis. Most of these commonly used techniques are complex, require 

SPE/sample preparation and skilled personnel for operation, which lead to longer times for 

sample analysis (Fayad et al., 2015). Rapid determination is critical and of utmost 

importance to water managers, as it aids in applying timely corrective measures, which 

consecutively protects source waters and human health (Altenburger et al., 2015). 

The proposed spectrophotometric method using 100 mm pathlength for determination of 

Cr (VI) in a variety of water matrices was found to be sensitive to detect concentrations 

below 20 µg/L. This is well below the WHO and Health Canada guidelines of 50 µg/L of 

total chromium (Health Canada, 2015, 2018; WHO, 2017). The results indicate feasibility 

in realistic conditions (such as surface and tap water) and show that with worsening water 

quality (increasing DOC), the Savitzky-Golay derivative method can be successfully 

applied to improve the sensitivity for Cr (VI) detection. Monitoring at source is important 

as hexavalent chromium is not effectively removed by traditional alum and ferric 

coagulants and hence, can pass through the drinking water treatment system with ease 

(Saha et al., 2011). Additionally, spectrophotometry has a broader working range of 

detection when compared to other techniques, and higher concentrations of Cr (VI) like in 

the case of industrial wastewaters can be easily monitored by using shorter cuvette 

pathlengths that do not rely on sample dilution (Guertin et al., 2005; Kowsalya et al., 2019). 

From a water monitoring and management perspective, spectrophotometry would be 

extremely beneficial as it can be used to simultaneously measure important water quality 

parameters such as UV254, UVT, BOD, COD, DOM, total suspended solids (TSS), 



 

373 

 

nitrogen compounds, and microalgae, among others, in tandem with Cr (VI) at source 

(AlMomani & Örmeci, 2018; Malhotra & Örmeci, 2021). 

However, the detection is highly reliant on the pH of the sample, which in turn dictates the 

slope that can be applied for Cr (VI) quantification. For example, considering zero-order 

absorbance slopes in D.I. water and at a pH of 7, they were found to be 3.1853 × 10-04 ± 

1.3583 × 10-05 and 6.2614 × 10-04 ± 1.3631 × 10-05, respectively, indicating deviation. 

However, at higher pH considering S-G derivative slopes for pH 9 and surface water (pH 

= 8), they were obtained at 2.6298 × 10-05 ± 2.3282 × 10-07 and 2.4992 × 10-05 ± 2.3311 × 

10-07, respectively, demonstrating stability with increasing pH. A pH meter would be 

needed to accompany the spectrophotometer for Cr (VI) determination. Moreover, some 

metallic compounds like Cu (II), Fe (III), Pb (II), and Hg (II) can potentially result in 

interference for Cr (VI) measurement. However, Fe (III) is an exception as the error is 

lower than 5% if the iron concentration is between 0.5 – 1 mg/L, while the error in 

measurement due to other ions is lower than 15% for spectrophotometry (Buerge & Hug, 

1998). Under acidic conditions, iron (III) absorbs at around 300 nm, which can result in 

interference when Fe3+ is dissolved in water. But, with increasing pH (up to a value of 9), 

the hydroxide form of iron precipitates and reduces interference for measurement (Burgess 

& Thomas, 2017). Typically, drinking water contains less than 1 mg/L of total iron, 

reducing probable interference (American Water Works Association, 2013). In addition, 

spectrophotometry is not able to readily differentiate between different forms of Cr (VI), 

but despite that Fournier-Salaün & Salaün (2007) showed a method which can be used to 

quantitatively determine total Cr (VI) concentration, by using molar absorptivity based on 

the pH of the sample. Nonetheless, this method can be applied at source for on-line 
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monitoring using existing real-time spectrophotometers without relying on sample 

preparation or reagents.  

8.4 Conclusion 

In this study, spectrophotometry was utilized for rapid detection of Cr (VI) and Savitzky-

Golay first-order derivative of absorbance technique has been applied to improve the 

detection limit. The effect of changing cuvette pathlengths (10-, 50-, and 100-mm) was 

tested, and 100 mm cuvette pathlength was found to provide the most sensitive results. The 

proposed method using longer pathlengths is simple, requires no extraction, reagent, or 

sample preparation, and results have shown reliability for sensitive determination of Cr 

(VI) in realistic conditions. Further, variability in peaks was observed with altering pH and 

higher method stability (slopes) was observed with increasing (alkaline) pH values. DOC 

results indicated that with increasing concentration, pH reduced making it harder to 

determine Cr (VI). Despite that, the UV-C peak remained consistent aiding in analysis. The 

lowest MDLs were observed using the derivative method and were found to be as low as 

2-, 3-, and 5- µg/L in tap water, D.I. water and surface water, respectively. The MDLs 

obtained in this study were significantly lower than the recommended guideline value of 

50 µg/L by Health Canada, European Union and WHO (European Commission, 2017; 

Health Canada, 2018; WHO, 2017). Lastly, this method can be applied with ease in existing 

real-time spectrophotometers, that could be used for routine field monitoring and early 

detection of Cr (VI) without relying on expensive reagents/solvents that generate waste, 

are time-consuming, or alternative techniques that are intricate in nature. 
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9. Conclusions and Future Work 

9.1 Conclusions 

The major findings from this study and potential areas for future research are presented 

below.  

Chapter 4 and 5 

• By increasing cuvette pathlength from conventional 10-mm to 50- and 100-mm and 

applying S-G derivative spectrophotometry, a substantial improvement in sensitivity 

was observed for early detection and monitoring of cyanobacteria. 

• Compared to the 10 mm pathlength conventionally used for absorbance measurements 

in the field, adoption of 100 mm pathlength and application of S-G derivative spectra 

improved the detection limit from 337,398 cells /mL to 4,916 cells/mL for M. 

aeruginosa and from 650,414 cells /mL to 11,661 cells /mL. for C. vulgaris. 

• Spectrophotometry was also able to differentiate M. aeruginosa from C. vulgaris based 

on the variations in their pigment absorbance peaks, which could provide a useful tool 

in identifying blooms of interest. 

• In a mixed-culture setting, the Chl-a peak of M. aeruginosa from C. vulgaris 

overlapped, while PC peak could be distinctly observed, indicating the presence of 

cyanobacteria in the microalgal mixture. 

Chapter 6 and 7 

• The results for M. aeruginosa and C. vulgaris showed viability for early detection using 

S-G derivative method in river water (unfiltered), with clear peaks visible at low 

concentrations. 
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• The lowest MDL for M. aeruginosa for the photopigments PC and Chl-a was estimated 

to be 12,798 cells/mL and 8,546 cells/mL, respectively; whilst C. vulgaris resulted in 

a detection limit of and 13,695 cells/mL for photopigment Chl-a in surface water. In 

support of previous results, 100 mm pathlength was found to be the most sensitive. 

• Further testing using derivative spectrophotometry under different controlled water 

quality parameters (such as salinity, DOC, and turbidity) showed that detection limits 

were still below the WHO guidelines (except for 100 NTU) even under challenging 

water quality conditions. 

• The lowest MDL for M. aeruginosa using derivative spectrophotometry and 100 mm 

pathlength was found to be 11,083 cells/mL and 12,632 cells/mL for 1 mg/L DOC for 

photopigments Chl-a and PC, respectively. 

• Spectrophotometry can be used to measure multiple water quality parameters and 

pigments simultaneously reducing cost and space requirements. It is a simple, rapid, 

non-destructive, non-intrusive technique requiring no pigment extraction/reagent and 

can be implemented in-line for real-time monitoring purposes. 

Chapter 8 

• Variability in peaks was observed with altering pH and higher slope stability was 

observed in alkaline pH waters for Cr (VI). 

• A minimum of 20% improvement in detection was observed with the S-G derivative 

method in comparison to zero-order absorbance. However, with worsening water 

quality (i.e., 10 mg/L DOC), over 2-fold of improvement in detection was observed, 

indicating significance of derivative spectrophotometry with changing water quality. 
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• The MDLs obtained in this study were significantly lower than the widely accepted 

guidance value of 50 µg/L of total chromium with lowest MDL observed at 2 µg/L in 

tap water. 

• Proposed method is simple, does not rely on expensive reagents/solvents that generate 

waste, or sample preparation, and results have shown reliability for sensitive 

determination of Cr (VI) in realistic conditions. 

Overall conclusion and research implications 

Using existing affordable spectrophotometry technology and implementing the use of 

longer cuvette pathlengths allows for sensitive and early-detection of cyanobacteria and Cr 

(VI). In addition, this research can be applied to existing on-line water monitoring spectrum 

systems for real-time detection and monitoring purposes. However, real-time systems do 

come with their own set of potential issues that have to be taken into consideration. For 

example, equipments can get fouled and clogged over the course of regular operation and 

might require manual cleaning for continuous operation. If clogging is an issue, t-type 

strainers should be used to prevent damage of the flow cell, but would result in more 

frequent manual clearning of the strainer, increasing labor costs. 

Cr (VI) results show that its detection is highly dependent on the pH of the solution. Despite 

this condition, it can be implemented in a real-time system which concurrently monitors 

pH of the source water using a probe. Algorithm conditions can be set to implement 

different regression slopes for estimation of Cr (VI) in source waters based either solely on 

the pH or other water quality parameters. A similar technique can be implemented for 

early-detection and monitoring of cyanobacteria/microalgae as well. Nevertheless, the 
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strongest leverage that the method described in this research has is that it has shown good 

applicability for both biological and chemical applications.  

9.2 Future work 

Future work for the investigation of microalgae monitoring includes testing different genus 

of microalgae using spectrophotometry and potentially checking their individual spectral 

fingerprints. Further, tests using longer pathlengths (up to 250 mm) should be investigated 

to potentially improve detection limits at higher water quality parameter levels (such as 

turbidity and DOC). Research should also be conducted on effect of mixing different 

WQPs and different cyanobacteria/microalgae together and checking its impact on 

detection. Furthermore, experiments using mixed micoralgal cultures with varying 

photopigment content should be studied and its response to varying pH levels. Although, 

with longer pathlengths, the overall working range might decrease but sensitive detection 

might be possible by compensating for absorbance observed due to turbidity. In addition, 

interactions of cyanobacteria and microalgae with different water quality parameters and 

nutrients should be researched to better understand the intricacies and their resultant impact 

on absorbance. 

Recommendations for further areas of study for Cr (VI) include: testing a wider range of 

concentrations, inoculating Cr (VI) in different source waters (such as groundwater, surface 

water and brackish water) to check response, and investigating the potential impact of 

heavy metals and different chlorine/chloramine concentrations in Cr (VI) water. Further 

research using this method should also explore the presence of different water 

contaminants that might absorb at or close to the same wavelengths of interest as Cr (VI) 

and its impact on detection.  Other future research could involve applying the methodology 
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described in this work for the potential detection of different biological and chemical water 

contaminants (such as permanganate, disinfection byproducts, among others) using 

spectrophotometry.  
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