
ABSTRACT 

CUI, XIANG. Impact Factors of Harvesting Chlorella autotrophica with Electro-

Flocculation. (Under the direction of Jay J. Cheng). 

 

Microalgae are promising feedstock for biodiesel production. However, there are still 

several bottlenecks before it's economically feasible. One of the issues remains in the 

harvesting process. Electro-Flocculation technique for recovering microalgae was 

investigated in this thesis. The study focused on effects of time, voltage, pH and temperature 

on recovery efficiency. Central Composite Design was applied to design the experiment. 

From experimental results, the highest recovery efficiency was achieved to be 94.3%, at the 

following conditions: 25 Volts, pH 7 and 25°C. Two models were developed: model one had 

four independent variables (time, voltage, pH and temperature), and its coefficient of 

determination R
2
 = 0.9758; model two had three independent variables (voltage, pH and 

temperature) and time as covariate, with coefficient of determination R
2
 = 0.9475. Both 

models suggested time was the most influencing factor; temperature had a quadratic 

relationship with recovery efficiency (significant at level of 0.05); and there was no evidence 

that pH had effect on the response (both p-values were greater than 0.6). Model two 

suggested there was a quadratic relationship between voltage and recovery efficiency (p-

value of voltage*voltage = 0.0005), while model one didn’t have enough evidence to support 

(p-value = 0.1094). 
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 

1.1 Renewable energy solutions 

In recent years, renewable energy has drawn increasing attention to researchers and the 

general public, due to the energy issues and global warming crisis. The age of cheap 

petroleum is ending, as the fossil exploiting is reaching the peak and thus starts an era of 

pursuing new technology to find economical alternatives to replace fossil fuels. Moreover, 

the increasing awareness of contribution of human activity to global warming led 

governments and scientists worldwide put more efforts to mitigate the CO2 emission. Despite 

solar power, wind power or nuclear power, bio-energy shares the most common points with 

fossil fuels, in terms of physical and chemical properties, and energy density. 

 

1.2 Bioenergy: bioethanol vs. biodiesel 

1.2.1 Bioethanol 

Bioethanol, also known as ethyl alcohol, is produced from biomass which contains 

sugar or substances which can be converted to sugar, such as starch or cellulose. At present, 

the most successfully commercialized bio-fuel is bioethanol, which is the product from the 

conversion of corn or sugarcane (mainly composed of sugars). They are referred as “first 

generation” of bioethanol. Ethanol as a biofuel has been quite successful in Brazil for its 

competitiveness to petroleum without subsidy (Cheng, 2010). However, this production 

system has several difficulties if it is to be promoted to other countries. Bioethanol industries 

are currently in competition with food producers, so that land available to produce crops for 
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energy is a big limitation for corn-based bioethanol (Luque, 2010). It has been estimated that 

it would require nearly 17 times of US cropping land to produce enough biofuel to meet all 

the transportation needs of the United States at current level of consumption (Chisti, 2007). 

Thus the idea of using non-food feedstocks has been brought up. Researchers use 

lignocellulosic feedstocks, coming from residues of forests or agricultural crop production 

(for example, corn stover, cotton stalks or rice husks) or whole plant biomass grown 

specifically for bioethanol purpose (e.g. swithgrass) (Ruane, 2010). Compared to the starch 

or sugar based feedstocks, the lignocellulosic biomass is more tightly bounded together. It 

usually needs pretreatment process (methods including acid pretreatment, alkaline 

pretreatment, enzymatic pretreatment, mechanical pretreatment, etc.) to make the biomass 

more digestible and separate the cellulose from lignin. The cellulose then can be converted 

into sugars through hydrolysis process (Cheng, 2010). Compared to the first generation of 

bioethanol, the second generation which uses lignocellulosic biomass enjoys the benefit of 

not competing with food production. Moreover, cellulose is the most abundant biological 

material on earth (Ruane, 2010). However, there are still two major challenges remain. The 

first is to break down lignocellulose through an efficient and low-cost pretreatment. Second 

challenge comes to the complicated components of sugars, as they contain both 5-carbon 

sugars and 6-carbon sugars, which bring a greater challenge to complete fermentation into 

bioethanol, compared to starch based feedstocks (Balat, 2008). Meanwhile, if high 

concentration of ethanol in the fuel is to be applied, most of the car engines today needed to 
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be modified, otherwise, this easily-water-absorbed fuel would cause harms to the engine in 

the long run (Chisti, 2007). 

 

1.2.2 Biodiesel 

Biodiesel is another renewable alternative for petroleum-based transportation fuels. 

Compared to bioethanol, it shares more similarities with petroleum or diesel which is 

currently supplied in gas stations. Biodiesel is long-chain carbohydrate, so it remains liquid 

form under room temperature, which is easy to transport and store. Unlike bioethanol, 

biodiesel is non-polarized molecule and insoluble in water, thus no water will be absorbed, 

and erosion of engine is prevented (Knothe, 2005). Biodiesel also has a higher energy density 

(37.8 MJ/kg) than ethanol (23.4 – 26.8 MJ/kg). In addition, biodiesel has higher lubricity 

compared to petroleum diesel, which protects engine and improves fuel economy (Luque, 

2010). 

Biodiesel is produced by triglyceride transesterification with short-chain alcohols 

(usually methanol), forming fatty acid methyl esters (FAME, i.e. biodiesel), as well as by-

product, glycerol. The chemical reaction of this process is as follow: 
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Figure 1. Transesterification process of triglyceride to biodiesel (revised from oilgae.com) 

 

The feedstocks of triglyceride are various. Traditionally, they are from edible oils (for 

example, soy bean oil, canola oil, palm oil, etc.) and animal fats, which are regarded as first 

generation biodiesel. Recent studies focus on non-edible oils, including feedstocks from 

jatropha, brassica and microalgae. Their advantages and disadvantages are going to be 

discussed in details as follows. 

The first generation biodiesel, i.e. feedstock from edible oil, is currently most common 

biofuels in Europe. It is a sustainable fuel alternative as discussed above. However, it also 

raises some major concerns: (1) if large quantity of biodiesel is produced from these 

feedstocks, there will be a massive land consumption increase, resulting in a huge impact on 

existing agricultural system. It has been estimated that, to meet 50% of U.S. transportation 

fuels need, the percentage of existing U.S. cropping land to grow these feedstocks are: 326% 

for soybean, 122% for canola, and 24% for oil palm (Chisti, 2007). That is beyond the 

capability of current agricultural system. (2) Feedstocks from edible oils also draw 
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controversy of “food for fuel” issues. The increasing demand of feedstocks for biofuels has 

driven agricultural products prices to go up, which results in fluctuate market price. 

Thus, the second generation biodiesel, which stems from non-edible feedstock, has been 

studied to replace the traditional feedstocks. These crops include Jatropha curcas, Brassica 

carinata, Ricinus communis, etc (Cheng, 2010). Jatropha curcas, taken as an example, is 

currently one of the most widely investigated non-edible feedstock for biodiesel production. 

The seeds and oil of Jatropha are toxic to human beings, thus not suitable for edible oil 

production. However, biodiesel production from these non-edible oils is similar, except that 

sometime the oil processing requires a reduction of high free fatty acid (FFA) content before 

transesterification (Luque, 2010). More importantly, Jatropha can be grown in arid lands 

which are not suitable for agriculture, namely “wasteland”, with lower consumption input. It 

may have a higher oil yields (27-40% w/w) than conventional food crops under optimized 

conditions, but produces considerably lower when grown in arid conditions (Luque, 2010). 

Microalgae are a potential feedstock for biodiesel production. Microalgae are sunlight 

driven organisms which convert CO2 into potential biofuels, foods and feeds through 

photosynthesis (Cheng, 2010). It has several advantages over land-based higher plants as 

biodiesel feedstock candidate. Firstly, microalgae grow tremendously fast, some of the 

species can be harvested daily (Leonard, 2007), while most of higher plants are harvested 

once or twice a year. Secondly, the potential yield of microalgal oil is much higher than 

conventional feedstocks. As discussed in first generation feedstock, oil palm has the highest 

yield in land-based plants. Microalgal oil yield is 10-23 times greater than palm oil yield 
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(Chisti, 2007). Thirdly, growing algae does not require cropping land as land-based plants do. 

Some marine algae can grow in seawater which does not need freshwater, and some algae 

can grow in wastewater. Fourthly, the products of the microalgae are various. Besides 

microalgal oil, they also produce chemical metabolites include methane, hydrogen and 

polysaccharides (Luque, 2010). However, the high cost in cultivating, harvesting and 

processing microalgae currently prevents microalgal oil from producing biodiesel at market 

price. 

 

1.2.3 Biodiesel from microalgae: system mechanics 

Below is the flowchart shows how a microalgal system produces biodiesel: 

 

 

Figure 2．Microalgal biodiesel production system 

 

The system consists of three sub-systems: growing, harvesting, and extraction. Once the 

algal biomass has been harvested, the water with the nutrients can be recycled for biomass 

recovery. 
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As microalgae are sunlight-driven microorganisms, the inputs of the system are light, 

carbon dioxide, and water with nutrients (Chisti, 2007). The outputs of the systems are algal 

oil, which are further purified to biodiesel; and residues that can be used either as animal feed, 

or feedstock for anaerobic digestion. Biogas from digestion can be burned to generate 

electricity, which provide power for algae growing, harvesting and extraction, and connect to 

the power grid to upload redundant electricity. 

The key technologies for producing microalgal biofuels consist of: optimize algae 

growing condition, develop effective harvesting and separation of microalgal biomass and oil 

(Chen, 2010). These are going to be discussed in following sections. 

 

1.3 Growing microalgae  

1.3.1 Algae strains selection 

The first step of this algae-to-biodiesel system is to choose suitable algae strain to grow. 

Algae are simple aquatic organisms which utilize sunlight for photosynthesis, with a large 

variety which are estimated to be 300,000 species (Scott et al., 2010). The ideal candidate of 

algae strain should have high lipid content and short doubling time (fast growth). Thus 

species screening at a large scale is needed to be carried out before researches going further. 

The most influential screening program was Aquatic Species Program (1978-1996), 

funded by U.S. Department of Energy’s Office of Fuels Development (Sheehan et al., 1988). 

The program collected over 3000 strains of organisms and narrowed down to 300 species 

contained high contents of lipids, after screening, isolation and characterization. Much of 



 

 

8 

current research works are focused on fast growing microalgae, which also accumulated high 

quantities of lipids (Scott et al., 2010). One of most commonly used algae strains are in the 

group of green algae, including Chlamydomonas reinhardtii, Dunaliella salina, Botryococcus 

braunii, and various Chlorella species. Other important groups are diatoms (Phaeodactylum 

tricornutum and Thalassiosira pseudonana), and heterokonts (Nannochloropsis and Isochrysis 

spp.) 

For Chlorella autotrophica, high lipid content (by dry weight) was reported to be 38% 

under autotrophic condition (Liang, 2009) and 53% under mixotrophic and nitrogen limiting 

condition (Yeh, 2011). 

 

1.3.2 Microalgae species growing conditions with different energy source 

The growth characteristics and composition of microalgae are significantly affected by 

the cultivation conditions. Table 1 summarizes comparison of the characteristics of different 

cultivation conditions (Chen, 2010). 
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Table 1. Comparison of the characteristics of different cultivation conditions 

Cultivation 

Condition 

Energy 

Source 

Carbon 

Source 

Cell 

Density 

Reactor Scale-

up 

Cost 

Issues associated 

with scale-up 

Phototrophic Light Inorganic Low Open pond or 

photobioreactor 

Low Low cell density 

High condense cost 

Heterotrophic Organic Organic High Conventional 

fermenter 

Mediu

m 

Contamination 

High substrate cost 

Mixotrophic Light 

and 

Organic 

Inorganic 

and organic 

Medium Closed 

photobioreactor 

High Contamination 

High equipment cost 

High substrate cost 

Photoheterotr

ophic 

Light Organic Medium Closed 

photobioreactor 

High Contamination  

High equipment cost 

High substrate cost 

 

Phototrophic cultivation of microalgae is mostly used in microalgae cultivation. It uses 

light (such as sunlight) as the energy source, and inorganic carbon (e.g. carbon dioxide) as 

the carbon source to convert solar energy to chemical energy through photosynthesis (Huang 

et al., 2010). Lipid content in microalgae ranges from 5% to 68% depending on the species. 

To increase the lipid content in microalgae, nitrogen-limit or nutrient-limit condition is 

needed, so lipid content accumulation is contradicted to the growing of algae. Thus, lipid 

content and biomass production need to be considered simultaneously to estimate oil 

production (Meta et al., 2010). The highest lipid productivity in the literature is about 179 

mg/L/d by Chlorella sp. under phototrophic cultivation with 2% CO2 and 0.25 vvm aeration 
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(Chiu et al., 2008). Compared to other types of cultivation, the photosynthesis algae use CO2 

as carbon source facing less competition with other microorganism, so contamination would 

be less. 

Heterotrophic cultivation algae can use organic carbon under dark conditions, besides 

phototrophic conditions. This type of algae can overcome the problem of low cell density in 

large scale photobioreactors (Huang et al., 2010). The highest lipid productivity was reported 

to be 3700 mg/L/d using a 5-L fermentor operated with fed-batch strategy (Xu et al., 2006). 

This is nearly 20 times higher than that from phototrophic cultivation. Mixotrophic 

cultivation algae use both organic compounds and inorganic carbon (CO2) to complete the 

process of photosynthesis, while photoheterotrophinc cultivation algae require both sugar and 

light to complete photosynthesis. These two types of algae are rarely used in biodiesel 

production in current literature. 

 

1.3.3 Light sustainability 

Sunlight as the light source for microalgae culture systems are mainstream practice in 

current scale-up systems (Luque, 2010). It is extremely low-cost (nearly free), abundant, and 

covers full spectrum of light. However, the unstable and comparatively low light density 

decreased the production of microalgal lipid, thus artificial lights and combined artificial 

lights with sunlight are introduced (Chisti, 2007). High cost is nevertheless the main problem 

of artificial lights, and it is inefficient in terms of energy conversion (Chen, 2010).  
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1.3.4 Open ponds vs. Photobioreactors 

There are mainly two types of cultivation systems for microalgae both in lab scales and 

industrial scales. One of them is open ponds, also known as “raceway ponds”, which 

incorporates low-energy-consuming paddlewheels for gas/liquid mixing and circulation; the 

other one is photobioreactors, which are closed systems and are designed in different 

configurations, e.g. tubular and flat-plate (Jorquera, 2010). 
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Table 2. Comparison of photobioreactors and open ponds (Chisti, 2007) 

Variable Photobioreactors Open ponds 

Annual biomass production (kg) 100,000 100,000 

Volumetric productivity (kg m
-3

d
-1

) 1.535 0.117 

Areal productivity (kg m
-2

d
-1

) 0.048
a
 0.035

b
 

Biomass concentration in broth (kgm
-3

) 4.00 0.14 

Area needed (m
2
) 5681 7828 

Oil yield (m
3
 ha

-1
) 58.7

c
 42.6

c
 

Annual CO2 consumption (kg) 183,333 183,333 

System geometry 132 parallel tubes/unit;  

80 m long tubes;  

0.06 m tube diameter 

978 m
2
/pond;  

12 m wide 82 m long, 

0.30 m deep 

a based on facility area 

b based on actual pond area 

c based on 30% by weight oil in biomass 

 

Chisti et al. (2007) compared the capability and productivity of both systems. To 

produce 100 tons of microalgal biomass, photobioreactors require less land, have a higher 

productivity, and produce more oil than open ponds. However, photobioreactors are much 

more expensive in installation and maintenance than open ponds, especially in large scale. 

Jorquera et al. (2010) studied the life cycle of both systems. They found that net energy ratio 

(NER) of horizontal tubular photobioreactors was <1, which means it was not economically 

feasible, while estimated NERs for flat-plate photobioreactors and raceway ponds is >1. The 
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cultivating system is beyond the scope of this project, so we are will not go into every details 

of the comparison. 

 

1.4 Harvesting methods 

Much of the studies have been done considering the strain selection and growth 

conditions to optimize the biomass and lipid content accumulation in microalgae. However, 

in order to achieve the goal of growing algae profitably on an industrial scale, there still 

remain several uncertainties.  

Dewatering of microalgae before further processing to biofuels leads to an innegligible 

part which raises the cost of this feedstock (Uduman, 2010). Because of the dilute microalgae 

suspension, plus the negative charges they carry, the cells are highly dispersed (Danquah, 

2009). The current technologies being studied in this process including: centrifugation, 

flocculation, filtration, flotation, and electrophoresis techniques. 

There are three aspects to evaluating the performance of these harvesting method: (1) 

the efficiency/yield of the technique, i.e. percentage of recovered microalgae  from total 

processed microalgae; (2) the solid content in the recovered microalgae (3) harvesting rate 

(the rate of water removal) (Uduman, 2009). 

 

1.4.1 Centrifugation 

Centrifugation is a separation method which uses centrifugal forces to separate solids 

from liquids. The separation is based on the particle size and density difference of the 
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medium components. It is one of the most commonly used methods to separate cells from the 

broth in biotechnology. Studies have proven high speed centrifugation to be reliable and 

effective recovery technique (Moraine et al., 1980; Grima et al., 2003). Laboratory 

centrifugation tests were investigated on pond effluent at 500-1000 g (gravity force) and 

showed that 80%-90% could be recovered in 2~5 minutes (Moraine, 1980). 

Centrifugation has very high separation efficiency but also consumes a high level of 

energy (Heasman et al., 2000). Heasman et al. (2000) studied microalgal cells recovery under 

three different centrifugation conditions for ten microalgae species. Acceleration factors were 

6000 g and 13000 g with high speed centrifugation, and 1300 g with a slower speed, resulting 

in recovery of > 95%, 60% and 40%, respectively. However, the energy consumption of the 

experiments is also very high, which is estimated to be 8 kWh/m
3
. Knuckey et al., also 

pointed out that the exposure of microalgal cells to high gravity and shear forces could 

damage the cell structure. 

 

1.4.2 Flocculation 

Flocculation process use soluble particles to form aggregates with a chemically reactive 

cellular surface that has a net negative surface charge due to the ionization of functional 

groups, which facilitate microalgal cell suspension formation (Tanny, 1969).  Currently, two 

types of flocculants are mainly studied in flocculation process for harvesting microalgae: one 

of them is inorganic flocculants, and the other is organic polymer/polyelectrolyte flocculants 

(Uduman, 2009). The basis of using inorganic flocculants for harvesting microalgae is charge 
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neutralization, assuming the microalgae cells are small and approximately spherical 

(Bernhardt, 1991). The mechanism of microalgal flocculation by organic polymer flocculants, 

on the other hand, can be explained by a combination effect of both charge neutralization and 

particle bridging. The polymer flocculant can attach to certain points on the surface of 

microalgal, while leave its tail trail out into the solvent. The tails of the polymer may attach 

to similar parts of polymers and thus form bridges between polymers, and resulting in a three 

dimensional matrix (Tanny, 1969). 

A variety of chemicals have been tested for microalgal flocculation. Among them, the 

most effective flocculants were aluminum sulfate as inorganic flocculants, and cationic 

polymers such as praestol, cationic polyacrylamides zetag 63 and zetag 92, and cationic 

polyamines as organic polymer/polyelectrolyte flocculants (Bilanovic, 1988; Oh, 2001). 

The separation efficiency varies depends on the inducing floc chemicals used in the 

process. Highest possible yield was reported to be greater than 95% using organic cationic 

polymers (Bilanovic, 1988). The concentration factor can be as high as 200-800 with low 

energy requirement for slow mixing using eicosapentaenoic acid (Grima, 2003). However, 

the possible contamination is major limitation of this approach, plus some flocculants are 

expensive and this needs to be taken into consideration. 

The flocculation technology is regarded as a superior microalgae harvesting method to 

traditional harvesting methods, i.e. centrifugation and floatation, because flocculation method 

can treat large quantities of microalgal culture as well as its wide range of application to 

different microalgae species (Uduman, 2009). Flocculation has been proved to be successful 
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for harvesting microalgae for a long time, the method alone may not be sufficient, however. 

Moraine et al. (1973) implied that microalgal flocs have gravity close to or even below that 

of water when exposed to light, releasing oxygen as photosynthetic production. This 

indicates that sedimentation after microalgal flocculation may not be sufficient. Methods 

combining flocculation with other techniques such as flocculation-flotation may need to be 

taken into consideration (Moraine, 1973). 

 

1.4.3 Filtration 

Filtration is a relative economical separation method compared with the two methods 

mentioned above. This method uses filters with appropriate pore size which can retain the 

solids and allow the liquid to pass through. Filtration usually needs a pressure drop for the 

purpose of forcing the liquid to flow through the filters. The degree of pressure required for 

the medium determines what kind of driving force is used: gravity, vacuum, pressure, or 

centrifugal. Also, to harvest target microalgae, the filter pore size must be determined 

accordingly (Moraine, 1980). 

There are mainly two operation modes of filters used for microalgae harvesting, which 

are microstrainers and vibrating screen filters (Uduman, 2009). Microstrainers are rotating 

filters with fine mesh screens and a continual backwash, while vibrating screen filters uses 

sinusoidal vibration to separate the microalgae from liquid.  In terms of the configuration of 

the filters, there are also two types of filters. One of them is surface filter, where the solids 
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are retained on the surface of the filter; the other one is depth filter, which utilizes a porous 

filtration medium to retain particles throughout the medium (Shelef, 1984). 

The flow rate of the screen determines how much microalgae is processed per unit, and 

is the key parameter that determines the overall cost. The flow rate is determined by the size 

of the screen openings, which is dependent on the species of microalgae. Larger microalgal 

size requires larger pore size, resulting in faster flow rates and a lower cost, while small 

microalgal species lead to smaller pore size, and resulting in slower flow rates and higher 

cost (Shelef, 1984). Another factor that influences the efficiency of the process is the 

microalgae concentration. A high microalgal concentration often leads to blocking of the 

screen; a low microalgal concentration, on the other hand, can result in inefficient capture 

(Uduman, 2009). 

The highest recovery yields of filtration are between 70% - 89% using (Bernhardt, 

1994). Filtration method can also achieve a concentration factor of 50-245 in a pressure filter 

press of 0.88 kWm/m
3
 (Semerjian and Ayoub, 2003). The problem with filtration is that it 

needs replacing filters from time to time, and the media that are fine enough to retain the 

microalgae tend to bind and therefore require regular backwashes, which results in a decrease 

in the amount of microalgal concentrate. In addition, filter pore sizes must be determined 

according to specific algae strains used (Moraine, 1980). 
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1.4.4 Electrophoresis techniques 

Opposite to approaches using chemicals, the electrophoresis techniques do not require 

additional chemicals added into the system, thus avoid risks of potential additional 

contamination in the medium. Electrophoresis techniques include electrolytic coagulation, 

electrolytic flotation and electrolytic flocculation.  

The principle of electrolytic flocculation is based on the movement of negatively 

charged microalgae cells toward the anode. Upon reaching the anode, the microalgal particles 

lose their charge and are able to form aggregates. Electrolysis of water produces bubbles that 

can aid the microalgal flocs to rise to the surface (Poelman et al., 1997).  

 

Figure 3. Schematics of electro-flocculation harvesting system, revised from (Uduman, 2010) 
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Figure 3 is the mechanism of electro-flocculation harvesting system which demonstrates 

how it works. The broth was electrified at certain levels of voltage and currents; the oxygen 

and hydrogen will be generated at anode and cathode, respectively; the negatively charged 

microalgal cells are then driven towards anode, and be floated by the air bubbles in the 

process. 

When using aluminum as anode, chemical reactions occurred as below (Mouedhen, 

2008), 

Al   Al
3+

  +  3e
-
 

x Al
3+

  +  y OH
-
     Alx      

   

When using iron as anode, chemical reactions occurred as: 

Fe    Fe
2+

  +  2e
-
 

Fe
2+

  +  2OH
-
     Fe (OH)2 

or 

Fe    Fe
3+

  +  3e
-
 

Fe
3+

  +  3OH
-
     Fe (OH)3 

Meanwhile, water was oxidized as side reaction at the anode: 

2H2O    O2 + 4H
+
 + 4e

-
 

The major reaction at the cathode was reduction reaction of water and formation of 

hydrogen: 

2H2O ++ 2e
-
    H2 + 2OH

-
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This approach has been first studied in the area of wastewater treatment as well as algae 

removal. It was proven to be effective with >95% microalgae removal with energy density as 

low as 0.4 kWh/m
3
 (Shao, 2009). Harvesting microalgae for biodiesel production share many 

similarities with algal removal from wastewater. Limited studies of electro-flocculation 

approach have been reported on harvesting algae for biodiesel production. 

A level of 90% microalgae removal can be achieved at energy intensity as low as 0.331 

kWm/m
3
 (Danquah et al., 2009). This is much lower than centrifugation (as high as 8 

kWh/m
3
) and tangential flow filtration (2.06 kWh/m

3
). Vandamme et al. (2011) also studied 

the aluminum content of the harvested microalgal biomass, which was less than 1%, while 

the aluminum concentration in the process water was below 2mg/L.  

 

1.4.5 Comparison of different harvesting methods 

Centrifugation, flocculation, filtration and electrophoresis techniques are the most 

studied technology for harvesting microalgae. Besides these technologies mentioned above, 

there are also gravity sedimentation and flotation methods. Gravity sedimentation process 

usually takes a long time and has a poor performance, especially on low density samples 

(Uduman, 2009), while flotation are usually combined with other technologies, e.g. 

flocculation-flotation, electro-flotation. Therefore, the comparison between different 

harvesting methods in this review will limit to the four techniques which have been discussed 

in previous sections. 



 

 

21 

Centrifugation is a reliable technique to concentrate the diluted microalgae in the 

laboratory in terms of solid recovery and concentration factor. However, as previously 

pointed out in section 1.4.1, centrifugation is too expensive and high-energy consuming, as 

high as 8 kWh/m
3
 or higher (Knuckey, 2006) to be affordable in a large scale. Filtration 

methods also proved to be effective when pressure was applied. The highest possible 

concentration factor is reported to be 50 – 245, at energy consumption level of 0.88 kWh/m
3
 

(Semerjian, 2003). But clogging problem limits the performance of filtration, so filters have 

to be replaced from time to time. In addition, specific pore sizes must be chosen according to 

specific microalgae cell size. Flocculation is believed to be superior to centrifugation and 

filtration because it can harvest large quantities of microalgal culture at the same time, as 

well as it’s applicable to a wide range of different algae species. As it is hard to compare 

them directly from the aspect of energy consumption level, we can give a rough estimate of 

the cost of each method. The most effective flocculants are aluminum sulfate (as inorganic 

flocculant) and cationic polyacrlyamides (as organic polymer flocculant), each with reported 

optimal dosage of 80 – 250 mg/L and 10 mg/L (Shelef, 1984). Current flocculant quote from 

market are $185-$260/ton and $2000-$2500/ton, respectively (from alibaba.com, November, 

2012). Therefore, the lowest cost for each flocculant are 1.48 ¢/m
3
 and 2 ¢/m

3
 (raw material 

cost only). Current industrial electricity price fluctuates within 6.70 ¢/kWh to 6.89 ¢/kWh 

(from U.S. Energy Information Administration website, November, 2012). So, the lowest 

cost for pressured filtration is about 5.28 ¢/ m
3
, and centrifugation about 53.6 ¢/ m

3
.  
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When it comes to the comparison between flocculation and electro-flocculation, the 

reported optimum electro-flocculation method (harvesting efficiency > 90%) (Danquah, 2009) 

consumed energy level of 0.331 kWh/m
3
, which cost about 2.22 ¢/m

3
. So the flocculation 

still wins against electro-flocculation by some advantage. But this rough estimate also 

indicates that both methods come close in cost. Electro-flocculation also enjoys the privilege 

as flocculation does: applicable for large quantity and wide ranges. In addition, electro-

flocculation have some other advantages over chemical flocculation: (1) no anions such as 

sulfates and chlorides would be introduced in the eletro-flocculation system, which are 

always coupled with traditional flocculants; (2) flocculants produced by electrolytic 

oxidation are of high efficiency, and less dosage would be required as compared with 

conventional flocculants (3) pH adjustment is unnecessary since ECF performs well in a 

large pH range, while chemical flocculation is very sensitive to pH (Shao, 2009). 

 

1.5 Current studies of electro-flocculation process for harvesting microalgae 

The idea of recovering microalgae using electro-flocculation (EF) method was first 

brought by Poelman (1997). The article studied the effect of voltage, currents and distance 

between cathodes and anodes on microalgae (in wastewater) elimination ratio. Results 

showed that microalgae elimination ratio can be achieved at 80%-95% within about 35 min. 

Lower voltage, larger distances between anodes and cathodes led to longer time to separate 

the microalgae. The recovery efficiency would be reached at about the same level, though, at 

different voltage levels (18V-85V). 
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Gao et al. (2009) also studied the effect of different electrode materials, current density, 

initial pH, initial algae cell density, and the effect of temperature to remove the algae from 

water treatment samples. Aluminum showed better performance than iron as electrodes as 

less time was required and clearer water after treatment. The initial pH of 4-7 in EF process 

was found to be more favorable, and the author explained as a result of charge neutralization 

in acid or neutral environment. Higher initial cell density needed longer electrolysis time to 

achieve the same level removal ratio. Also, higher water temperature (36°C) was found to 

accelerate algae removal process than lower water temperature (18°C). 

Some researchers (Xu et al., 2010, Vandamme et al., 2011) studied the EF processes for 

harvesting microalgae with a goal of biodiesel production. Vandamme et al. used Chlorella 

vulgaris and Phaeodactylum tricornutum as sample, and they found similar conclusions that 

lower current density (0.6 mA cm
-2

) will prolong the harvesting time, compared to the higher 

current density (3 mA cm
-2

), but the overall harvesting efficiency would come close at the 

end of process. Xu et al. (2010) also confirmed this conclusion when studying Botryococcus 

braunii as microalgae sample. However, two articles presented opposite results considering 

pH effect. While Vandamme’s results suggested lower pH (pH 4~6) would shorten the 

harvesting time, Xu’s results showed higher pH (pH 8~12) would shorten the harvesting time. 

Moreover, Xu et al. studied the effect of assisted flotation by adding an air-bubble dispersion 

system to the EF process. The results showed the air dispersion system gave a better 

performance for harvesting microalgae in regard of shortening the time lapse. 
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1.6 Central composite design and its application in experimental design 

Central Composite Design (CCD) is an experimental design, useful in response surface 

methodology in statistics. It can give a second order model for the response without doing 

factorial experiments, thus significantly reduce the resources and time to build the model 

(Myers, 1971). Take the experiment design in this project as example, if factorial design was 

used with four factors and five levels, a total of 54 = 625 combinations are needed. The 

central composite design instead, only needs 31 combinations. Note the central composite 

design will lose some detail information on the edge of the response surface though. 

The matrix designed for central composite design experiments is derived from a 

matrix, d, containing three sub matrixes as described below: 

(a) The matrix F obtained from the factorial experiment. The factor levels are scaled so that its 

entries are coded as +1 and −1. 

(b) The matrix C from the center points, denoted in coded variables as (0, 0, 0 ... 0), where 

there are k zeros. 

(c) A matrix E from the axial points, with 2k rows. Each factor is sequentially placed at ±α 

and all other factors are at zero. The value of α is determined by the designer; while 
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arbitrary, some values may give the design desirable properties. This part would look like:

 

d is the vertical concatenation: 

 

 α value in matrix E is usually determined as follows (Myers, 1971):  

(a) Orthogonal design: , where ; 

(b) Rotatable design: α = F
1/4

 (the design implemented by statistic software). 

F is the number of points due to the factorial design; n is the number of central points in the 

design; T = 2k + n, which is the number of additional points. 

 

1.7 Summary 

Flocculation has been proved to concentrate microalgae in an effective and relative 

economic way, and has certain advantages compared to other microalgae harvesting 

technologies. The electro-flocculation method has been first introduced in the area of 
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wastewater treatment applying algae. There are limited studies of electro-flocculation 

application of harvesting microalgae for biofuel production. The current knowledge gap 

exists in narrow range of pH studies and failure to evaluate the effect of temperature. 

Therefore, this project will fill this knowledge gap by an extensive research of effects of 

voltage, pH and temperature on electro-flocculation, and their interaction effects, using 

statistical design and analysis. 

 

Objectives 

The goal of this research was to study the influencing factors of electro-flocculation to 

harvest microalgae, thus optimize the electro-flocculation conditions with both efficiency 

(high recovery efficient ratio) and economics (low energy intensity input). The newly gained 

knowledge will provide information for studies of the relationship between influencing 

factors and harvesting performances using electro-flocculation techniques. The objectives of 

this study are: 

1. Characterize the effect of voltage, pH and temperature on microalgae harvesting 

efficiencies in electro-flocculation process. 

2. Modeling the effect of voltage, pH and temperature on microalgae harvesting efficiency 

in electro-flocculation process, and optimize electro-flocculation conditions. 
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CHAPTER 2. METHODOLOGY 

 

Summary: In this project, Chlorella autotrophica Shihira et Krauss CCMP 243 was 

chosen as the microalgae strain for harvesting experiment. L1 medium and f/2 medium which 

are used for costal marine formula were applied to grow the selected strain. Electronic-

flocculation (EF) technique was employed to harvest the microalgae, considering factors of 

time (up to 40 minutes), voltage (5 - 25 V), pH (3 - 11) and temperature (15 - 35 °C). Central 

Composite Design (CCD) and response surface method was applied as statistical design and 

statistical analysis. 

 

2.1 Materials 

2.1.1 Microalgae strain: Chlorella autotrophica 

The selected microalgae strain was Chlorella autotrophica Shihira et Krauss CCMP 243, 

which was kindly provided by Dr. JoAnn Burkholder and Elle H. Allen, in Center of Applied 

Aquatics in North Carolina State University.  

Chlorella autotrophica is under the genus of Chlorella vulgaris, as a taxonomic synonym of 

Chlorella vulgaris var. autotrophica. It was originally published by Shihira and Krauss in 1965 

(Shihira et al., 1965). It is one of the most studied microalgae for biodiesel production. Chlorella 

autotrophica is mixotrophic, so that it can grow not only under autotrophic conditions (sunlight and 

CO2), but also under heterotrophic conditions (organic carbon source), or both (Yeh, 2011). High 

lipid content (by dry weight) was reported to be 38% under autotrophic condition (Liang, 2009) and 

http://www.algaebase.org/search/species/detail/?species_id=68765
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53% under mixotrophic and nitrogen limiting condition (Yeh, 2011). Chlorella autotrophica was also 

studied using industrial wastes as nutrient sources under heterotrophic/mixotrophic condition. Lipid 

content was reported to be 43% with agro-industrial co-products (dry-grind ethanol thin stillage / soy 

whey) (Mitra, 2012), and 42% with artificial wastewater (Feng, 2010). In conclusion, Chlorella 

autotrophica was chosen because it is a model microalgae species for biodiesel production 

studies, with promising lipid contents, and easy to grow. 

 

2.1.2 Medium  

The medium formula used for growing Chlorella autotrophica was L1 medium and f/2 

medium (Guillard, 1960, 1962, 1975, 1993), as listed in Tables 3 – 5. The formula is a 

general purpose marine medium for growing marine algae. 3‰ NaCl solution was used as 

simulation of seawater. The formula contains NaNO3 as nitrogen source, NaH2PO4 · H2O as 

phosphorus source, L1 trace element solution as metal source and f/2 vitamin solution as 

vitamin source. The carbon source for Chlorella autotrophica was from carbon dioxide in the 

air. NaNO3, NaH2PO4 · H2O, L1 trace element solution and f/2 vitamin solution, were 

prepared individually under room temperature and stored in refrigerator.  

When preparing 1000 mL of L1 medium, 950 mL artificial sea water was added with 

each stock solution using pipette (Eppendorf® Research®, variable volume 500-5000 μL). 

The quantity of each solution are listed in Table 3. It was then brought to final volume of 

1000 mL using artificial sea water. 
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Table 3. L1 medium formula (Guillard and Hargraves, 1993) 

Component Stock Solution Quantity 

Molar Concentration in 

Final Medium 

NaNO3 75.00 g L
-1

 d H2O 1 mL 8.82 x 10 
-4

M 

NaH2PO4 · H2O 5.00 g L
-1

 d H2O 1 mL 3.62 x 10 
-5

M 

Na2SiPO3 · 9 H2O 30.00 g L
-1

 d H2O 1 mL 1.06 x 10 
-4

M 

Trace element 

solution 

(see recipe below) 1 mL --- 

Vitamin solution (see recipe below) 0.5 mL --- 

 

Table 4. f/2 vitamin solution (Guillard and Ryther, 1962; Guillard, 1975) 

Component 
Primary Stock 

Solution 
Quantity 

Molar Concentration in 

Final Medium 

thiamine HCl (vit. B1) --- 200 mg 2.96 x 10
-7

 M 

biotin (vit. H) 0.1 g/L dH2O 10 mL 2.05 x 10
-9

 M 

cyanocobalamin (vit. B12) 1.0 g/L dH2O 1 mL 3.69 x 10
-10

 M 
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Table 5. L1 Trace Element Solution 

Component Stock Solution Quantity 
Molar Concentration 

in Final Medium 

FeCl3 · 6H2O --- 3.15 g 1.17 x 10
-5

 M 

Na2EDTA · 2H2O --- 4.36 g 1.17 x 10
-5

 M 

MnCl2 · 4H2O 180.0 g/L dH2O 1 mL 9.10 x 10
-7

 M 

CuSO4 · 5H2O 9.8 g/L dH2O 1 mL 3.93 x 10
-8

 M 

Na2MoO4 · 2H2O 6.3 g/L dH2O 1 mL 2.60 x 10
-8

 M 

ZnSO4 · 7H2O 22.0 g/L dH2O 1 mL 7.65 x 10
-8

 M 

CoCl2 · 6H2O 10.0 g/L dH2O 1 mL 4.20 x 10
-8

 M 

H2SeO3 1.29 g/L dH2O   1 mL 1.00 x 10
-8

 M 

NiSo4 · 6H2O 2.63 g/L dH2O   1 mL 1.00 x 10
-8

 M 

Na3VO4 1.84 g/L dH2O   1 mL 1.00 x 10
-8

 M 

K2CrO4 1.94 g/L dH2O   1 mL 
1.0 x 10-8 M 
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Methods 

2.1.3 Inoculation and multiplication of Chlorella autotrophica 

The inoculation process of Chlorella autotrophica were carried out under aseptic 

condition.  

Before inoculation, a 2000 mL glass flask (Pyrex* Brand Flasks with Reinforced Tooled 

Top, 2000 mL), containing 1000 mL prepared medium, was wrapped with aluminum foil on 

the hood to prevent contamination from air. The flask was later autoclaved at 121°C and 17 

psi for 60 minutes. It was then transported back to the lab, and cooled down to room 

temperature (25°C) for 24 hours. 100 mL microalgae broth from previous batch was poured 

and mixed with the prepared medium. The inoculation operation was carried out in 

Biological Safety Cabinet (SterilGARD Class II Type A/B3), in order to prevent 

contamination in the process. 
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Figure 4. (a) L1 medium; (b) autoclave; (c) laminar flow hood;  (d) cultivated algae under 

fluorescent lamps. 

 

The prepared batch was put under fluorescent lamp continuously receiving lights, which 

were the energy source for Chlorella autotrophica. The light intensity was adjusted to 

maintain at the same level for each flask of microalgae, which was between 2700~3300 lux 

(lumen/m
2
). The multiplication period of Chlorella autotrophica was the time period which 

they reached the stationary phase through observation of cell counts. In this case, it took four 

(a) 

(d) 

(b) 

(c) 
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weeks to reach stationary phase. No additional medium was added. The harvesting process 

was carried out at that time. To keep the microalgae robust, they were aseptically transferred 

and inoculated to the next batch every two weeks, as previously described. 

 

2.1.4 Harvesting of Chlorella autotrophica: electro-flocculation method 

The harvesting system is designed in this project. The mechanism is shown in Figure 3. 

It was consisted of a power source, wires, two metal plates (aluminum/iron) as electrodes, 

and a polyethylene vessel (Length * Width * Height = 15.2 cm * 10.2 cm *10.2 cm). Voltage, 

pH and temperature were studied as key parameters of the experiment. Time was an 

independent variable in this study. 

To begin with, 300 mL were poured into the polyethylene vessel; research parameters 

were set according to experimental plan before electro-flocculation process began. The 

electrodes, immersed by microalgae broth, got electrified when electro-flocculation process 

began; the oxygen and hydrogen were generated at anode and cathode, respectively; the 

negatively charged microalgal cells were neutralized by metal complex (Alx      
  ) and got 

aggregated. The aggregates were driven towards anode, and floated by the air bubbles in the 

process. Algae recovery efficiency was the response in this study. To determine recovery 

efficiency, broth samples were collected every 5 minutes (using timer) from beginning to the 

end, and were analyzed after the experiment, as described in “analytical methods” section. 
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2.1.5 Analytical methods 

To determine the effect of voltage, adjustable power source (TENMA 72-4045A) was 

connected to the electrodes in the electro-flocculation system, and adjusted to a desired 

voltage level. Multimeter (TENMA 72-2040A) was used to measure the exact voltage 

between two electrodes. 

To study the effect of initial pH, prepared 0.1 M NaOH and 0.1 M HCl were added into 

the broth by pipette, and adjusted the pH to a desired level before harvesting. pH meter 

(Denver Instrument, Model 250 Meter) was used to measure the exact pH values. 

To study the effect of temperature, the vessel along with microalgae broth was put in 

water bath (Fisher Scientific Isotemp Water Bath Model 205), and the water bath was set to 

desired temperature. Thermometer was used to measure the exact temperature.  

To determine the microalgae recovery efficiency, broth samples were collected every 5 

minutes until most of the algae were aggregated and floated to the surface of water (usually 

up to 40 minutes). 2 mL samples were taken near the bottom of the vessel using pipette, and 

transferred into cubes for spectrophotometer reading later.  

Spectrophotometer (Shimadzu UV-1700 PharmaSpec UV-VIS Spectrophotometer) was 

used with spectrum of OD550 to determine the recovery efficiency (Xu et al., 2010; 

Vandamme et al., 2011).  

To determine the relationship between sample optical density and sample cell density, a 

calibration curve was drawn by measuring both density of a series of diluted samples. 

The recovery efficiency was calculated as below: 
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Recovery efficiency η = 
     

  
 

Where C0  is the cell density of the broth at time zero (before electro-flocculation), and 

Ct is the cell density of the broth at time t. 

Because the aggregates of the microalgae were floated to the surface of water, so the 

water near the bottom was relatively clear. The clearer the water was, the less algae cells 

were in the bottom, which meant more algae aggregates were recovered on the top of the 

water. So, a smaller Ct reading indicated higher recovery efficiency. 

 

2.1.6 Experimental design 

To determine the range of parameters, preliminary experiments were carried out.  

In preliminary experiments, voltage was set at 10 Volts, 15 Volts and 20 Volts. It was 

discovered that when voltage increased, the recovery efficiency also increased. So in the 

designed experiment, the voltage was chosen to include a larger range. Due to the availability 

of the power source (the maximum output was about 30 Volts), the voltage used in the 

experiment were 5 Volts, 10 Volts, 15 Volts, 20 Volts and 25 Volts. 

pH were studied in preliminary experiment at pH 5, pH 7 and pH 9. The results 

suggested there were no significant differences between these conditions. Therefore, a wider 

range level of pH was studied in the experiment, including pH 3, pH 5, pH 7, pH 9 and pH 11. 

As a common knowledge, the average field temperature (fresh water pond, costal area) 

is usually around 15 °C to 20 °C. From preliminary experiment, harvesting efficiency at 

above 40 °C dropped dramatically; meanwhile, it is also not economically feasible to heat 
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microalgae broth to that temperature on a large scale.  Therefore, temperature were studied at 

15 °C, 20 °C, 25 °C, 30 °C, and 35 °C. 

The experiments were carried out in a statistical design of Central Composite Design 

(CCD), with four factors in five levels, which result in 31 combinations as listed in Table 6. 

This design was run by JMP software. Each combination was determined by a coded pattern. 

“0” represented the middle level, “-1” and “1” represented the lowest level and highest 

level, and “-0.5” and “0.5” represented the intermediate levels. Table 7 is the “translated” 

experiment design, with actual conditions of each experiment. Note some combination were 

carried out at same voltage, pH and temperature, only time was different. So the actual 

experiment numbers were 16. 
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Table 6. Central Composite Design table with four factors and five levels 

Design # pattern time voltage pH Temperature 

1 00A0 0 0 1 0 

2 0A00 0 1 0 0 

3 −−−+ -0.5 -0.5 -0.5 0.5 

4 +−−+ 0.5 -0.5 -0.5 0.5 

5 −+−+ -0.5 0.5 -0.5 0.5 

6 −−++ -0.5 -0.5 0.5 0.5 

7 −−−− -0.5 -0.5 -0.5 -0.5 

8 A000 1 0 0 0 

9 0 0 0 0 0 

10 00a0 0 0 -1 0 

11 ++−+ 0.5 0.5 -0.5 0.5 

12 000A 0 0 0 1 

13 +−++ 0.5 -0.5 0.5 0.5 

14 ++++ 0.5 0.5 0.5 0.5 

15 +−−− 0.5 -0.5 -0.5 -0.5 

16 a000 -1 0 0 0 

17 0 0 0 0 0 

18 −+++ -0.5 0.5 0.5 0.5 

19 −+−− -0.5 0.5 -0.5 -0.5 

20 0 0 0 0 0 

21 −−+− -0.5 -0.5 0.5 -0.5 
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Table 6. Continued 

22 ++−− 0.5 0.5 -0.5 -0.5 

23 −++− -0.5 0.5 0.5 -0.5 

24 000a 0 0 0 -1 

25 +++− 0.5 0.5 0.5 -0.5 

26 0 0 0 0 0 

27 0 0 0 0 0 

28 0a00 0 -1 0 0 

29 0 0 0 0 0 

30 0 0 0 0 0 

31 +−+− 0.5 -0.5 0.5 -0.5 

 

 

Table 7. CCD table with corresponding experimental conditions 

Group# time/min voltage/V pH Temperature/°C 

1 25 15 7 15 

2 20 10 5 20 

2 30 10 5 20 

3 20 20 5 20 

3 30 20 5 20 

4 20 10 9 20 

4 30 10 9 20 
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Table 7. Continued 

5 20 20 9 20 

5 30 20 9 20 

6 25 15 3 25 

7 25 5 7 25 

8 15 15 7 25 

9 25 15 7 25 

9 25 15 7 25 

9 25 15 7 25 

9 25 15 7 25 

9 25 15 7 25 

9 25 15 7 25 

9 25 15 7 25 

8 25 15 7 25 

10 35 25 7 25 

11 25 15 11 25 

12 20 10 5 30 

13 30 20 5 30 

13 30 20 5 30 

14 20 10 9 30 

15 30 20 9 30 

15 30 20 9 30 

16 25 15 7 35 
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2.1.7 Statistical analysis 

The analytical method used was response surface. Response surface method is a way to 

explore the relationships between several variables and one or more responses, aiming at 

obtaining an optimal response. This method was proposed to use a second-degree polynomial 

model to accomplish the goal (Box and Wilson, 1951). Compared to the factorial design, 

which needs a large set of experiments, the Central Composite Design corresponded to 

response surface method need much smaller number of experiments, thus reduce the 

resources and cost.  

The analysis of each component and response surface drawing were carried out using 

RSREG procedure in SAS 9.2 software. All treatments were sampled in triplicate. 
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CHAPTER 3. IMPACT FACTORS OF HARVESTING CHLORELLA AUTOTROPHICA 

USING ELECTRO-FLOCCULATION 

Summary: Key parameters of electro-flocculation (voltage between electrodes, pH, 

temperature of algal broth, and harvesting time) were controlled and studied according to the 

Central Composite Design. Recovery efficiency of microalgae Chlorella autotrophica after 

electro-flocculation was the response to evaluate this harvesting process. As stated in the 

objectives of this study, the main purpose was to achieve optimum recovery efficiency with 

low energy input (i.e. less electricity, less pH & temperature change and less time) for this 

harvesting method. 

Figure 5 shows the recovery efficiency over time with different combinations of the key 

parameters following the Central Composite Design. In some experiment combinations (#1, 

#2, #4, #5, #7, #11, #12, #14, #15, and #16), the recovery efficiency η responded following a 

sigmoid pattern as time moved forward. Other combinations (#3, #6, #8, #9, #10, and #13) 

indicated logarithm responses. 

The highest recovery efficiency achieved was 94.3%, at the following combination: 25 

Volts, pH 7 and 25°C. 
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Figure 5. Algae recovery efficiency η of each combination vs. time using the electro-

flocculation technique.                               

 

3.1 Calibration curve between cell density and optical density of algae sample 

The linear relationship between the sample cell density and optical density was 

summarized in an equation as below: 

y = 0.5523 x – 0.0045 (R
2
 = 0.9987) 

where y is the cell density of the sample, and x is the optical density of the sample. The 

R square of this regression model is 0.9987. 
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Figure 6. Relationship between microalgae cell density and optical density 

 

3.2 Effect of voltage on microalgae recovery efficiency  

Based on spectrophotometer analysis, the final recovery efficiency of Chlorella 

autotrophica at different voltage is depicted in Figure 6. Final harvesting or recovery 

efficiency was only 76.0% at voltage level of 5 Volts, which left about 24% of algal biomass 

in the broth. Average final recovery efficiency at voltage levels of 10 Volts, 15 Volts and 20 

Volts were 88.1%, 90.2% and 91.4%, respectively, which were not significantly different 

from each other. Final recovery efficiency at 25 Volts was 94.3%, which was the highest 

among all voltage levels. A steady increase of recovery efficiency was observed when 

voltage increased from 5 Volts to 25 Volts. 
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Figure 7. Effect of voltage on microalgae final recovery efficiency using the electro-

flocculation technique to harvest the algae. 

 

The increasing effect of voltage can be explained by the higher rate of producing 

Alx      
   complex, thus increasing the formation of algal aggregates.  

Previous studies suggested similar trends that higher voltage led to higher recovery 

efficiency (Gao, 2009; Xu, 2010; Vandamme, 2011). However, the experiments were not 

carried out on a factorial design, so other conditions were not the same. Thus we cannot 

easily draw conclusion on the trend. We can only claim harvesting efficiency under 5V was 

much lower than other levels of voltage. A more appropriate comparison will be discussed in 

response surface model later in this chapter. Larger standard deviation under condition 15V 

is due to larger sample sizes under this condition. 
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3.3 Effect of pH on microalgae recovery efficiency  

The relationship between pH and final algae recovery efficiency was depicted in Figure 

7. On average, the effect of pH on final algae recovery efficiency showed a quadratic relation, 

which meant average recovery efficiency was lowest at middle level, pH 7; average final 

recovery efficiency went up when pH decreased from 7 to 3 or increased from 7 to 11. To be 

more specific, average final algae recovery efficiency at pH 7 and pH 9 were close, each to 

be 87.9% and 89.0%, respectively; final recovery efficiency at pH 5 and pH 11 were almost 

the same, 90.5% and 90.7% respectively; final recovery efficiency at pH 3 was the highest 

among all pH levels, which was 93.4%.  

 

 

Figure 8. Effect of pH on microalgae final recovery efficiency using the electro-flocculation 

technique to harvest the algae. 
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Previous studies had contradictory conclusions about the effect of pH level on 

microalgae final recovery efficiency using the electro-flocculation technique to harvest the 

algae. Gao et al. (2009) and Vandamme et al. (2011) both concluded that when pH was low, 

the recovery rate was faster and recovery efficiency was higher (Gao’s study included a pH 

range from 4 to 10, and Vandamme’s study covered from pH 4 to 8). On the contrary, Xu et 

al. (2010) found that recovery efficiency was higher at high pH (pH 10, pH 11 and pH 12), 

and was lower when pH was near neutral (pH 7, pH 8 and pH 9). 

The results of this project of pH effect on recovery efficiency did not agree completely 

with any of the above literatures. There could be two reasons: (1) the pH covered in different 

experiments were not the same; for example Xu’s study included pH range of 7 to 12, 

Vandamme’s study included pH 4 to 8, while the experiment design of this project included a 

pH range from 3 to 11. (2) Microalgae species were not the same. The algae strains used in 

previous researches were Microcystis aeruginosa, Botryococcusbraunii and Chlorella 

vulgaris (Gao, 2009; Xu, 2010; Vandamme, 2011). Algae strain used in this project was 

Chlorella autotrophica. There might be a difference between the amounts of charges that 

were carried on the surface of microalgae cells, which led to different favorite harvesting 

conditions. Moreover, when taking large variation into consideration, this quadratic 

conclusion would be somewhat questionable, since many high responses occurred under 

conditions of pH 7 (namely combination #8, #9, #10, #16, which recovery efficiency were 

greater than 90%). Therefore, whether lower or higher level of pH is beneficial to microalgae 

recovery still needs to be examined in the response surface model. 
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3.4 Effect of temperature on microalgae recovery efficiency  

Figure 8 summarizes the relationship between the algae recovery efficiency and the 

temperature during the electro-flocculation harvesting. Similar to the effect of voltage, 

average response at each level of temperature increased as temperature went up. At 

temperature 15 °C, the recovery efficiency was 80.8%, which was obviously unfavorable. 

Recovery efficiency at 35 °C was 93.6%, much higher than those at other temperature levels. 

The means of response at 20 °C, 25 °C, 30 °C were 89.3%, 89.5%, 90.2%, respectively, 

which were very close. Note the deviation at temperature level of 25 °C was also very large, 

greater than the difference of response between 25 °C and 30 °C. 
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Figure 9. Effect of temperature on microalgae final recovery efficiency using the electro-

flocculation technique to harvest the algae. 

 

In previous literature, only Gao (2009) studied the effect of temperature on recovery 

efficiency. The results from this project are in agreement with Gao’s that higher temperature 

led to higher recovery efficiency.  

The temperature can increase the recovery efficiency, because the electrical 

conductivity is temperature dependent. Higher temperature leads to higher conductivity, thus 

increases the recovery efficiency of microalgae (Gao, 2009). 

Again, since experimental design was not factorial, a more strictly justified comparison 

of different levels of temperature would be given in the response surface model. 
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3.5 Application of central composite design and response surface methodology to 

microalgae recovery efficiency using electro-flocculation technique 

To better describe the influence of each factors (voltage, pH, temperature) on the 

response (algae recovery efficiency), and their cross influence, response surface method was 

used in statistical analysis. Response surface method is a way to explore the relationships 

between several variables and one or more responses, aiming at obtaining an optimal 

response. This method was proposed to use a second-degree polynomial model to accomplish 

the goal (Box and Wilson, 1951). It is acknowledged that this model is an approximation, but 

in a way easy to estimate and apply, even when little is known about the process. In addition, 

compared to the factorial design, which needs a large set of experiments, the central 

composite design corresponded to response surface method need much smaller number of 

experiments, thus reduce the resources and cost. 

 

Time as a factor 

As shown in Figure 5, time is also influencing the algae recovery efficiency. So, in order 

to better depict the overall process, time was considered either a variable or a covariate in 

models. On one hand, time was not a controllable parameter in the process as other 

parameters were (voltage, pH, and temperature), so it was a covariate in the model. On the 

other hand, from the aspect of resources which were consumed in the electro-flocculation 

process, time was a factor that we wanted to reduce, so that overall resources would be 

consumed less. In this way, time was treated as an independent variable. 
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Two models were used in the response surface method. The first model has four factors 

(voltage, pH, temperature, and time) and each factor has five levels. The second model treats 

time as covariate, thus has three factors and five levels. 
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3.5.1 Model one: Regression model of response surface with four factors and five 

levels 

 

Table 7. Regression model of response surface with four factors and five levels 

Regression DF Type I Sum of Squares R-Square F Value Pr > F 

Linear 4 0.416800 0.7099 117.44 <.0001 

Quadratic 4 0.151816 0.2586 42.78 <.0001 

Crossproduct 6 0.004342 0.0074 0.82 0.5734 

Total Model 14 0.572959 0.9758 46.12 <.0001 

 

 

  



 

 

52 

Table 8. Estimate of each component of quadratic model with four factors 

Parameter DF Estimate Standard 

Error 

t Value Pr > |t| Parameter Est.  

from Coded Data 

Intercept 1 -2.420 0.381197 -6.35 <.0001 0.862 

time 1 0.064 0.016129 4.00 0.0010 0.246 

pH 1 0.024 0.034741 0.71 0.4900 -0.046 

voltage 1 0.085 0.012972 6.56 <.0001 0.124 

Temperature 1 0.105 0.015101 6.98 <.0001 0.060 

time*time 1 -0.001 0.000279 -2.44 0.0269 -0.067 

pH*time 1 0.001 0.000745 0.92 0.3696 0.027 

pH*pH 1 -0.004 0.001392 -3.00 0.0084 -0.066 

voltage*time 1 -0.0001 0.000259 -1.87 0.0797 -0.048 

voltage*pH 1     0.0004 0.000745 -0.06 0.9512 -0.001 

voltage*voltage 1 -0.0019 0.000279 -6.79 <.0001 -0.189170 

Temperature*time 1 -0.00014 0.000298 -0.47 0.6447 -0.014000 

Temperature*pH 1 0.0002 0.000745 0.31 0.7602 0.009250 

Temperature*voltage 1 -0.0001 0.000298 -0.47 0.6459 -0.013950 

Temperature*Tempera

ture 

1 -0.002 0.000223 -8.56 <.0001 

-0.190705 
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Table 9. ANOVA table of four influencing factors 

Factor DF Sum of Squares Mean Square F Value Pr > F 

time 5 0.342311 0.068462 77.16 <.0001 

pH 5 0.022042 0.004408 4.97 0.0062 

voltage 5 0.159728 0.031946 36.00 <.0001 

Temperature 5 0.087446 0.017489 19.71 <.0001 

 

Using SAS software (see SAS codes in Appendix), we get results of regression model, 

estimates of each component, ANOVA analysis, and predicted optimum values of Model one, 

as presented in Table 8 - 11.  

From Table 8, we know that linear relationship dominates the regression model, the 

coefficient of determination (R
2
) is 0.7099; quadratic comes the second, accounts coefficient 

of determination of 0.2586; while there is only small part determined by crossproduct, which 

is 0.0074. The overall coefficient of determination is 0.9758. The p-value of this model is 

0.0019, which is significant under the level of 0.01. 

Analysis of Variance (ANOVA) was used to evaluate each four factors in this model. 

As shown in Table 10, factor “time” has the largest F value of 6.13, and the p-value is 0.0020, 

which is significant under the level of 0.01; in other words, time is the most influencing 

factor. The F value of voltage and temperature are 3.90 and 4.31, respectively, and their p-

values are 0.0200 and 0.0137, respectively. Therefore, both these factors were significant at 
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level 0.05. pH, on the other hand, has F value of 0.45, and its p-value is 0.8069, which means 

it is likely not having an impact on the response (algae recovery efficiency). 

The quadratic model with four factors can be described as follow: 

Recovery efficiency = 0.86 + 0.246 time - 0.0469 pH + 0.1244 voltage +0.060 

temperature – 0.0679 time × time – 0.0275 pH × time – 0.0669 pH × pH - 0.0485 voltage × 

time - 0.0019 voltage × pH – 0.1892 voltage × voltage – 0.0140 temperature × time - 0.0093 

temperature× pH – 0.1907 temperature × temperature (R
2
=0.9758) 

 

Table 10. Predicted optimum values of recovery efficiency in four factors model 

Factor 

Critical Value 

Coded Uncoded 

Time 1.771 42.713 

pH 0.019 7.074 

Voltage 0.098 15.982 

Temperature 0.090 25.902 

Predicted value at stationary point: 1.089 

 

In prediction of the optimum of the recovery efficiency, the maximum was found out at 

stationary point of 1.34, reached when time = 42.71 minutes, pH = 7.07, voltage =15.98V, 

and temperature = 25.90°C. This is not going to happen, because by definition, the maximum 

recovery efficiency is 1, which means all algae have been recovered.  
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Figure 10 shows the response surfaces of the four factors model. The predicted results 

are presented in a cube, where the vertical axis is the response, and the two horizontal axes 

are two variables. Note there are four factors in this model, so the other variables must be 

fixed, and by default, set at the center point, i.e. at average point in this case. Choosing two 

from four variables, there are six combinations & response surfaces in total. These are 

presented in Figure 10 (a) – 10 (f). 
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Figure 10. (a) & (b) Response surface of four factors models 

(a) 

(b) 
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Figure 10 continued.  (c) & (d) Response surface of four factors models 

(c) 

(d) 
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Figure 10 continued. (e) & (f). Response surface of four factors models 

(e) 

(f) 
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As shown in Figure 10 (a) & (b), time has a much more significant impact on the 

response than pH and voltage. The predicted response to independent variable time follows 

logarithmic pattern, where the response increased quickly when the variable is small, but 

tend to change smaller when approached to the limit. By comparison, in Figure 10 (c), the 

predicted response at temperature 35°C oddly decreased when time pass by. Nevertheless, 

the response at 15°C in Figure 10 (c) showed similar trends as it is in Figure 10 (a) and (b). 

This might be caused by insufficient information at this data point since there is only one set 

of experiment carried at temperature 35°C. Also, when looked into the original data (listed in 

appendix), we can see that the recovery efficiency reached 75.4% already at time 25 minutes 

for experiment under 35°C, compared to only 23.9% at time 25 minutes for experiment at 

15°C. Noticing that in Table 9, the cross-effect of temperature and time is significant at level 

of 0.05 (p-value = 0.0161), and the estimate of this crossproduct is -0.002759. That means 

when temperature goes up (from 15°C to 35°C), time (between 15 min and 35 min) tends to 

have a negative impact on the response. This conclusion seems to be contradicted to our 

intuition. However, it would make more sense, if we interpret as: at a lower temperature 

(15°C), it needs more time to reach desired recovery efficiency; while it needs much less 

time to do so at a higher temperature (35°C). 

 

Comparing Figures 10 (b), (d) and (e), all of these response surfaces showed an agreed 

quadratic tendency on the effect of voltage: predicted recovery efficiency increased when 

voltage increased from 5V to 20V, peaked between 20V and 25V, and then dropped when 
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voltage was larger than 25V.  As indicated in Table 9, cross-effect of voltage and other 

factors are not significant (both p-values of voltage*time and voltage*pH are greater than 

0.7), which means voltage does not have cross-effect with other variables. Previous literature 

(Shao, 2010; Xu, 2010; Vandamme, 2011) did not report quadratic effect of voltage. Actual 

results also contradicted to this predicted response, where recovery efficiency was highest at 

25V (ending recovery efficiency at 25V was 91.1%, higher than average recovery efficiency 

at 20V of 87.9% and 15V of 86.8%). Again, this error of the model is most probably caused 

by insufficient data at experiment conditions of 25V. 

To evaluate the effect of pH, Figure 10 (a), (d) and (e) are compared: all of three figures 

presented a quadratic response, which predicted recovery efficiency peaks around pH 6 - 8, 

and goes down when pH is smaller than 6 or larger than 8. From Table 9, we can see that the 

p-value of pH*pH is 0.3481, which means the probability of giving a false conclusion of this 

quadratic relationship is about 35%. However, compared to the p-value of pH alone, which is 

0.6211, a quadratic relationship is more reasonable than a linear relationship. 

To evaluate the effect of temperature, Figure 10 (c), (e) and (f) are compared. As 

discussed earlier, temperature and time might probably have a cross-effect (p-value=0.0161). 

Also, there is an evidence that quadratic relationship exists (p-value of 

temperature*temperature is 0.0111). Previous study (Shao, 2009) suggested at a higher 

temperature, the recovery efficiency was likely to be higher than lower temperature. The 

reasons for the contradicted results can be: (1) the species of algae samples are different. 

Algae used in this experiment were Chlorella autotrophica, which were cultivated for 
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biodiesel production; whereas in Shao’s paper, algae samples were Microcystis aeruginosa, 

which were mostly found in eutrophic bodies and were intended to be removed; different 

algae species might have different prefered temperature range. (2) the sample size (16) and 

factor levels (5) in this experiment are larger than that in Shao’s paper (3 experiments with 3 

levels of 18°C, 27°C, 36°C), so it is possible that previous study did not cover enough levels 

of temperature and did not have enough data points. 

 

3.5.2 Model two: Regression model of response surface with three factors and time as 

covariate 

 

Table 11. Regression model of response surface with three factors at time 25 

Regression DF Type I Sum of Squares R-Square F Value Pr > F 

Linear 3 0.109886 0.5797 36.79 <.0001 

Quadratic 3 0.069627 0.3673 23.31 <.0001 

Crossproduct 3 0.000098 0.0005 0.03 0.9915 

Total Model 9 0.179611 0.9475 20.04 <.0001 
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Table 12. Estimate of each component of quadratic model with three factors at time 25 

Parameter DF Estimate Standard 

Error 

t Value Pr > |t| Parameter Estimate 

from Coded Data 

Intercept 1 -1.096 0.351392 -3.12 0.0109 0.859686 

pH 1 0.042 0.039478 1.08 0.3061 -0.045050 

voltage 1 0.051 0.015651 3.32 0.0078 0.127775 

Temperature 1 0.099 0.016330 6.08 0.0001 0.095475 

pH*pH 1 -0.0036 0.001573 -2.35 0.0406 -0.059177 

voltage*pH 1 .-00005 0.001116 -0.04 0.9651 -0.002000 

voltage*voltage 1 -0.0014 0.000252 -5.59 0.0002 -0.140827 

Temperature*pH 1 -0.000052 0.001116 -0.05 0.9634 -0.002100 

Temperature*voltage 1 0.0001 0.000446 0.31 0.7651 0.013700 

Temperature*Temp. 1 -0.0018 0.000252 -7.27 <.0001 -0.182977 

time 1 -1.0965 0.351392 -3.12 0.0109 0.859686 

 

 

Using SAS software (see SAS codes in Appendix), we get results of regression model, 

estimates of each component, ANOVA analysis, and predicted optimum values of Model two, 

as presented in Table 12 - 15.  

Model two treats time as a covariate instead of variable. Covariate has several meanings 

in different context in statistics. In this case, covariate (time) is a secondary variable that can 

affect the relationship between the dependent variable and other independent variables 

(voltage, pH and temperature) of primary interest. Comparing the data in Table 12 and Table 

8, we can see that the coefficient of determination of each component has changed. Covariate 



 

 

63 

is the most significant influencing factor, with p-value < 0.0001. Quadratic relationship 

becomes the primary relationship, with p-value = 0.0025. The p-values of cross-products and 

linear relationship are 0.0633 and 0.0781, respectively, which are not significant at the level 

of 0.05, but significant at level of 0.1. The overall coefficient of determination of this model 

is 0.7773, a little smaller than model one (0.7806). Using ANOVA table to evaluate each 

independent variable in the model, we find: voltage is the most influential factor among these 

three independent variables, with a p-value of 0.0024; temperature comes second, with a p-

value of 0.0042. Both of them are significant under a level 0.01. The p-value of pH is 0.6262, 

which means it is likely not to have impact on the response. 

The quadratic model with three factors can be described as follow:  

 

Recovery efficiency = 0.8597 –  0.0450 pH + 0.1278 voltage + 0.0955 temperature – 

0.0592 pH × pH + 0.0020 voltage × pH – 0.1408 voltage × voltage – 0.0021 temperature× 

pH – 0.0137 voltage ×temperature – 0.1830 temperature × temperature (R
2
=0.9475) 

 

As seen in Table 15, the predicted maximum of the response at time 25 minutes of this 

model is 91.2%, achieved at voltage = 19.70 V, pH = 5.42, temperature = 27.81°C.  
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Table 13. ANOVA table of three influencing factors at time 25 

Factor DF Sum of Squares Mean Square F Value Pr > F 

pH 4 0.013625 0.003406 3.42 0.0522 

Voltage 4 0.096567 0.024142 24.25 <.0001 

Temperature 4 0.089170 0.022293 22.39 <.0001 

 

 

Table 14. Predicted optimum values of recovery efficiency in three factors model at time 25 

Factor 

Critical Value 

Coded Uncoded 

pH -0.394 5.426 

voltage 0.470 19.701 

Temperature 0.281 27.808 

Predicted value at stationary point: 0.9120 
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Figure 11 (a) & (b). Response surface of four factors models at time 25 

(a) 

(b) 
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Figure 12 continued (c). Response surface of four factors models at time 25 

 

As seen in Figure 11 (a) & (c), voltage has a quadratic relationship on response, the 

predicted recovery efficiency. The highest response is between 10V and 15V. This is 

different from what we concluded from Model one, which peak occurs between 20V and 

25V. From Table 13, the p-value of voltage*voltage in three factors model is 0.0005, which 

is significant at level of 0.001. However, this is contradicted to actual experimental results 

and literature. This error of the model might be caused by insufficient data at experiment 

conditions of 25V. 

To evaluate the effect of pH, we can compare Figure 11 (a) and (b). The conclusion is 

similar to that of Model one: pH has shown a quadratic response, whose predicted recovery 

(c) 
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efficiency peaks between pH6 to pH8. The p-value of pH*pH is 0.3036, which is not 

significant even at level of 0.1. 

As shown in Figure 11 (b) & (c), there is a quadratic effect of temperature and cross-

effect of temperature*voltage, but no cross-effect of temperature*pH. This can be proven 

from the data in Table 13, where p-value of temperature*temperature is 0.0058 and 

temperature*voltage is 0.0086, so both of them are significant at level 0.01; p-value of 

temperature*pH is 0.8943, so there is no evidence that cross-effect exist. 

Comparing Model one and Model two, both models suggested time was the most 

influencing factor; temperature had a quadratic relationship with algae recovery efficiency 

(significant at level of 0.05); and there was no evidence that pH had effect on the response 

(both p-values were greater than 0.6). Model two suggested there was a quadratic 

relationship between voltage and recovery efficiency (p-value of voltage*voltage = 0.0005), 

while model one didn’t have enough evidence to support this quadratic relationship (p-value 

= 0.1094). As already discussed in Model one section, previous study suggested positive 

effect of increasing temperature (Gao, 2009), contradicted to the results from Model one and 

Model two in this project, which indicated quadratic effect of increasing temperature on 

harvesting recovery efficiency. Moreover, both models also found out that there was 

significant evidence (p-value < 0.05) that voltage and temperature had negative cross-product, 

which means when voltage (or temperature) is fixed, the response will decrease if 

temperature (or voltage) increases. 
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Predicted maximum response at different time 

Table 15. Predicted maximum recovery efficiency at time 20 

Factor 

Critical Value 

Coded Uncoded 

pH -0.649 4.403 

Voltage 0.746 22.467 

Temperature 0.317 28.175 

Predicted value at stationary point: 0.8229 

 

Table 16. Predicted maximum recovery efficiency at time 30 

Factor 

Critical Value 

Coded Uncoded 

pH -0.428 5.287 

Voltage 0.426 19.263 

Temperature 0.383 28.836 

Predicted value at stationary point: 0.9436 
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Table 17. Predicted maximum recovery efficiency at time 35 

Factor 

Critical Value 

Coded Uncoded 

pH -1.196 2.216 

Voltage 0.447 19.474 

Temperature 0.146 26.459 

Predicted value at stationary point: 0.9598 

 

Table 16 – 18 are predicted maximum recovery efficiency of microalgae at time 20, 30 

and 35 with specific parameters. Compare these values and also the parameters in Table 17, 

we can see the desired parameters were not exactly the same. pH values varied from 2.2 to 

5.4; voltage values were little closer, ranging from 19.3 – 22.5V; temperature ranging from 

26.5 – 28.8°C. This can be understandable, because at higher voltage and higher temperature, 

the recovery efficiency change quickly in short period of time, so the response will achieve 

high values first; however, when electro-flocculation time is enough, the recovery efficiency 

at desirable conditions will achieve the highest, which does not necessarily mean high 

temperature or high voltage.  

Figure 11 summarizes the tendency of the predicted maximum recovery efficiency at 

different time. The predicted maximum at 20 minutes was only 82.3%; but there was a big 

jump from 20 minutes to 25 minutes, with an increase of about 9%; the increase after 25 

minutes became slow, with 3.2% increase from 25 minutes to 30 minutes, and 1.6% increase 
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from 30 minutes to 35 minutes. This indicates that at least 25 minutes were needed in order 

to achieve desired microalgae recovery efficiency (>90%) in EF process; moreover, 

additional time after 25 minutes would still increase the recovery efficiency, but the 

increasing rate become small. 

 

 

Figure 13. Predicted maximum recovery efficiency at different time 

 

Validation of predicted maximum recovery efficiency 

The parameters for validating the predicted maximum recovery efficiency were chosen 

according to Table 18, where voltage = 19.47 V, pH =2.22, temperature = 26.46 °C. 

Validation experiments were carried out in triplicate and the results are listed in Table 20. 
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Table 18.  Validation results of predicted maximum recovery efficiency 

 Recovery efficiency 

Replication 1 94.23% 

Replication 2 94.98% 

Replication 3 94.41% 

Average 94.54% 

 

The predicted maximum recovery efficiency was 95.98%, so there was a difference of 

1.44% between experimental validation results and predicted recovery. The 95% confidence 

interval for the predicted optimum recovery efficiency at time = 35 is 0.9598 ± 0.14727, 

which includes the validation experiment results. This indicates the model has a good 

representation and repeatability. However, we should not easily conclude (19.5 V, pH 2.2, 

26.5 °C) is the only parameters combination to achieve the highest recovery efficiency. There 

is still the possibility that some other combinations not studied here will achieve the same 

level. 

 

3.6 Conclusions and future works 

Microalgae are promising feedstock for biodiesel production. However, there are still 

several bottlenecks before they are economically feasible. One of the issues remains in the 

harvesting process. Electro-Flocculation technique for recovering microalgae was 

investigated in this project. The study focused on effects of time, voltage, pH and 
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temperature on Chlorella autotrophica harvesting recovery efficiency of the algae. Central 

Composite Design was applied to design the experimental plan. Two models were developed 

in this project: Model one had four independent variables (time, voltage, pH and 

temperature), and its coefficient of determination R
2
 = 0.9758; Model two had three 

independent variables (voltage, pH and temperature) and time as covariate, with coefficient 

of determination R
2
 = 0.9475.  

There are several findings from this study: 

(1) From experimental results, the highest algae recovery efficiency was achieved to be 

94.3%, at the following conditions: voltage level of 25 Volts, pH level of 7 and temperature 

of 25°C.  

(2) There is significant evidence (p-value < 0.01) that temperature has quadratic effect on 

microalgae harvesting recovery efficiency (within the range between 15°C to 35 °C). The 

optimum temperature is between 25°C to 30 °C. 

(3) There is significant evidence (p-value < 0.05) that temperature and voltage have negative 

cross-effect on microalgae harvesting recovery efficiency. 

(4) There is not enough evidence (p-value > 0.05) that pH has significant effect on 

microalgae harvesting recovery efficiency (within the range between pH 3 to pH 11). 

 

Future works: 

Due to the numbers of factors, the experimental plan was a central composite design, 

not a comprehensive factorial design to explore the effect of every factor. To better 
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investigate some of the key parameters in microalgae electro-flocculation process, there are 

some future studies can be conducted: 

1. Factorial design within a smaller range could be used in experimental design, in order to 

provide more information on the edge of the response surface, especially in studying the 

effect of voltage (since Model one and Model two do not have sufficient information to 

agree with each other on evaluating the effect of voltage). 

2. Consider the influence of initial cell density on recovery efficiency, as well as its cross-

effect with other factors. 
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SAS Code 

data rec; 

input  

time voltage pH Temperature Group Recovery; 

datalines; 

25 15 11 25 11 0.7244 

35 25 7 25 10 0.9108 

20 10 5 30 12 0.5516 

20 10 5 30 12 0.8101 

30 20 5 30 13 0.6977 

20 10 9 30 14 0.5155 

20 10 5 20 2 0.5015 

15 15 7 25 8 0.5326 

25 15 7 25 9.1 0.8320 

25 15 3 25 6 0.8229 

30 20 5 30 13 0.8915 

25 15 7 35 16 0.7543 

20 10 9 30 14 0.7732 

30 20 9 30 15 0.6542 

30 10 5 20 2 0.7895 

25 15 7 25 8 0.8196 

25 15 7 25 9.2 0.8414 

30 20 9 30 15 0.8492 

20 20 5 20 3 0.6212 

25 15 7 25 9.3 0.8390 

20 10 9 20 4 0.4716 

30 20 5 20 3 0.8403 

20 20 9 20 5 0.5806 

25 15 7 15 1 0.5531 

30 20 9 20 5 0.8602 

25 15 7 25 9.4 0.8274 

25 15 7 25 9.5 0.8243 

25 5 7 25 7 0.5069 

25 15 7 25 9.6 0.8585 

25 15 7 25 9.7 0.8144 

30 10 9 20 4 0.7240 

; 

 

libname out '.\'; 

data out.XRecovery; 

set rec; 

run; 

 

ods listing close; 
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ods html; 

ods graphics on; 

proc rsreg data=rec plots=all; 

model recovery=time voltage ph temperature; 

run; 

ods graphics off; 

ods html close; 

ods listing; 

 

ods listing close; 

ods html; 

ods graphics on; 

proc rsreg data=rec plots=all; 

model recovery= time   ph  voltage  temperature/covar=1; 

run; 

ods graphics off; 

ods html close; 

ods listing; 

 

ods listing close; 

ods rtf style=analysis file="rs_31p_3f_1cov_jul062012_v4.rtf"; 

ods graphics on; 

 

title "3factors:    ph  voltage  temperature "; 

title2 "time is covariate time=25"; 

proc rsreg data=rec plots(unpack)=surface(3D  at(time= 20 25 35) )  out=outrs  ; 

model recovery= time   ph  voltage  temperature/covar=1 actual   predict  residual ; 

run; 

 

proc print data=outrs; 

run; 

 

data actual; 

 set outrs(where=(_TYPE_="ACTUAL")); 

 run; 

 

data  predds(rename=(Recovery=PRED)); 

 set outrs(where=(_TYPE_="PREDICT")); 

 run; 

proc sort data=actual; 

  by voltage temperature time; 

run; 

proc sort data=predds; 

  by voltage temperature time; 

run; 
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 data two; 

  merge actual predds; 

  by voltage temperature time; 

  run; 

 

  symbol i=none v=star c=red; 

  symbol2 i=none v=circle c=green; 

  symbol3 i=none v=square c=blue; 

  symbol4 i=none v=triangle c=orange; 

  symbol5 i=none v=dot c=cyan; 

 

  proc gplot data=two; 

    plot pred*recovery=voltage; 

    plot pred*recovery=temperature; 

    plot pred*recovery=ph; 

    plot pred*recovery=time; 

 run; 

   

ods graphics off; 

ods rtf close; 

ods listing; 

 

ods listing close; 

ods rtf style=analysis file="rs_31p_4factors_jul062012.rtf"; 

ods graphics on; 

title "4factors: time   ph  voltage  temperature"; 

proc rsreg data=rec plots(unpack)=surface(3D )  out=outrs2  ; 

model recovery= time   ph  voltage  temperature/  actual   predict  residual ; 

run; 

 

proc print data=outrs2; 

run; 

 

data actual; 

 set outrs2(where=(_TYPE_="ACTUAL")); 

 run; 

 

data  predds(rename=(Recovery=PRED)); 

 set outrs2(where=(_TYPE_="PREDICT")); 

 run; 

proc sort data=actual; 

  by voltage temperature time; 

run; 

proc sort data=predds; 

  by voltage temperature time; 

run; 
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 data two; 

  merge actual predds; 

  by voltage temperature time; 

  run; 

 

  symbol i=none v=star c=red; 

  symbol2 i=none v=circle c=green; 

  symbol3 i=none v=square c=blue; 

  symbol4 i=none v=triangle c=orange; 

  symbol5 i=none v=dot c=cyan; 

 

  proc gplot data=two; 

    plot pred*recovery=voltage; 

    plot pred*recovery=temperature; 

    plot pred*recovery=ph; 

    plot pred*recovery=time; 

 run; 

   

ods graphics off; 

ods rtf close; 

ods listing; 
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SAS output 

Four Factors Model 

Obs time pH voltage Temperature _TYPE_ Recovery 

1 25 11 15 25 ACTUAL 0.72440 

2 25 11 15 25 PREDICT 0.72436 

3 25 11 15 25 RESIDUAL 0.00004 

4 35 7 25 25 ACTUAL 0.91080 

5 35 7 25 25 PREDICT 0.85542 

6 35 7 25 25 RESIDUAL 0.05538 

7 20 5 10 30 ACTUAL 0.55160 

8 20 5 10 30 PREDICT 0.69219 

9 20 5 10 30 RESIDUAL -0.14059 

10 20 5 10 30 ACTUAL 0.81010 

11 20 5 10 30 PREDICT 0.69219 

12 20 5 10 30 RESIDUAL 0.11791 

13 30 5 20 30 ACTUAL 0.69770 

14 30 5 20 30 PREDICT 0.81928 

15 30 5 20 30 RESIDUAL -0.12158 

16 20 9 10 30 ACTUAL 0.51550 

17 20 9 10 30 PREDICT 0.64136 

18 20 9 10 30 RESIDUAL -0.12586 

19 20 5 10 20 ACTUAL 0.50150 

20 20 5 10 20 PREDICT 0.49051 

21 20 5 10 20 RESIDUAL 0.01099 

22 15 7 15 25 ACTUAL 0.53260 

23 15 7 15 25 PREDICT 0.56805 

24 15 7 15 25 RESIDUAL -0.03545 

25 25 7 15 25 ACTUAL 0.83200 

26 25 7 15 25 PREDICT 0.82515 

27 25 7 15 25 RESIDUAL 0.00685 

28 25 3 15 25 ACTUAL 0.82290 

29 25 3 15 25 PREDICT 0.80301 

30 25 3 15 25 RESIDUAL 0.01989 

31 30 5 20 30 ACTUAL 0.89150 

32 30 5 20 30 PREDICT 0.81928 

33 30 5 20 30 RESIDUAL 0.07222 

34 25 7 15 35 ACTUAL 0.75430 

35 25 7 15 35 PREDICT 0.70214 

36 25 7 15 35 RESIDUAL 0.05216 
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Obs time pH voltage Temperature _TYPE_ Recovery 

37 20 9 10 30 ACTUAL 0.77320 

38 20 9 10 30 PREDICT 0.64136 

39 20 9 10 30 RESIDUAL 0.13184 

40 30 9 20 30 ACTUAL 0.65420 

41 30 9 20 30 PREDICT 0.78079 

42 30 9 20 30 RESIDUAL -0.12659 

43 30 5 10 20 ACTUAL 0.78950 

44 30 5 10 20 PREDICT 0.76224 

45 30 5 10 20 RESIDUAL 0.02726 

46 25 7 15 25 ACTUAL 0.81960 

47 25 7 15 25 PREDICT 0.82515 

48 25 7 15 25 RESIDUAL -0.00555 

49 25 7 15 25 ACTUAL 0.84140 

50 25 7 15 25 PREDICT 0.82515 

51 25 7 15 25 RESIDUAL 0.01625 

52 30 9 20 30 ACTUAL 0.84920 

53 30 9 20 30 PREDICT 0.78079 

54 30 9 20 30 RESIDUAL 0.06841 

55 20 5 20 20 ACTUAL 0.62120 

56 20 5 20 20 PREDICT 0.59394 

57 20 5 20 20 RESIDUAL 0.02726 

58 25 7 15 25 ACTUAL 0.83900 

59 25 7 15 25 PREDICT 0.82515 

60 25 7 15 25 RESIDUAL 0.01385 

61 20 9 10 20 ACTUAL 0.47160 

62 20 9 10 20 PREDICT 0.45036 

63 20 9 10 20 RESIDUAL 0.02124 

64 30 5 20 20 ACTUAL 0.84030 

65 30 5 20 20 PREDICT 0.89346 

66 30 5 20 20 RESIDUAL -0.05316 

67 20 9 20 20 ACTUAL 0.58060 

68 20 9 20 20 PREDICT 0.57241 

69 20 9 20 20 RESIDUAL 0.00819 

70 25 7 15 15 ACTUAL 0.55310 

71 25 7 15 15 PREDICT 0.58533 

72 25 7 15 15 RESIDUAL -0.03223 

73 30 9 20 20 ACTUAL 0.86020 

74 30 9 20 20 PREDICT 0.86564 

75 30 9 20 20 RESIDUAL -0.00544 

76 25 7 15 25 ACTUAL 0.82740 

77 25 7 15 25 PREDICT 0.82515 
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Obs time pH voltage Temperature _TYPE_ Recovery 

78 25 7 15 25 RESIDUAL 0.00225 

79 25 7 15 25 ACTUAL 0.82430 

80 25 7 15 25 PREDICT 0.82515 

81 25 7 15 25 RESIDUAL -0.00085 

82 25 7 5 25 ACTUAL 0.50690 

83 25 7 5 25 PREDICT 0.54235 

84 25 7 5 25 RESIDUAL -0.03545 

85 25 7 15 25 ACTUAL 0.85850 

86 25 7 15 25 PREDICT 0.82515 

87 25 7 15 25 RESIDUAL 0.03335 

88 25 7 15 25 ACTUAL 0.81440 

89 25 7 15 25 PREDICT 0.82515 

90 25 7 15 25 RESIDUAL -0.01075 

91 30 9 10 20 ACTUAL 0.72400 

92 30 9 10 20 PREDICT 0.71581 

93 30 9 10 20 RESIDUAL 0.00819 

 



 

 

87 

PRED

0.44

0.46

0.48

0.50

0.52

0.54

0.56

0.58

0.60

0.62

0.64

0.66

0.68

0.70

0.72

0.74

0.76

0.78

0.80

0.82

0.84

0.86

0.88

0.90

Recovery

0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92

4factors: time   ph  voltage  temperature

voltage 5 10 15 20 25
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PRED

0.44

0.46

0.48

0.50

0.52

0.54

0.56

0.58

0.60

0.62

0.64

0.66

0.68

0.70

0.72

0.74

0.76

0.78

0.80

0.82

0.84

0.86

0.88

0.90

Recovery

0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92

4factors: time   ph  voltage  temperature

Temperature 15 20 25 30 35
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PRED

0.44

0.46

0.48

0.50

0.52

0.54

0.56

0.58

0.60

0.62

0.64

0.66

0.68

0.70

0.72

0.74

0.76

0.78

0.80

0.82

0.84

0.86

0.88

0.90

Recovery

0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92

4factors: time   ph  voltage  temperature

PH 3 5 7 9 11
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PRED

0.44

0.46

0.48

0.50

0.52

0.54

0.56

0.58

0.60

0.62

0.64

0.66

0.68

0.70

0.72

0.74

0.76

0.78

0.80

0.82

0.84

0.86

0.88

0.90

Recovery

0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92

4factors: time   ph  voltage  temperature

time 15 20 25 30 35
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Three Factors Model with One Covariate 

Obs pH voltage Temperature time _TYPE_ Recovery 

1 11 15 25 25 ACTUAL 0.72440 

2 11 15 25 25 PREDICT 0.72564 

3 11 15 25 25 RESIDUAL -0.00124 

4 7 25 25 35 ACTUAL 0.91080 

5 7 25 25 35 PREDICT 0.83898 

6 7 25 25 35 RESIDUAL 0.07182 

7 5 10 30 20 ACTUAL 0.55160 

8 5 10 30 20 PREDICT 0.68675 

9 5 10 30 20 RESIDUAL -0.13515 

10 5 10 30 20 ACTUAL 0.81010 

11 5 10 30 20 PREDICT 0.68675 

12 5 10 30 20 RESIDUAL 0.12335 

13 5 20 30 30 ACTUAL 0.69770 

14 5 20 30 30 PREDICT 0.82113 

15 5 20 30 30 RESIDUAL -0.12343 

16 9 10 30 20 ACTUAL 0.51550 

17 9 10 30 20 PREDICT 0.63435 

18 9 10 30 20 RESIDUAL -0.11885 

19 5 10 20 20 ACTUAL 0.50150 

20 5 10 20 20 PREDICT 0.48451 

21 5 10 20 20 RESIDUAL 0.01699 

22 7 15 25 15 ACTUAL 0.53260 

23 7 15 25 15 PREDICT 0.55302 

24 7 15 25 15 RESIDUAL -0.02042 

25 7 15 25 25 ACTUAL 0.83200 

26 7 15 25 25 PREDICT 0.82735 

27 7 15 25 25 RESIDUAL 0.00465 

28 3 15 25 25 ACTUAL 0.82290 

29 3 15 25 25 PREDICT 0.80429 

30 3 15 25 25 RESIDUAL 0.01861 

31 5 20 30 30 ACTUAL 0.89150 

32 5 20 30 30 PREDICT 0.82113 

33 5 20 30 30 RESIDUAL 0.07037 

34 7 15 35 25 ACTUAL 0.75430 

35 7 15 35 25 PREDICT 0.70806 

36 7 15 35 25 RESIDUAL 0.04624 

37 9 10 30 20 ACTUAL 0.77320 

38 9 10 30 20 PREDICT 0.63435 

39 9 10 30 20 RESIDUAL 0.13885 
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Obs pH voltage Temperature time _TYPE_ Recovery 

40 9 20 30 30 ACTUAL 0.65420 

41 9 20 30 30 PREDICT 0.78420 

42 9 20 30 30 RESIDUAL -0.13000 

43 5 10 20 30 ACTUAL 0.78950 

44 5 10 20 30 PREDICT 0.75884 

45 5 10 20 30 RESIDUAL 0.03066 

46 7 15 25 25 ACTUAL 0.81960 

47 7 15 25 25 PREDICT 0.82735 

48 7 15 25 25 RESIDUAL -0.00775 

49 7 15 25 25 ACTUAL 0.84140 

50 7 15 25 25 PREDICT 0.82735 

51 7 15 25 25 RESIDUAL 0.01405 

52 9 20 30 30 ACTUAL 0.84920 

53 9 20 30 30 PREDICT 0.78420 

54 9 20 30 30 RESIDUAL 0.06500 

55 5 20 20 20 ACTUAL 0.62120 

56 5 20 20 20 PREDICT 0.61227 

57 5 20 20 20 RESIDUAL 0.00893 

58 7 15 25 25 ACTUAL 0.83900 

59 7 15 25 25 PREDICT 0.82735 

60 7 15 25 25 RESIDUAL 0.01165 

61 9 10 20 20 ACTUAL 0.47160 

62 9 10 20 20 PREDICT 0.44279 

63 9 10 20 20 RESIDUAL 0.02881 

64 5 20 20 30 ACTUAL 0.84030 

65 5 20 20 30 PREDICT 0.88660 

66 5 20 20 30 RESIDUAL -0.04630 

67 9 20 20 20 ACTUAL 0.58060 

68 9 20 20 20 PREDICT 0.58602 

69 9 20 20 20 RESIDUAL -0.00542 

70 7 15 15 25 ACTUAL 0.55310 

71 7 15 15 25 PREDICT 0.58198 

72 7 15 15 25 RESIDUAL -0.02888 

73 9 20 20 30 ACTUAL 0.86020 

74 9 20 20 30 PREDICT 0.86035 

75 9 20 20 30 RESIDUAL -0.00015 

76 7 15 25 25 ACTUAL 0.82740 

77 7 15 25 25 PREDICT 0.82735 

78 7 15 25 25 RESIDUAL 0.00005 

79 7 15 25 25 ACTUAL 0.82430 

80 7 15 25 25 PREDICT 0.82735 
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Obs pH voltage Temperature time _TYPE_ Recovery 

81 7 15 25 25 RESIDUAL -0.00305 

82 7 5 25 25 ACTUAL 0.50690 

83 7 5 25 25 PREDICT 0.56136 

84 7 5 25 25 RESIDUAL -0.05446 

85 7 15 25 25 ACTUAL 0.85850 

86 7 15 25 25 PREDICT 0.82735 

87 7 15 25 25 RESIDUAL 0.03115 

88 7 15 25 25 ACTUAL 0.81440 

89 7 15 25 25 PREDICT 0.82735 

90 7 15 25 25 RESIDUAL -0.01295 

91 9 10 20 30 ACTUAL 0.72400 

92 9 10 20 30 PREDICT 0.71712 

93 9 10 20 30 RESIDUAL 0.00688 

 

 
 

PRED
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0.70

0.72

0.74
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0.82
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0.86

0.88

0.90

Recovery

0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92

3factors:    ph  voltage  temperature 
time is covariate time=25

voltage 5 10 15 20 25
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PRED

0.44

0.46

0.48

0.50

0.52

0.54

0.56

0.58

0.60

0.62

0.64

0.66

0.68

0.70

0.72

0.74

0.76

0.78

0.80

0.82

0.84

0.86

0.88

0.90

Recovery

0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92

3factors:    ph  voltage  temperature 
time is covariate time=25

Temperature 15 20 25 30 35
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PRED

0.44

0.46

0.48

0.50

0.52

0.54

0.56

0.58

0.60
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0.68
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0.76
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Recovery

0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92

3factors:    ph  voltage  temperature 
time is covariate time=25

PH 3 5 7 9 11
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PRED

0.44

0.46

0.48

0.50

0.52

0.54

0.56

0.58

0.60

0.62

0.64

0.66

0.68

0.70

0.72

0.74

0.76

0.78

0.80

0.82

0.84

0.86

0.88

0.90

Recovery

0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92

3factors:    ph  voltage  temperature 
time is covariate time=25

time 15 20 25 30 35


