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ABSTRACT 

In this work, marine Chlorella sp. was explored in various perspectives from biomass 

preparation and extraction through applications of its extracted residue. The 

experiments were divided into three sections as follows.  

Section-I. Effect of drying methods for biomass preparation. Marine Chlorella sp. 

biomass cultivated in 25 m3 open pond was harvested by flocculation after 7 days, 

washed to remove contamination and vacuum filtered to prepare wet paste. This paste 

(90% moisture) was divided into five parts to be processed for; (I) fresh paste-FP, (II) 

stored wet paste-SWP, (III) sun drying-SD, (IV) oven drying-OD, and (V) freeze 

drying (FD). The total processing time (hours) accounted for biomass drying was 

observed as 72, 40 and 24 h with energy expanse of 14.07, 590 and 1094 MJ/kg for SD, 

OD and FD, respectively to obtain biomass with moisture content of 8-9%. The 

biochemical analysis showed that FD biomass had highest accumulated lipid (10.68%), 

protein (22.1%) and energy (275.4 kcal) while carbohydrates were slightly lower than 

OD and SD but significantly higher than FP biomass. 

Section-II. Optimization of extraction by ultrasonication.  Effects of various 

extraction factors including temperature (30-40 °C), time (60-120 min), biomass to 

solvent ratio (1/10-1/25 g/ml), solvent to solvent ratio (ml/ml), extraction cycles and 

solvent type on lipid yield (LY) were investigated. The results showed that with single 

extraction and single solvent recovery (1-1-cycle) process the LYs from fresh and 

stored paste were 11.7% and 6%, respectively, while freeze-dried biomass produced an 

18.5% LY. The energy consumption was 6,000 MJ/kg lipid for the wet route and 8,200 

MJ/kg lipid for the dry route in the 1-1-cycle process. The LY of the 2-1-cycle process 

using methanol/hexane (2/1 v/v) with a biomass to solvent ratio 1/20 g/ml was 31% 

and considered as a base case scenario of this study, which is 40.3% and 9.7% greater 

than those of the 1-1-cycle and 2-2-cycle, respectively. At developed optimized 
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condition extraction of OD and SD biomass shown 27% and 22% LY, which is 12.90% 

and 29.1% lower than the base case value. Extracted lipids from OD, SD and FD were 

further scrutinized for their biochemical composition, fatty acids, free fatty acids (FFA) 

and chlorophyll contents. Moisture in all samples was observed lower than 10% and 

the ash contents were recorded as 10-11%. The protein (5.9%-7.1%) contents were also 

almost similar. However, the crude lipid, which is main component for biodiesel 

production was found highest in SD extract (53.1%), followed by FD extract (46%) 

and lowest in OD extract (34.3%). The carbohydrates were 41.65%, 19.87% and 

32.13%, while energy contents (calories) were calculated as 500, 570 and 585 for OD, 

SD and FD, respectively. Total fatty acids were observed between (63%-66%) in dried 

extracts. SD biomass seems superior among the lipid extract of biomass, however sun 

drying is time consuming process and not a suitable choice in tropical regions. 

Moreover, SD biomass has an odor. The FD biomass was rich green, with regular 

structure and no burning spots observed at its surface. Due to these features along with 

high lipid yield, high crude lipid contents and longer period storage capability it was 

selected for further processing. 

Section-III.  Assessment of extracted marine Chlorella sp. residue (EMCR) 

potential for the recovery of energetic and non-energetic products with their 

applications. EMCR was recycled for (i) biochar production with its application for 

heavy metals and yellow dye-145 abatement and (ii) bio-oil production via microwave 

pyrolysis assisted with EMCR derived biochar as a microwave absorber (MA). The 

resulting biochars were enriched with O containing functional groups. They are 

attractive for removal of heavy metals and anionic dyes. The surface areas of biochar 

prepared at 450, 550 and 650 °C were 266 m2/g, 355 m2/g and 151 m2/g, respectively. 

BC-450 was applied for Cr(VI), Zn(II) and Ni(II) removal by conventional adsorption 

(CA) and ultrasonic adsorption (UA). UA was found 1.1-1.3 higher adsorption capacity 

than CA in much shorter time. The maximum adsorption capacity was found as 27.45 

mg/g for Ni(II) in UA. BC 550 applied for yellow dye removal by ultrasonication was 

highly efficient and shown an equilibrium achievement at 1 min. with 99.9% removal 

efficiency.  

The EMCR was also subjected to microwave pyrolysis (MWP) for bio-oil production 

with investigation of temperature (350-450 °C), time (20-40 min) and MA loading (10-
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30 wt.%) at fixed microwave power of 850 W. BC-450 prepared in earlier step was 

introduced as MA for the first time. The pyrolysis condition was optimized to obtain 

maximum bio-oil yield using the Response Surface Methodology (RSM) based on 

Central Composite Design (CCD). The optimum condition was 350 °C, 15% MA 

loading and 40 min, which yielded 46% bio-oil. The bio-oil mainly composed of 

nitrogenated (30.37%), phenols (17.56%), furans and aromatics (5.56%), esters 

(17.62%), acids (12.18%), alcohols (6.07%), ketones/aldehydes (2.88%), sugar 

(2.30%) and alkenes (0.5%) compounds. Although, a high N containing compounds 

restricting the bio-oil utilization as a fuel but it could be an attractive feedstock for 

chemical and petrochemical industry. The results showed a high feasibility of applying 

EMCR as the feedstock for biochar and bio-oil production. The EMCR derived biochar 

presented great efficiency as the microwave absorber. The recycling of EMCR could 

improve the environmental and economy of Chlorella based algal industry. 

 

 

Keywords: Marine Chlorella sp, ultrasonic, lipid extraction, extracted residue, biochar, 

Microwave pyrolysis, bio-oil 
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CHAPTER 1  

1 INTRODUCTION 

 

1.1 Importance of algal biomass 

Energy scarcity has been recognized as a global challenge for decades [1-2].  

Rapid depletion of 1st generation energy reserves, increased energy demand, high oil 

prices and environmental issues are main cause for the energy issue [3]. To overcome 

these challenges, biomass feedstocks from agricultural crops and their residue i.e. palm 

oil, soybean and sunflower received high attention in last few years [4]. However, food 

insecurity, land and fresh water requirements are major barriers to their potential 

application as a biodiesel feedstock [5-6]. The ideal biomass candidate is one which 

gives a high yield per unit area, incurs low production costs, causes less contamination 

and consumes less nutrients [7-8].  

Algal biomass, known as the 3rd generation bioenergy feedstock has been 

emerged as a promising source. Maximum biomass and oil yield per unit area is 

prominent feature of algal biomass over terrestrial crops (Table 1.1). Algal biomass 

rapidly grow enabled by high photosynthetic efficiency as compared to lignucellosuic 

biomass [9-11]. Algal biomass could be cultivated in fresh, saline and wastewater for 

bioenergy production under controlled condition [12-14]. Algae is not directly 

associated as a food source and have the potential to meet the global energy demand 

without affecting the food industry [15]. Macro or micro algae contains 20-50% (wt. 

dry basis) lipids and found the only source of renewable energy that is capable of 

meeting the global requirement for transport fuels [16]. In industrial aspects, microalgae 

also have the potential to be used as a feedstock for many practical and potential 

metabolic products, such as a food supplements, pharmaceutical substances, lipids, 

polymers, toxins, pigments, enzymes, biomass, and green energy[17-18].  

 To date, many macro and micro algal strains have been introduced and 

investigated for their potential in food and energy sector. Table 1.2 presents some 

species with their oil contents [7]. The composition of algal specie may vary with 

respect to location, growth condition, environment and nutrients supply, even same 

class of macroalgae exhibit different composition as shown in Table 1.3 [19,7]. 
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 Chlorella sp. is one of most prominent type of microalgae which has been 

emerged as a promising source for biodiesel and other byproducts. The word Chlorella 

derived from Greek, Chlors means “Green” and ella meaning minute. Sunlight, carbon 

dioxide and water are main source of reproduction for Chlorella sp. Marine Chlorella 

sp. is single cell organism having spherical shape with diameter of 2-10 µm (Figure. 1) 

and oil content of 28-32 %. It also contains photosynthetic pigments such as 

chlorophyll, carotenoids, lutein etc.[7, 20]. 

Table 1.1 Oil Production from different crops per area [20] 

Crop 

Cultivation 

area (m-ha) 

Oil yield 

(L/ha) 

Corn 1540 172 

Soybean 594 446 

Canola 223 1190 

Jatropha 140 1892 

Coconut 99 2689 

Palm oil 45 5950 

Microalgae (70% oil yield) 2 136,900 

Microalgae (30% oil yield) 4.5 58,700 

 

Table 1.2 Oil contents of different microlagae [20] 

 

Microalgae 

Oil contents  

(%wt. dry basis) 

Botryococcus braunii    25-75 

Chlorella sp.    28-32 

Nannochloris sp.    20-35 

Nannochloropsis sp.    31-68 

Nitzschia sp.    45-47 

Crypthecodinium cohnii    20 

Cylindrotheca sp.    16-37 

Dunaliella primolecta     23 
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Figure. 1.1 Chlorella sp. [21] 

 

 

Table 1.3 Composition (% wt.) of different microalgae species [7]  

 

 Strain Protein Carbohydrates Lipids Nucleic acid 

1 Scenedesmus obliquus 50-56 10-17 12-14 3-6 

2 Scenedesmus quadricauda 47 - 1.9 - 

3 Scenedesmus dimorphus 8-18 21-52 16-40 - 

4 

Chlamydomonas 

rheinhardii 48 17 21 - 

5 Chlorella vulgaris 51-58 12-17 14-22 4-5 

6 Chlorella pyrenoidosa 57 26 2 - 

7 Spirogyra sp. 6-20 33-64 11-21 - 

8 Dunaliella bioculata 49 4 8 - 

9 Dunaliella salina 57 32 6 - 

10 Euglena gracilis 39-61 14-18 14-20 - 

11 Prymnesium parvum 28-45 25-33 22-38 1-2 

12 Tetraselmis maculata 52 15 3 - 

13 Porphyridium cruentum 28-39 40-57 9-14 - 

14 Spirulina platensis 46-63 8-14 4--9 2-5 

15 Spirulina maxima 60-71 13-16 6-7 3-4.5 

16 Synechoccus sp. 63 15 11 5 

17 Anabaena cylindrica 43-56 25-30 4-7 - 

18 Chlorella sp 68 61 33 - 

 

There are various steps involved in energy derivation from microalgal biomass 

such as cultivation, harvesting, dewatering, drying, lipid extraction and conversion into 

biodiesel.  

1.2 Algal biomass cultivation, harvesting and dewatering 

Commonly known cultivation methods are open pond and photo bioreactor [7]. 

The open pond cultivation is easy and yields higher biomass. However, it is completely 

weather dependent process. Harvesting of algae includes departing from the growing 

media, water removal and associated contaminant removal to obtain the desired 

http://www.oilgae.com/ref/glos/scenedesmus_obliquus.html
http://www.oilgae.com/ref/glos/chlorella_vulgaris.html
http://www.oilgae.com/ref/glos/porphyridium_cruentum.html
http://www.oilgae.com/ref/glos/spirulina_platensis.html
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product. Harvesting technique depends on the type of specie. Higher water content of 

algae must be soaked for better operation. The most common harvesting processes are 

flocculation, micro-screening and centrifugation, flocculation or by froth flotation. 

Selected process must be economical [22].  

Post harvested microalgae contains 90±5% moisture. This high level moisture 

could deteriorate the biomass quality and needs to be reduced by some suitable 

technique i.e. dryings. The moisture in dried product below 10% is safe level, and 

enhances the viability for lipid extraction. However, the biomass composition may be 

changed subjected to enzymatic/non-enzymatic processes during drying. Drying is one 

of the most essential and challenging process in commercial production of microalgae 

that accounts for almost 30% of the total processing cost. There are various drying 

methods such as natural sun drying, oven drying, freeze drying, spray drying, drum 

drying and fluidized bed drying [23-27]. 

1.3 Extraction of algae  

The algal biomass cell needs to be disrupted for lipid extraction. There are 

generally two methods (a) Mechanical; ultrasonic, expression/expeller (b) Chemical; 

solvent extraction, Soxhlet. Algae vary in their physical states and composition, 

different press methods (screw, expeller, piston, etc.) can be applied for specific strain. 

In commercial applications expeller press combined with solvent is used as well by 

manufacturer for maximum product yield. Soxhlet extraction using hexane and other 

solvent is widely used technique but it is time consuming process and extraction 

efficiency is low as well.  Ultrasonication belongs to sonochemistry, can enhance 

extraction process at good rate. By using an ultrasonic reactor or bath, ultrasonic waves 

are responsible to generate cavitation in a mixture. In result of cavitation, bubbles 

movement near the cell walls tend to create shock waves and liquid jets to break cell 

and release desired contents into the solvent [28-29]. Ultrasonication is preferred 

technique over other techniques due to some features such as easy use, inexpensive, 

better control, quick and environmentally friendly [14]. 

1.4 Crude algal extract  

The extract of microalgae mainly composes of lipids and some impurities. 

Lipids are fat and oil which are insoluble in water but soluble in organic compounds. 

The chemical structure of these compounds consists of hydrogen, carbon, and oxygen. 
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They are rich in energy and play key role as biological functions in the body: provide 

structure to cell membranes, energy storage, and to act as signal transfer agent.  These 

lipids may be structural polar lipids mainly composed of poly unsaturated fatty acid or 

storage and non-polar mainly in TAG form contain saturated and some unsaturated fatty 

acids. Storage lipids are then converted into biofuel. Crude algae oil is processed to 

separate oil from impurities (by products) mainly pigments by suitable technique. The 

composition of obtained crude algal extract depends on algae strain, cultivation 

conditions and extraction process. 

Algae has been reported as a good alternative for the lipid production. Different 

species of microalgae can be used to produce specific type of lipids and fatty acids by 

manipulating physio-chemo character of their culture medium. Algae can accumulate 

considerable amounts of lipids 20–50% wt. on dry basis. The accumulation of lipids is 

mainly due to use of sugar at a rapid rate than the rate of cell generation, leads 

converting excess sugar contents into lipids [30]. Classification of lipids is given in 

Figure 2.  

Chlorophyll is greenish pigment found in almost all leafy plants, microalgae 

and cyanobacteria. It is main source for photosynthesis action in the presence of 

sunlight (oilgee.com). Chlorophyll molecules are configured in and around the 

photosystems in the thylakoid membranes of chloroplasts. The main function of 

chlorophyll is to absorb sunlight, which is key requirement for substance to carry out 

photosynthetic process. Chlorophyll is more in leafy plants & vegetables as compare to 

fruits. For example, in spinach, it can be as high as 1% (dry base). Chlorella is also 

known as ‘Emerald food’ because it contains high amount of chlorophyll than other 

substances. Chlorella have five times greater pigments than Spirulina. The chlorophyll 

content of Chlorella is about 7% of the biomass. (oilgae.com). There are mainly two 

types of chlorophyll, chlorophyll a and b [31]. 
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Figure 1.2. General lipid classification 

 

The most popular found content in plants is chlorophyll a, which absorbs light 

with wavelengths of 430 nm (blue) and 662 nm (red). We see green part in plants, algae 

due to its strong green color reflection. It has a hydrophobic phytol chain that can be 

embed in a lipid membrane. The other structure known as a tetrapyrrolic ring present 

outside of the membrane, responsible to absorbs the energy from light. The metal Mg, 

at the middle of the structure can possess variable oxidation states, able it to accept and 

donate electron readily per situation. It is of flexible nature, necessary for molecule 

function chlorophyll a, due to its stable nature is favorite coloring agent [31]. 

Chlorophyll a and b are abundant in Chlorella and Spirulina. It has a similar structure 

as of chlorophyll a. The light absorbance range is 453 nm and 642-652 nm maximum. 

It is less in quantity than chlorophyll a. In this pigment methyl group of pigment, a 

replace by formyl group. Its color is green/yellow. It supports to enhance range of light 

that a plant can use for energy. 

1.5 Potential applications of extracted residue  

The residue after lipid extraction is generally known as de-oiled biomass. 

Biodiesel production from microalgae at large scale would generate a substantial 

amount of this de-oiled biomass, which requires a careful handling management [32-

33]. This algal residue could be used as precursor for valuable products in livestock, 

chemical and environmental sectors [7,34]. The utilization of extracted residue is 

environmentally beneficial and could improve the economy of algal industry. 
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1.6 Literature information  

A comprehensive literature information for algal extraction and application of 

algal residue is presented in Table 1.4 and 1.5, respectively.  

Table 1.4. A comprehensive literature information on lipid extraction using different 

methods 

Algal specie Extraction condition  Lipid yield (%) References  

BG-medium 

mixed algae 

Ultrasonic; 

Methanol/Chloroform/water 

(1/1/0.5  v/v/v)  

45 [35] 

Chlorella sp. Ultrasonic; 15 min; 

chloroform/methanol (2/1 

ml v/v)  

40 [36] 

N. Salina  Modified Bligh and Dyer  32 [37] 

C. Marina Modified Bligh and Dyer 20% 

Scenedesmus sp.  Ultrasonication; 2 min; 

chloroform/methanol (1/1 

v/v) 

19.85 [38] 

Nannochloropsis 

sp. 

Ultrasonication; 5 min; 

chloroform/methanol (2/1 

ml v/v) 

34 [39] 

 Ultrasonication; 5 min; 

hexane/methanol (3/2 ml 

v/v) 

22 

Chlorella vulgris 1.  Ultrasonication; 40 min; 

chloroform/methanol (1/1 

ml v/v) 

2. Ultrasonication;60 min 

Hexane/isopropanol (1/0.6 

ml v/v) 

3. Soxhlet; 8 h 

4. ultrasonication; 30 min; 

dichloromethane/ methanol 

(1/0.5 ml v/v) 

5. Ultrasonication; 30 min; 

chloroform/methanol (1/0.5 

ml v/v)  

 

52 

 

 

2.2 

 

 

1.8 

10.9 

 

 

16.1 

[16] 

Chlorella sp. Ultrasonication; 2 h; 

methanol/hexane (1/2 v/v) 

20 [12] 

Chlorella sp. 

FACHB-1748) 

Soxhlet; 

chloroform/methanol (1/0.5 

ml v/v) 

28-43 [40] 
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Table 1.5 Algal and lignocellulosic biochars applications as an adsorbent  

Materials Condition Yield 

(%) 

SBET 

(m2/g) 

qmax (mg/g) Ref. 

 Chlorela 

 residue  BC 

800 °C, 30 min 

 

23 

 

310 

 

- [41] 

 Extracted algal 

 BC 

800 °C, 90 min 22 

 

133 

 

345.1-CR dye [42] 

 S.platensis BC 450 °C, 120 

min 

- 167 51.28-CR dye [43] 

 Magnetic algal 

 HBC 

500 °C, 120 

min 

- 63 19.13-Zn(II)     [44] 

 S. japonica BC 700 °C, 120 

min 

25 1.3 84.3-Zn 

 

    [45] 

 Eucheum sp. BC 450 °C, 60 min 57 

 

34 

 

- [46] 

 Corn straw BC 600 °C, 120 

min 

- 13.08 11-Zn [47] 

 Empty fruit 

 bunch BC 

600 °C, 128 

min 

25 421 15.18-Zn (II)     [48] 
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CHAPTER 2 

2 PROBLEM STATEMENT 

The marine Chlorella sp. was studied in this study because of its availability 

and production feasibility at large scale. The selected strain has been already 

investigated for lipids with high saturated fatty acids contents, which are suitable for 

biodiesel production. There are many steps involved in bioenergy production from algal 

strain i.e. cultivation, harvesting, lipid extraction, transesterification, purification and 

lipid extracted residue management. Post harvesting and downstream processing for 

lipid extraction has been recognized as an energy intensive processes. So far, lipid 

extraction process remains of major interest. However, biomass preparation and 

development of biomass selection criteria is still needs to be explored. Furthermore, 

many techniques and process strategies have been developed aiming with maximum 

lipid recovery such as soxhlet extraction, solvent extraction, bead beating, pressing, 

ultrasonication and microwave. Ultrasonication is proven technology for efficient 

extraction of lipid from algal biomass. However, it still needs an improvement to 

establish an optimized condition especially for solvent selectivity, biomass to solvent 

ratio and development of extraction process and solvent recovery systems.  

Likewise, other strains, Chlorella based algal biodiesel industry is facing 

commercialization challenge due to high processing cost associated to lipid extraction 

and biodiesel production. Hence, sustainable pathway by recovering maximum 

products from algal biomass is needed. In perspectives of biodiesel production from 

microalgae at larger scale, a huge amount of extracted biomass known as algal residue 

will be generated. Utilization of this algal residue to derive valuable products is 

environmentally beneficial and could offset the algal biodiesel cost. This residue has 

been proposed or used as cattle feedstock and bioenergy production i.e. bioethanol, 

biogas. However, it could also be utilized as biofuel and biochar production. Many 

studies focused on bio-oil and biochar production from raw algae, while some on 

extracted residue as well. However, biochar production from extracted marine 

Chlorella sp. residue (EMCR) and its potential applications for heavy metals and 

yellow dye-145 treatment by ultrasonication has not been reported.  Moreover, EMCR 

potential for bio-oil production by microwave pyrolysis using EMCR derived biochar 

as microwave absorber needs to be explored as well.  
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2.1 Objectives and scope 

In the light of above discussion and relevant potential research gaps, this study 

aimed to investigate the potential of marine Chlorella sp. biomass, extraction and and 

potential applications of the extracted residue. The experiments were divided into three 

sections. The overall concept of this study is presented in Figure. 2.1 

 Section-I. Effect of drying methods for biomass preparation.  

Marine Chlorella sp. biomass cultivated in 25 m3 open pond was harvested by 

flocculation after 7 days, washed to remove contamination and vacuum filtered to 

prepare wet paste. This paste (90% moisture) was divided into five parts to be processed 

for; (I) fresh paste-FP, (II) stored wet paste-SWP, (III) sun drying-SD, (IV) oven 

drying-OD, and (V) freeze drying (FD). Which were examined for their biochemical 

constituents and later on processed for lipid extraction (section-II).  

 Section-II. Optimization of extraction by ultrasonication.   

Effects of various extraction factors including temperature (30-40 °C), time (60-

120 min), biomass to solvent ratio (1/10-1/25 g/ml), solvent to solvent ratio (ml/ml), 

extraction cycles and solvent type on lipid yield (LY) were investigated. This section 

emphasis on development of optimized processing condition for crude lipid extraction 

by ultrasonication. It is worth noted that development of extraction cycles and solvent 

recovery system is an emerging idea of this study. Initially, FD biomass was selected 

to develop an optimized condition. Then, FP, SWP, OD and SD biomasses were 

extracted at found optimized condition. Further, the biomass selection criteria were 

developed based on extracted lipids composition, lipid yield and processing energy 

consumption (MJ/kg of lipid).   

 Section-III.  Assessment of extracted marine Chlorella sp. residue (EMCR) 

potential for the recovery of energetic and non-energetic products with their 

applications.  

EMCR was recycled for (i) biochar production with its application for heavy 

metals and yellow dye-145 abatement and (ii) bio-oil production via microwave 

pyrolysis assisted with EMCR derived biochar as a microwave absorber (MA).  
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2.2 Expected benefits  

 To have knowledge on drying techniques effects on biomass quality 

 Gain knowledge on optimum conditions for lipid and pigment extraction from 
 

chlorella sp. by ultrasonic technique 
 

 Gain more value-added products from Chlorella sp. 
 

 Can promote the green alternative energy production 
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Figure. 2.1 Overall processing scheme  
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2.3 Significant results and discussion  

Section-I 

Briefly, the biomass of marine Chlorella sp. was obtained from National 

Institute of Coastal Aquaculture (NICA) located in Songkhla province (latitude: 

7.178861° N, 100.624561° E), Thailand. The biomass was cultivated in 25 m3 open 

pond using CO (NH2)2 and 16-16-16 fertilizer (16% nitrogen, 16% phosphorus, and 

16% potassium) as a growth media and harvested after 7 days. The harvesting was done 

by flocculation using aluminum sulfate as a flocculating agent. The slurry was pumped 

from pond, filled in containers and immediately transferred to working station and kept 

at 2°C. The slurry was washed three times with deionized water to detach the suspended 

particles and reduce the salinity. The cleaned algal slurry was dewatered using vacuum 

filtration and thick wet paste was collected. The moisture contents of paste were 

approximately 90% (wet basis).  

Post harvested microalgae contains 90±5% moisture. This high level moisture 

could deteriorate the biomass quality and needs to be reduced by some suitable 

technique i.e. dryings. The moisture in dried product below 10% is safe level, and 

enhance the viability for lipid extraction [27]. This safe moisture level could be only 

achieving by drying i.e. sun drying, oven drying, freeze drying, spray drying, drum 

drying and fluidized bed drying. However, the biomass composition may be changed 

subjected to enzymatic/non-enzymatic processes during drying [49]. Wet paste of 

marine Chlorella sp. was dried using SD, OD, FD and their biochemical quality were 

evaluated. FD biomass was a rich green fine powder containing 10.8% crude lipid, 

which was 8.06%, 5.47% higher than SD and OD, respectively [more information is in 

Paper I]. Freeze drying was a gentle process, which conserved nutrients of biomass. 

The protein and carbohydrate contents were nearly similar, while energy contents (kcal) 

in FD biomass were higher than other OD and SD. The total drying time was accounted 

as 72 h, 40 h and 24 h for SD, OD and FD, respectively. Obviously, the energy 

consumption to prepare SD biomass was lowest (14.07 MJ/kg), followed by OD and 

FD with 590 MJ/kg and 1094 MJ/kg, respectively. However, sun drying requires large 

area to dry wet algal biomass and long exposure to solar radiation causes the 

chlorophyll degradation.  
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Section-II 

The optimum ultrasonic extraction condition is very essential with respect to 

lipid extraction yield. Firstly, freeze-dried biomass was selected to develop an optimum 

processing condition due to its good storage capability. Then, at found optimized 

condition lipid extraction yield for wet paste, stored wet paste, SD and OD were 

performed. The variables considered were shown in Fig.3. The 2-1-cycle using 

methanol/hexane (2/1 v/v) with biomass to solvent ratio of 1/20 g/ml yielded 31% lipid 

yield at 35 °C and 90 min was an optimal condition. The lipid yield from fresh wet 

paste and stored wet paste were significantly lower than FD in 1-1-cycle [Paper II]. 

Moreover, due to degradation of biomass wet paste was not further considered. While, 

OD and SD biomass gave 27 and 22% lipid yield, respectively [Paper I]. The quality of 

SD, OD and FD extracts were determined by their biochemical composition. The SD 

extract composted highest crude lipid (53%) followed by FD (46%) and OD (34%). 

The protein contents in all extracts of dried biomass were also similar and found 

between 5.8-7.13%. It meant that a huge portion of protein remained unconverted in 

residual biomass, which could be recycled as a valuable product. The free fatty acids in 

algal extract were more than 20%, which are very high from standard level of 4%. 

Which further explains that alkali catalyst is not suitable for marine Chlorella sp. lipid 

transesterification. The chlorophylls in FD extract were high, which is obviously due 

to good quality of biomass as FD promotes to preserve all the nutrients of the cell. The 

energy consumption was observed as 2570, 4172 and 5300 MJ/kg lipid for SD, OD and 

FD, respectively.  

The energy consumption for FD biomass processing is 51 and 21.2% higher 

than SD and OD, respectively. But lipid yield of FD is 29% and 13% higher than SD 

and OD, respectively. Guldhe et. al [39] studied the sun, oven and freeze drying of 

Scenedesmus sp. and reported the process energy consumption in following order: sun 

drying < oven drying < freeze-drying. While, their study also revealed that drying 

technique have no significant impact on the lipid yield. Moreover, the total fatty acid 

contents were not affected by drying technique, but it was 4% higher in FD extract than 

OD and SD. The major fatty acids were C:16.0 and C16:1, which are suitable feedstock 

for biodiesel production. The detail of energy calculation procedure could be seen in 

Paper II. FD required more energy consumption process, but the product quality and 
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storage ability was better than OD and SD. Moreover, recovery of chlorophylls and 

other byproducts can offset this drawback. Based on high lipid yield, excellent biomass 

quality and long term storage capability, the FD biomass was selected for further 

processing in this study.  

Section-III 

The extracted marine Chlorella sp. residue (EMCR) was recycled with aim for 

maximum byproducts recovery and to manage the generated solid waste. The EMCR 

was pyrolyzed to derive biochar at different temperatures named as BC-450, BC-550 

and BC-650. The surface areas of the produced biochars were found high as compared 

to other algal and some lignocellulosic biomass. The surface increased from 266 m2/g 

to 351 m2/g as temperature increased from 450°C - 550 °C and then decreased. This 

could be attributed to condensation of volatiles during pyrolysis process. The surface 

of biochars was negatively charged and contained OH functional groups, which play an 

important role in removal of heavy metals and dyes. BC-450 and BC-550 due to high 

surface area were further investigated for heavy metals and yellow dye-145 removal, 

respectively [Paper IV and Paper V]. BC-450 showed high efficiency for CR(VI), 

Zn(II) and NI(II) with ultrasonication adsorption. It is worth noted that heavy metals 

removal using ultrasonic adsorption and conventional adsorption using BC-450 was 

first time evaluated as per best our knowledge. The ultrasonic adsorption performance 

was 1.1-1.3 times better than conventional adsorption [Paper IV]. The adsorption 

process was monolayer and well satisfied by pseudo second order model.  It was 

believed that as BC-450 performance was excellent so BC-550 with high surface area 

would gave similar result. Because dyes and heavy metals are common industrial 

problem. So BC-550 performance was evaluated for yellow dye-145 adsorption by 

ultrasonication. Remarkable results with high adsorption (99%) within 1 min 

processing time were achieved [Paper IV]. 

The potential of EMCR as bio-oil was assessed by microwave pyrolysis process 

using BC-450 as microwave absorber [Paper-III]. The bio-oil was produced by 

microwave pyrolysis (MWP) with investigation of temperature (350-450 °C), time (20-

40 min) and MA loading (10-30 wt.%) at fixed microwave power of 850 W. The 

pyrolysis condition was optimized to obtain maximum bio-oil yield using the Response 

Surface Methodology (RSM) based on Central Composite Design (CCD). The 
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optimum condition was 350 °C, 15% MA loading and 40 min, which yielded 46% bio-

oil. The composition of bio-oil obtained at the optimized condition was characterized 

by GC-MS. The compounds are classified in the groups of amines/amides/indoles 

(30.37%), phenols (17.64%), esters (17.62%), acids (12.18%), furans and aromatics 

(5.56%), alcohols (6.07%), ketones/aldehydes/ethers (2.88%), sugars (2.30%), alkenes 

(0.5%) and others (4.88%). The high proportion of nitrogenated hydrocarbons 

confirmed that bio-oil from EMCR consisted of high nitrogen compounds, which was 

generally reported in bio-oil derived from algae. The nitrogen is from unconverted 

proteins in algal biomass. The bio-oil with high nitrogen is not good for fuel application 

as nitrogen oxides and soot can be generated from the combustion leading to air 

pollution. The solution is to remove proteins from EMCR prior to pyrolysis. These 

proteins can be high valuable products. 

The effects of processing condition on chlorophyll recovery during lipid 

extraction was optimized [Paper VI]. The highest amount of chlorophylls was 

recovered at low temperature (30 °C) and longer extraction time (120 min). The dilution 

factor (1/20 ml/ml) was found appropriate to get clear peaks during UV 

spectrophotometry analysis. It was found that dissolving the extract in similar solvent 

as used for extraction is much better choice for results accuracy [Paper VI].   
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CHAPTER 3 

Assessment of drying techniques on biochemical quality of marine Chlorella sp. 

biomass and their extracts 

 

 

 

Highlights  

 Marine Chlorella sp. wet paste was dried using sun, oven and freeze drying 

 FD biomass gave 4% and 9% high lipid yield than OD and SD, respectively 

 34.1% protein in extract of SD biomass was highest, while 65.9% remained 

unconverted 

 The effect of drying method on fatty acid composition was not significant 

 C16:0, C:16.1 and C18:1 were major FAMEs as desired for biodiesel 

production 
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Abstract  

Harvested algal biomass perish quickly due to microbial action in the presence of water 

and needs to be dried. The drying technique could affect the bio compositional quality 

of biomass and extract. In this study, harvested marine Chlorella sp. was dried using 

sun drying (SD), oven drying (OD) and freeze-drying (FD) followed by lipid extraction. 

The drying effects on biochemical constituents of the dried biomass and their extract, 

lipid yield, fatty acids, free fatty acids (FFA) and chlorophyll contents were studied. 

Fatty acids methyl esters were determined by GC-FID. Total time taken by SD, OD and 

FD were 72 h, 40 h and 24 h, respectively. Final moisture in dried biomass was below 

10%, while ash and protein contents were of 38±1% and 20.91±1%, respectively. FD 

biomass contained 275 calories and were the highest. The FD biomass showed the 

highest lipid extraction yield with 31% (wt% dry basis) followed by OD (27%) and SD 

(22%), respectively. The SD extract containing 53% crude lipid was 8% and 19% 

higher than those of FD and OD. The chlorophyll-a (136 µg/ml) in FD was greater than 

OD and SD extract. The main fatty acids in crude lipids were C16:0, C16:1 and C18:1 

and did not affected by drying method. These fatty acid are highly suitable for biodiesel 

production.  

Key words: Chlorella sp.; sun drying; oven drying; freeze drying; quality 
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3.1 Introduction  

Marine Chlorella sp. is green strain has shown a great potential as bioenergy 

feedstock [1-3]. It has several advantages over terrestrial crops such as rapid growth 

rate, minimal arable land and fresh water requirement, high photosynthetic efficiency, 

no food security, higher CO2 sequestration, growth in waste water and maximum 

production yield [4-7]. However, cost effectiveness due to high energy required for the 

processing is still a major challenge for the algal industry [8]. These processes include 

cultivation, harvesting, dewatering, drying, lipid extraction and conversion into 

biodiesel [2, 9]. 

Post harvested microalgae contains 90±5% moisture. This high level moisture 

could deteriorate the biomass quality and needs to be reduced by some suitable 

technique i.e. dryings. The moisture in dried product below 10% is safe level, and 

enhance the viability for lipid extraction [10]. However, the biomass composition may 

be changed subjected to enzymatic/non-enzymatic processes during drying [4, 11, 12]. 

Drying is one of the most essential and challenging process in commercial production 

of microalgae that accounts for almost 30% of the total processing cost [13] There are 

various drying methods such as natural sun drying, oven drying, freeze drying, spray 

drying, drum drying and fluidized bed drying [14]. 

Sun drying is perhaps the most common and inexpensive technique used to 

preserve the contents of agricultural products. Open sun drying is widely used an 

ancient way, where crops are spread over floors and directly receive short wavelength 

radiations to carry away the moisture. However, direct and long exposure of biomass 

surface to solar radiation reduces the quality and limit its application [15-16]. To control 

and improve the crop quality, open sun drying was modified into solar energy drying 

i.e. solar cabinet greenhouse drying. The cabinet greenhouse drying is inexpensive, 

simple and a direct type passive solar system. Glass or polythene sheets are main 

materials used as roof and walls of such dryer [17]. The blackened surface and sides of 

sample holding trays enhance the solar heat absorption. The short wavelength solar 

radiation passes through the walls and roof of dryer, and get absorbed by the sample. 

Which tends to warm up the sample in tray and removal of moisture takes place either 

by natural or forced convection mode. In natural convection drying mode the fresh air 
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entered at base of system and warm moist air leaves from upper section. In this type of 

system, heated air is circulated through the crop by buoyancy forces [18].  

The hot air oven drying is also well known in foodstuffs drying [19]. Where hot 

air circulation transfers the heat into the sample through its surface and carry away the 

moisture by latent heat of vaporization.  The pressure difference between sample 

surface and inner layer could also be the mechanism for moisture removal. The 

performance efficiency and quality of dried product depends on oven temperature. The 

wet algal biomass must be dried between 60-80 °C [10]. 

Freeze drying or lyophilisation technique  operated  under vacuum is gentle 

process with capability to preserve all the cell constituents [20-21]. While, Mata et 

al.[22] reported that freeze drying is energy intensive process and not a suitable choice 

for algal biofuels. However, it remained an attractive choice of many other studies 

reported in literature. Hot air oven drying is an alternative way for moisture reduction 

of algal biomass. Wong and Cheung et al. [23] reported that extraction capacity and 

quality of protein from oven dried was better than freeze-dried biomass. Bagchi et al. 

[11] obtained 93% lipid recovery from oven dried Scenedesmus sp. biomass. However, 

Guldhe et al. [14] reported 29% lipid yield from freeze-dried biomass followed by oven 

dried (28.63%) and sun dried (28.33%). Another study reported that oven dried 

Chlorella vulgaris gave an 21.95% lipid yield, which is 1.97% higher than FD biomass 

[8]. Ansari et al. [24] presented a significantly high lipid yield (18.45%) from FD as 

compared to OD and SD biomass. Hosseinizand et al. [13] suggested that drying at 

medium temperature (60-80°C) is best choice to preserve Chlorella vulgaris 

constituents. However, their study also revealed that FD biomass used as a base case 

had higher lipid contents than OD but protein and carbohydrate contents were almost 

similar. While, Balasubramaniam et al. [25] not found any significant effect of did 

drying technique on lipid extraction yield.  In this study, marine Chlorella sp. was dried 

using sun drying, oven drying and freeze drying. Several studies have been conducted 

on algal biomass drying and extraction by various means focusing on lipid yield and 

fatty acid contents. However, the effect of drying techniques on biochemical quality of 

marine Chlorella sp. biomass and their extract has limited information.  
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Thus, this study aimed to investigate the drying of marine Chlorella sp by 

natural sun drying (SD), oven drying (OD) and freeze-drying (FD) and their effects on 

(1) biochemical composition of the biomass (3) lipid yield and their biochemical 

composition (4) FFA and chlorophyll contents and (5) fatty acid composition. A 

schematic diagram of experimental and analysis work from marine Chlorella sp. 

cultivation and biomass preparation to lipid extraction of this work is presented in Fig. 

3.1.  

3.2 Materials and methodology  

3.2.1 Chemicals 

The methanol and n-hexane used were commercial grade (purity>95%) and 

were purchased from RCI Labscan Ltd., while, Al2 (SO4)3 to be used as flocculating 

agent was purchased from Siam Chemicals Co. Ltd. Thailand. 

3.2.2 Strain cultivation, harvesting and wet paste preparation  

The green strain marine Chlorella sp. was cultivated in a 25 m3 open pond at 

the National Institute of Coastal Aquaculture (NICA) located in Songkhla (latitude: 

7.178861° N, 100.624561° E), Thailand. The fertilizer CO(NH2)2 and 16-16-16 (16% 

nitrogen, 16% phosphorus, and 16% potassium) was used as a growth media. The 

cultivation processing was carried at a temperature of 25-30 °C under sunlight using 

saline water for 7 days. The biomass was harvested by flocculation using Aluminum 

sulfate as a flocculation agent. The diluted microalgae slurry was pumped out from the 

pond, filtered to detach the growth media and placed in containers followed by 

immediate storage at 4 ºC to prevent from degradation. Being nature of saline, the 

microalgal slurry was washed three times with deionized water to neutralize its pH and 

to remove any contaminants present. The washed slurry was then dewatered to increase 

the biomass concentration by vacuum filtration using Whatman no. 4 filter paper and a 

vacuum pump (GENVAC Agilent Technologies, PVL 35, 930 Watt). 1.5 kg thick wet 

paste (90% moisture) obtained after dewatering was collected and equally divided for 

SD, OD and FD processing.  
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3.2.3 SD, OD and FD process  

 SD process 

500 g wet paste was sun dried using mini homemade natural convection 

greenhouse dryer as presented in Fig. 3.2. The tray surface was made black for maximal 

absorption of solar heat. The dryer was provided with two holes at top and bottom of 

tray for air inlet and exit, respectively. A thin layer of wet paste was spread in tray 

sample area and dryer was covered with transparent polythene sheet. The surface 

temperature of sample monitored by infrared device and weight of sample measured by 

balance were recorded after 1 h interval. When the end moisture of sample reached 

below 10%, the experiment was suspended and dried sample was collected carefully.  

The experiment was started at 9:00 A.M-5:00 P.M from 18-20 February, 2019 and it 

took approximately 72 h to get the final desired moisture. The surface color of SD 

biomass was light green as shown in Fig. 3.3 (a).  

 OD process 

 Thin layered wet paste (500 g) was spread uniformly in tray and placed in hot 

air oven at 80 °C. This temperature selection is based on preliminary evaluation as well 

as the best condition reported in literature. The weight of sample was recorded after 

every 1 h. The experiment was suspended as the final moisture reached below 10% and 

the sample was collected. It took about 40 h to achieve the safe moisture level. The OD 

biomass presented in Fig. 3.3 (b) was found less greenish than SD. It was pulverized, 

kept in zip lock bags and stored at 4 °C.  

 FD process 

To freeze dry, the 500 g wet paste was frozen overnight at -16 ºC and lyophilized 

using a freeze dryer (Dura-Dry MP, FTS systems, USA, 4400 Watt) at -50 ºC under 

vacuum (12.66 Pa) for 24 hours, at the Scientific Equipment Center, Prince of Songkla 

University, Thailand. The freeze-dried powder shown in Fig. 3.3 (c) was well structured 

and seems rich with chlorophyll as compared to SD and OD biomass. The final moisture 

was recorded as 5%. It was pulverized using a mortar and pestle and stored at 4 ºC prior 

to further processing. The FD biomass was smooth, homogeneous and greener than OD 

and SD.  
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 3.2.4 Ultrasonic extraction (UE)   

SD, OD and FD biomass were subjected to lipid extraction by ultrasonication. 

The optimum ultrasonic extraction condition was established as 35 °C and 90 min. with 

biomass to solvent ratio of 1/20 g/ml in our previous study. The reason for extracting 

the biomass at above condition was based on best result achieved in preliminary 

evaluation. Thirty gram (% dry basis) of each dried biomass sample was mixed with 

600 ml methanol and hexane (2:1 v/v) in a 1000 ml Duran bottle sealed with aluminum 

foil. The samples were sonicated at the desired conditions using an ultrasonic bath (CP 

2600 Crest Power sonic, USA, 45 kHz, 300 Watt). The UE process was repeated twice. 

The supernatant was recovered by vacuum filtration using Whatman no. 4 filter and 

subjected to rotary evaporation at 45 ºC (Heidolph Laborota 4000, USA, 1400 Watt) 

for solvent recovery. The lipid yield of each dried biomass was recorded 

gravimetrically. A vacuum pressure of 33.7 kPa was applied initially and then gradually 

decreased to 7.2 kPa for hexane, methanol and water recovery. The extract obtained 

from each dried biomass were greenish black and solid at room temperature as 

illustrated Fig.3.3 (d). The extracted lipids were stored at -20 °C prior to further 

processing.  

3.2.5 Analytical approaches 

Biochemical compositional of the SD, OD and FD biomass and their crude 

lipids were determined by following the standard analytical procedures defined by the 

Association of Official Analytical Chemists (AOAC). Where, protein, ash and moisture 

contents were found by AOAC 991.20, 942.05 and 934.01, respectively. The 

conversion factor 6.25 was employed for the protein calculation. While crude lipid 

contents were determined by AOAC (Bligh and Dyer method). The carbohydrate and 

energy contents (calories ) of dried materials and extratced lipids were determined by 

eq. (3.1) and (3.2), respectivly. while free fatty acids (FFA) in extracted lipids were 

determined by eq. (3.3) 

Total carbohydrate (%) =100- (Moisture+Ash+Protein+Fat)   (3.1) 

Total energy (kcal)=(Protein ×4)+(Fat ×9)+(Carbohydrate×4)   (3.2) 

FFA (%) =27x NaOH conc. (%) X Volume of titrant (ml)/ Sample wt. (g)  (3.3) 



28 

 

The chlorophylls in the extract were analyzed using a UV spectrophotometer 

(Agilent 8453, USA); Approximatly 1 g of extracted crude lipid dissolved in 10 ml 

methanol was centrifuged at 3,000 rpm for 5 minutes to remove any suspended 

particles. The supernatant was further diluted using methanol and an absorbance 

reading was taken against a methanol blank. The chlorophyll concentration was 

calculated by Eq. (3.4)  

665.2 652.4

652.4 665.2

Ch a 16.72A 9.16A

Ch b 34.09A 15.28A

  

  
      (3.4) 

The fatty acid composition of the lipids was analyzed by gas chromatograph-

flame ionization detector, GC-FID (Hewlett Packard 6890, USA) equipped with a 30 

m CP 9080 capillary column, of internal diameter 0.32 mm and film thickness 0.25 µm. 

The fatty acid methyl esters were prepared and analyzed by following the Euorpean 

standard Norm EN 14013, protocol.  

3.3 Results and Discussion  

3.3.1 Analysis of OD, SD, FD biomass yield and their biochemical composition  

Marine Chlorella sp. wet paste (90% moisture) was dried using SD, OD and 

FD. 500 g of wet paste used in each drying technique yielded approximately 50 g dried 

biomass with final moisture lower than 10%. Which is generally considered as safe 

level to preserve the quality of biomass [10]. The drying effects on biochemical 

composition of biomass were evaluated and presented in Table 3.1. The crude lipid 

contents of algal biomass are major precursor for food and biodiesel industry. FD 

biomass contains highest crude lipid as compared to OD and SD. It showed that drying 

technique significantly influenced the crude lipid (%) of biomass, where 8.06% and 

5.47% loss accounted for SD and OD biomass, respectively. It is possible and could be 

interlinked with mechanism of drying process. The heat treatment effects the properties 

of biomass [4], as observed for OD and SD. Whereas, FD is gentle process operated 

under vacuum and having the capability to preserve all nutrients of cell.   

However, the protein and ash contents of different dried products were almost 

similar and found between 20%-22% and 37.5%-39%, respectively. The protein 

contents generally remained unaffected but the fat amount of shrimp was remarkably 

influenced by drying method [26].  High ash contents were recognized for all dried 

products of marine Chlorella sp. Algae generally have higher ash than terrestrial 
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biomass as they have different composition, organic structure and rapid metabolism 

which take up much more nutrients during cultivations. The ash contents are in the 

range of 0.1-46.3% (mean 6.8%) for terrestrial biomass and 13.1-42.8% (mean 26.6%) 

for algae [27]. The carbohydrates of FD biomass were observed 6.2-6.8% lower than 

OD and SD biomass. Dineshkumar et al. [28] study presented that Chlorella vulgaris 

dried at 80 °C contained 34.56, 41.09 and 28.20 (mg/g) protein, carbohydrates and 

lipids, respectively. While, another study on drying of Chlorella reported that FD 

biomass contains 10.63% total lipids, 12% protein and 26% carbohydrate [13]. Phukan 

et al reported 9% carbohydrate, 43% protein and 28% lipids in Chlorella sp. Reddy et 

al. [29] stated that Chlorella sp. contains 10.7% lipid, 44.6% protein and 42.8% 

carbohydrate.  

The biochemical composition of algal biomass depends on the specie 

characteristics, cultivation environment, growth medium, post harvesting processing, 

and other complex factors. Which could be different, even composition of same class 

of algal specie could vary due to different culturing condition. The FD biomass 

containing 271 kcal were of the highest amount among the dried products. This could 

be correlated to the high amount of crude lipid presence in FD, which was used in 

correlation (Eq.3.2) for energy evaluation. The biochemical constituents i.e. energy, 

protein and carbohydrates of SD, OD and FD biomass of this study are in reasonable 

range which shows their potential as a suitable feedstock for energy and food industry.  

3.3.2 UE of lipid from OD, SD and FD biomass: yield and biochemical 

composition 

The marine Chlorella sp. biomass of SD, OD and FD were extracted by 

ultrasonication at predefined conditions to observe the drying effect on lipid yield. The 

FD biomass yielded 31% which is 4% and 9% higher than OD and SD biomass 

respectively as presented in Fig. 3.5. The high lipid yield of FD biomass could be 

possibly correlated to its high crude lipid contents (Table 3.1). Which is further 

described as that maximum possible crude lipid was extracted with respect to their 

availability in the biomass. As FD biomass contains more crude lipid than other ones, 

which on complete extraction provided higher extraction yield. Furthermore, it may be 

associated to the nature and structure of FD biomass cells. These findings are in 
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compliance with Guldhe et al. [15] study. Which presented the highest extracted lipid 

yield of 29.5% from FD Scenedesmus sp. by microwave disruption followed by OD 

and SD with 28.65% and 28.33% lipid yield. While, with ultrasonic it was 19.85%, 

18.8% and 18.9% for FD, OD and SD, respectively. There is negligible difference in 

lipid yield among dried biomass either extracted by microwave or ultrasonication. 

While, Balasubramanian et al. [22], obtained 22±1% lipid yield from SD, OD and FD 

biomass of Nannochloropsis sp. and reported insignificant effect of drying techniques 

on lipid yield.  Although the lipid yield (22%) of SD biomass is attractive but 

considerably lower than FD and OD biomass in this study. Which is possible due to 

difference in biomass characteristics, intensity of solar radiations with respect to 

geographic location and environmental condition. The direct contact of sun radiation 

with algal biomass causes the chlorophyll destruction and alters the surface color and 

texture of product. The high intensity solar radiations directed at biomass surface are 

uncontrollable and major cause of system overheating. This overheating/heat treatment 

effects the properties of dried biomass [4, 30].  

3.3.3 Drying effects on biochemical composition of crude lipids 

Effect of different drying method on biochemical composition, FFA and 

chlorophyll contents of SD, OD and FD biomass extract was evaluated as presented in 

Table 3.2. The moisture and ash contents are between 10-11% for respective products 

and remained unaffected. The protein content in SD, OD and FD extract were found as 

7.13%, 6.05% and 5.87%. A smaller but negligible difference for amount of protein 

among extracts showed that it was not influenced significantly by drying method and 

extraction technique. It is worth noted that only 34.1%, 28.93%, and 26.62% protein 

contents extracted, while 65.9%, 71% and 73.3% remains unconverted and present in 

extracted residue of SD, OD and FD, respectively. This extracted residue is generally 

regarded as waste of algal industry but presence of high amount of unchanged protein 

is making it a valuable feedstock. In perspectives of microalgae processing at larger 

scale, a huge amount of this extracted residue will be generated. Its utilization to derive 

valuable products is environmentally beneficial and could improve the economy of 

algal industry. The protein rich extracted residue of SD, OD and FD could be used in 

livestock, biofuel and environmental sector [5,31]. The protein in residue must be 
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extracted prior to be used as a bio-oil feedstock. Otherwise, its cracking will enrich the 

bio-oil with nitrogenous compounds during pyrolysis process. The bio-oil with high 

nitrogen is not good for fuel application as nitrogen oxides and soot can be generated 

from the combustion leading to air pollution [32-33]. 

The crude lipid contents were major constituent of extracted SD, OD and FD 

biomass. This crude lipid is in the form of stored energy i.e. triglycerides is a biodiesel 

feedstock. The crude lipid in the extract of SD biomass was 53%, which is 7.2%, 19.2% 

higher than FD and OD extract, respectively. It is possibly owing to the nature of 

extraction process, solvent interaction capability with cell surface and drying technique. 

The mean deviation of crude lipid contents among FD and SD extracts is minimum but 

of OD is too high. The energy contents of SD and FD extracts are nearly similar but of 

higher than OD. Hence, SD and FD could be better feedstock than OD for bioenergy 

and food sector.  

3.3.4 Free fatty acids (FFAs) and chlorophylls  

The cellular lipid can be degraded into organic or free fatty acids. Their 

determination is essential prior to transesterification process. Which is generally 

performed with low cost homogeneous alkali catalyst in case of FFA lower than 4% 

[23]. The free fatty acids (% FFA) in SD, OD and FD extracts were determined (Table 

3.2). Overall, the extract of all dried biomass showed FFA contents between 20-30%, 

which is significantly higher than standard level. The FFA contents of SD extract were 

highest followed by OD, FD. These results are in compliance with study of 

Balasubramanian et al. [23], where they reported similar trend in FFA content of lipids 

extracted from Nannochloropsis sp. dried using sun drying, oven drying and freeze 

drying. The heat treatment of biomass for long period of time i.e. 72 h, is negatively 

correlated with FFA. This long exposure time likely increased the chances of 

triglycerides oxidation and resulted in high FFA contents. The presence of chlorophyll 

in algal biomass serve as a sensitizer to promote and enhance the photo-oxidation of 

lipids [23, 33]. Moreover, the free fatty acid in algal biomass extract can reach as high 

as 84%. The high levels of FFA are unlikely to have been present in the algae during 

growth since they would have had a cytotoxic effect on the cells [34]. So, due to high 
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FFA contents extracts of dried biomass in current study, the acid esterification would 

be suitable choice.   

The concentrations of total Chlorophyll (a and b) were 204.57, 159.66 and 

137.24 µg/ml in FD, OD and SD, extracts respectively in this study. The lower 

concentration of chlorophylls in SD and OD is owing to the heating effect in drying 

process. The high amount of chlorophylls gave a dark green color to the extract and 

puts an obstacle for phase separation after transesterification. The uv 

spectrophotometry profiles of chlorophylls is presented in Fig. 3.4. These chlorophylls 

can lower the quality of the biodiesel which could be separated from extract by adding 

acid to form a solid precipitate or three-phase partitioning system [35-37]. Due to non-

toxic, non-carcinogenic nature, antioxidative and immune-boosting features the 

Chlorophylls have various applications in food, cosmetic, diagnostic, and 

pharmaceutical industries [38]. Therefore, the extraction of SD, OD and FD Chlorella 

sp. could also produce a high amount of chlorophylls and their separation by suitable 

technique needs to be investigated.  

3.3.5 Analysis of fatty acid composition  

The SD, OD and FD extract of marine Chlorella sp. were investigated for fatty 

acid profiling by GC-FID. The fatty acid contents are presented in Table 3.3. Palmitic 

acid (C16:0; saturated) and palmitoleic acid (C16:1; monounsaturated) were dominant 

fatty acids despite using different drying techniques contributing from 26.52-26.71% 

and 20.15-22.46%, respectively. The saturated and unsaturated amount of fatty acids 

were 36.06%, 35.97%, 36.73% and 26.64%, 26.51%, 29.31% in SD, OD and FD, 

respectively. The saturated fatty acids are considerably dominant over unsaturated fatty 

acids. The fatty acid composition has a great influence over fuel characteristics and its 

combustion properties. A high saturated fatty acids are desired for good quality of 

biodiesel and its long term storage, while high unsaturated fatty acids gave better cold 

flow properties for its use in cold countries.  In this way the oxidation stability and cold 

flow property are in inversely related [15]. The high proportion of saturated contents in 

the lipids from Chlorella sp. has been reported as indicating its usefulness as a good 

quality fuel agent. Biodiesel from palm oil which has a high saturated fatty acid content 

gives excellent combustion properties, such as a high cetane number and a high calorific 

value, even in cold conditions because of its high kinematic viscosity [39]. Biodiesel 
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produced from triglycerides with a high level of monounsaturated fatty acids, e.g. 

rapeseed oil or olive pomace oil, presents the optimal characteristics in regard to 

chemical and physical properties [40]. Although, saturated fatty acids could be 

separated by winterization process but this additional step will significantly affect the 

biodiesel cost. The mixture of saturated and unsaturated fatty acids in lipids is highly 

desirable to strike a balance between oxidation stability and cold flow property. The 

linolenic acid exceeding from 12% (C18:3) may have adverse effect on the oxidation 

stability of fuel and causes the rancidity [41]. It is worth noted that crude lipid of SD, 

OD and FD of marine Chlorella sp. contain 0% C18:3. Which ensuring that biodiesel 

from marine Chlorella sp. is of good quality. 

3.4 Selection criteria  

The analysis for the selection criteria of biomass based on their characterization 

for suitable application is necessary and presented here. Three different techniques for 

drying of marine Chlorella sp. were performed and their effects on biochemical quality 

of biomass and their extracts was studies with perspectives of bioenergy feedstock. The 

quality and composition of FD biomass was observed much better than OD and SD.  

Obviously, sun drying is cost and energy effective process, but it is uncontrollable and 

require longer time and larger area. While, FD and OD are energy intensive process 

and their application at large scasle are still under consideration. Regardless, of high 

energy consumption, FD is still an attractive choice for pharmaceutical and food 

industry, while it could be upgraded for biodiesel industry as well in future. 

Biochemical composition of FD and SD was found much better than OD, but the yield 

of SD was significantly low. The energy contents of FD biomass and its extract were 

prominent. Fatty acid profiling showed that SD, OD and FD are all suitable as biodiesel 

feedstock but FD showed highest total fatty acids. Which were mainly belongs to 

saturated class. FD products shown consistency in terms of biochemical composition 

throughout during processing as compared to OD and SD. Hence, FD application at 

larger scale application for biodiesel industry needs to be investigated. 
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Conclusion  

Wet paste of marine Chlorella sp. was dried using sun drying, oven drying and 

freeze-drying. The drying technique affected the biochemical composition of biomass 

and their crude lipid extract. FD biomass showed better consistency throughout the 

processing and also gave the high CL yield. FFA in CL of all dried biomass were higher 

than allowable limit and suggesting the acid transesterification. The fatty acid 

composition was nearly similar for all dried biomass with major contribution of C16:0 

and C16:1. The saturated fatty acids were dominant over unsaturated fatty acids. Which 

are suitable for biodiesel feedstock. The concentration of C18:3 was 0% indicating the 

better oxidation capacity of lipids. FD biomass and products consistency throughout 

but it consumes high energy. Its application in food and pharmaceutical are promising. 

The FD would be of great choice, if large scale and energy optimized equipment 

developed for algal industry. Unless otherwise, SD is better choice due to low energy 

cost and better biochemical composition.  
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Figure 3.1. A schematic diagram of experimental and analysis work from marine 

Chlorella sp. cultivation and biomass preparation to lipid extraction. 

 

 

 

 



41 

 

 

 

 

 

 

Figure 3.2.  A schematic diagram of mini homemade solar dryer 
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Figure 3.3. Pictorial view of marine Chlorella sp. biomass (a) Sun dried, (b) Oven 

dried, (c) Freeze-drying and, and extracted crude lipids  
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Figure 3.4. Absorption spectra of chlorophylls presented in crude lipid extract 

of sun dry, oven dry and freeze-dried biomass of marine Chlorella sp. using 

UV spectrophotometer. 
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Figure 3.5. Impact of drying techniques on the lipid yield of marine Chlorella sp. 

biomass  
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Table 3.1 Biochemical composition of marine Chlorella sp. biomass dried 

using different drying techniques 

Constituents Marine Chlorella sp. biomass 

 Sun dried Oven dried Freeze dried 

Moisture (%)   9.0±1        8.05±1        8.1±1 

Protein (%)  20.91±0.05 20.91±0.05    22.1±0.06 

Crude lipid (%)   2.64±0.01        5.23±0.01        10.7±0.01 

Carbohydrates (%)   28.45±0.5        27.81±0.5   21.60±0.5 

Ash (%)   39.0±1        38±1        37.5±1 

Energy (kcal/100g)    221.20        241.95        271.10 
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Table 3.2 Biochemical constituents, FFA and chlorophyll of SD, OD and FD extract 

Constituents Crude lipid extract 

 Sun dried Oven dried Freeze dried 

Moisture (%) 9.4±1     8.1±1    6.3±1 

Protein (%) 7.13±0.05   6.05±0.05  5.87±0.06 

Crude lipid (%) 53.2±0.01   34.0±0.01  46.0±0.01 

Lipid (%) 11.70 9.18 14.26 

Carbohydrates (%) 19.87±0.5   41.65±0.5  32.13±0.5 

Ash (%) 11.2±1    10.0±1    10.1±1 

Energy (kcal/100 gm)  585    499    566 

FFA (%) 29.6    24.3    20.1 

Chlorophyll-a (µg/ml) 102.6    122.31    136.71 

Chlorophyll-b (µg/ml) 34.64    37.35    67.86 
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Table 3.3 Fatty acid methyl esters of lipid extracted from sun, oven and freeze-dried 

biomass 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 Fatty acid methyl esters (Area %) 

 C8:0 C10:0 C12:0 C13:0 C14:0 C15:0 C16:0 C16:1 C17:0 C18:0 C18:1 C18:2 

SD 0.09 0.51 0.54 1.15 5.58 0.38 26.52 20.15 0.35 0.94 4.51 1.98 

OD 0.08 0.52 0.58 1.39 5.90 0.38 25.84 20.89 0.35 0.93 3.83 1.79 

FD 0.11 0.49 0.62 1.16 5.93 0.40 26.71 22.46 0.39 0.92 4.98 1.87 
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Enhanced lipid recovery from marine Chlorella sp. by ultrasonication with an 

integrated process approach for wet and dry biomass 

 

Abstract 

Lipid extraction from microalgal biomass faces some challenges such as the selection 

of a suitable biomass type and its quality, lipid yield (LY) and process energy 

consumption. This study aimed to develop optimized processing conditions using 

response surface methodology, for the ultrasonic extraction (UE) of lipids from wet and 

dried marine Chlorella sp. Integrated process approaches with different extraction and 

solvent recovery steps were developed for the evaluation of the lipid recovery and 

process energy consumption. The effects of other processing factors, such as the 

biomass to solvent ratio, solvent type and solvent to solvent ratio were investigated. 

The biomass and lipids extracted were characterized by Scanning Electron Microscopy-

Energy Dispersive-X-ray (SEM-EDX) and Gas Chromatrogh-Flame Ionization 

Detector (GC-FID) analysis, respectively. With single extraction and single solvent 

recovery (1-1-cycle) process the LYs from fresh and stored paste were 11.7% and 6%, 

respectively, while freeze-dried biomass produced an 18.5% LY. The energy 

consumption was 6,000 MJ/kg lipid for the wet route and 8,200 MJ/kg lipid for the dry 

route in the 1-1-cycle process. Dried biomass was selected for further investigation due 

to its longer storage-period capability and higher LY. The LY of the 2-1-cycle process 

using methanol/hexane (2/1 v/v) with a biomass to solvent ratio 1/20 g/ml was 31% and 

considered as a base case scenario of this study, which is 40.3% and 9.7% greater than 

those of the 1-1-cycle and 2-2-cycle, respectively. The lipids obtained from the 2-1 

cycle at the optimum condition were mainly saturated fatty acids which is suitable for 

a biodiesel feedstock.  

 

Keywords: Chlorella sp.; ultrasonic extraction; energy consumption; lipids; biomass 
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4.1 Introduction  

Microalgae are considered to be a third generation biofuel resource [1], as they 

contain a higher oil content in shorter period cultivation than other feedstocks and have 

no competition with agricultural food and feed production [2, 3]. The ideal biomass 

candidate is one which gives a high yield per unit area, incurs low production costs, 

causes less contamination and consumes less nutrients. Algae produce the maximum 

biomass yield per unit area compared to terrestrial crops [2, 4, 5], due to rapid growth 

enabled by high photosynthetic efficiency [6]. Algal biomass could be cultivated in 

fresh, saline and waste water [7, 8] for bioenergy production under controlled condition 

[9, 10].  

Chlorella sp. is single-celled strain of green algae with a diameter of 2-10 µm 

and an oil content of 28-32 % [2, 11]. It contains about 20% lipid, 45% protein and 20% 

carbohydrate [12, 13]. The composition of biomass and lipid yield (LY) vary with 

respect to location, growth conditions, nutrients and environmental impact [14, 15]. 

Even within the same class of microalgae the characteristics vary due to different 

culture conditions [16]. Nevertheless, Chlorella has shown considerable potential for 

biodiesel production [17, 18]. 

 Microalgal biomass has a high moisture content, ~90 % [19, 20]. After 

harvesting, wet biomass should be dehydrated quickly to obtain a high quality biomass 

for application in downstream processes [21, 22]. It has been reported that  a final 

moisture content of 10% in biomass is sufficient to preserve its quality in most 

applications [23, 24]. Drying of algal biomass has variously been conducted by sun 

drying, solar heat drying, freeze drying, spray drying, oven drying, etc. [25]. Freeze-

dried biomass has been extensively used in research and has produced good yields and 

quality products. However, the drying process has been reported as being time 

consuming and accounts for 50-70 % of the total process cost [26, 27]. 

Direct extraction of lipids from wet biomass has gained serious attention in 

recent years as a way of overcoming the economic challenges associated with dried 

biomass extraction. Dong et al. [28] suggested that direct wet extraction of lipids faces 

major challenges such as low solvent diffusion and emulsion formation leading to the 

poor extraction of lipids. The release of lipids from the cell by breaking the cell wall is 

an important process in terms of product quantity and economic viability. The selection 
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of the cell disruption method along with the selection of the solvent is essential for the 

maximum product recovery. The thick wall of the microalgae cell is the main constraint 

to extracting a high LY by conventional methods [29]. Several disruption techniques 

have been investigated, such as bead beating, grinding, sonication, microwave 

treatment and osmotic shock [30]. Sonication ruptures the cell wall by the generation 

of a cavitation effect due to shock waves and the collapsing of bubbles is a highly 

efficient, low cost and environmentally friendly method which requires less time than 

other methods to conduct [31, 32]. Therefore, ultrasonication was choosen as the 

extraction technique in the study reported. 

Extraction and solvent recovery are critical stages in biodiesel production from 

microalgae. Conventionally, a single extraction and a single solvent recovery process 

(1-1-cycle) has been reported for lipid production using different techniques from algal 

biomass [33, 34]. Only a small number of studies have considered double extraction 

and single solvent recovery to maximize the recovery of product [10, 35]. However, 

those studies did not evaluate the quantity of product recovered at each stage nor the 

energy consumption. Due to lack of knowledge in this area the current study was 

initiated to thoroughly investigate three different process schemes: the 1-1-cycle (single 

extraction and single solvent recovery), the 2-1-cycle (double extraction and single 

solvent recovery) and the 2-2-cycle (double extraction and double solvent recovery).  

Many studies have successfuly converted wet and dried biomass into bioenergy 

using various extraction methods. The wet and dry routes both have advantages and 

disadvantages. However, some important factors still need to be explored, such as the 

effect of the extraction conditions on the LY for wet and dried biomass, the effect of 

biomass storage on LY and the energy consumed in wet and dry processes. The 

objectives of this study were to investigate (1) the impact of biomass type: fresh, stored 

wet-paste and freeze-dried biomass on LY, (2) the optimum ultrasonic extraction (UE), 

the conditions for the wet route and the dry route, (3) the effect of the biomass to solvent 

ratio, solvent type and solvent to solvent ratio (4) the extraction and solvent recovery 

system (1-1, 2-1 and 2-2-cycles), (5) biomass and lipid characterization and (6) the 

energy consumption for wet and dry processes. A schematic diagram of this work is 

presented in Fig. 4.1. 
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Firstly, the optimum UE condition was determined for the wet route (both fresh 

wet paste and stored wet paste). Secondly, the dry-route UE process was evaluated and 

optimized. The wet and dry routes were then compared in terms of their optimum 

process conditions, their LY and their energy consumption. The optimum biomass type 

was selected for further investigation and the impact of the type of organic solvent used, 

the biomass to solvent and solvent to solvent ratios and the extraction-solvent recovery 

process were evaluated.   

4.2 Materials and methodology  

4.2.1 Materials 

The methanol, ethanol, n-hexane and isopropanol used were commercial grade 

(purity>95%) and were purchased from RCI Labscan Ltd., while aluminum sulphate 

was purchased from Siam Chemicals Co. Ltd. Thailand. 

4.2.2 Microalgae culture, harvesting and sample preparation 

Marine Chlorella sp. was obtained from the National Institute of Coastal 

Aquaculture (NICA) located in Songkhla (latitude: 7.178861° N, 100.624561° E), 

Thailand and was cultivated in a 25 m3 (6x3x1.4 m) aerated open pond. The growth 

medium used was composed of CO (NH2)2 and 16-16-16 fertilizer (16% nitrogen, 16% 

phosphorus, and 16% potassium). Culture was carried out in  ambient conditions at a 

temperature of 25-28 °C using natural resources (sunlight and marine water). The 

biomass was harvested in its peak growth phase (cell density = 0.5g/l) after one week 

of cultivation. The energy consumption for water circulation in the pond was 

determined to be 0.15 MJ/day. Aluminum sulfate [18] was added as a flocculation agent 

and ample time was allowed for the biomass flocs to settle following which the surface 

water was decanted. The diluted microalgae slurry was pumped out from the pond using 

a Tornado 0.1 kW submersible pump for 3 minutes. It was filtered via cheesecloth and 

placed in containers. The containers were immediately transferred to the work station 

and stored at 4 ºC. The pH of the slurry was recorded as 7.8. The microalgal slurry was 

washed three times with deionized water to remove any water-soluble contaminants 

present. The contamination-free slurry was then dewatered to increase the biomass 

concentration by vacuum filtration using Whatman no. 4 filter paper and a vacuum 

pump (PVL 35, 930 Watt; PVR, Valmadrera, Italy) for 4 hours. The slurry was gently 
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stirred using a spoon to prevent the clogging of the filter paper during dewatering, but 

care was taken to prevent damage to the filter paper.  

The thick wet paste (90% moisture) obtained after dewatering was collected in 

pre-weighed zip lock airtight bags and kept at 4 ºC prior to further processing. The wet 

paste was divided as per the requirements of the experiment into fresh paste and stored 

wet paste for the wet route UE and freeze-dried paste for the dry route UE. To freeze 

dry the wet paste a sample was frozen overnight at -16 ºC and lyophilized using a freeze 

dryer (Dura-Dry MP, FTS systems, 4400 Watt; Stone Ridge, New York, USA) at -50 

ºC under vacuum (12.66 Pa) for 24 hours, at the Scientific Equipment Center (SEC), 

Prince of Songkla University, Thailand. The freeze-dried powder was pulverized using 

a mortar and stored at 4 ºC.  

4.2.3 Ultrasonication extraction   

The UE process was performed for the fresh wet paste and the freeze-dried 

biomass. The biomass sample of 10 g (dry basis) was mixed with 100 ml methanol and 

hexane (2:1 v/v) in a 250 ml Duran bottle sealed with aluminum foil. The samples were 

extracted using an ultrasonic bath (CP 2600 Crest Power sonic 45 kHz, 300 Watt; 

Trenton, New Jersey, USA). The supernatant was recovered by vacuum filtration using 

Whatman no. 4 filter paper in 4 for the wet and 3 minutes for the dry route, then 

transferred to a pre-weighed boiling flask for solvent recovery. The residual biomass 

was kept in zip-lock bags for further use. The supernatant was evaporated using a 

vacuum rotary evaporator (Heidolph Laborota 4000, 1400 Watt; Schwabach, Bavaria, 

Germany). The water bath and condenser temperatures were maintained at 45 ºC and 

10 ºC, respectively while maintaining the flask rotation at 70 rpm. A vacuum pressure 

of 33.7 kPa was applied initially and then gradually decreased to 7.2 kPa for hexane, 

methanol and water recovery. Solvent recovery was accomplished in 70 minutes for the 

wet and 25 minutes for the dry route. The lipids were recovered from the flask using a 

spatula, then redissolved in 10 ml hexane and stored at -20 ºC. After solvent recovery, 

the LY was determined gravimetrically using Eq. (4.1).  

weight of  lipid (g)
Lipid yield 100

weight of  biomass (g)
     (4.1) 

Response surface methodology based on a full factorial design (FFD) with three 

replications was applied to obtain the optimum conditions for wet and dry UE.  



54 

 

Temperature (30, 35 and 40 ºC) and time (60, 90 and 120 min) were the two 

factors evaluated at 3 levels (32) with the LY as the response. The factors were 

designated as X1 (temperature) and X2 (time) and were coded into -1 (low), 0 (center) 

and +1 (high) to estimate the goodness of fit of the coefficients and values calculated. 

The relationship between the actual and coded values was calculated using Eq. (4.2).  

    

      

 (4.2)     

 

where Xi is the coded value of the independent variable; xi is the original factor; 

xo is the base value at the center point and x is the step change between low and high 

level. Analysis of variance (ANOVA) and analysis by multiple regression and 

optimization was performed using the Statistica version 10.0 . The experimental data 

were fitted according to Eq. (4.3), which is the general form of the proposed model. 

 
k k k

2
o i i ii i ij i j

i 1 i 1 i j

y X X X X
  

             (4.3) 

where y is the response and βo, βi, βii βij are the linear, quadratic and interaction 

terms of the model. The response was further transformed into a dimensionless 

“desirability” scale covering values 0-1 (or 0-100 %), in which 0 showed a completely 

undesirable experimental design and 1 (100 %) indicated a fully desirable design [36]. 

4.2.4 UE-solvent recovery system analysis 

As explained in the Introduction, a single extraction-single solvent recovery 

process (1-1-cycle) has been the conventional method used for lipid extraction from 

algal biomass. However, in the present study, two further processing schemes, double 

extraction and single solvent recovery (2-1-cycle) and double extraction and double 

solvent recovery (2-2-cycle) were developed for evaluation as shown in Fig. 4.2. In the 

2-1-cycle, after the 1st UE was performed the supernatent was collected and the residual 

biomass was re-extracted also using ultrasonication (2nd UE). The supernatents of the 

1st and 2nd extraction were then combined for a single evaporation step (solvent 

recovery). In the 2-2-cycle the 1st UE was performed followed by the 1st solvent 

recovery and the residual biomass was then subjected to the 2nd UE followed by a 2nd 

evaporated for solvent recovery.  

i o
i

x - x
X

x



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4.2.5 Analytical procedures  

The compositional analysis of the biomass and crude lipids was carried out 

using the standard procedures of the Association of Official Analytical Chemists 

(AOAC). The amount of protein was determined based on AOAC 991.20 using the 

Kjeldahl method, in which a conversion factor of 6.25 was employed for the calculation 

[37]. The crude lipid content was determined by the AOAC 920.39 method [10]. The 

ash content (burned at 550-600 ºC) was analyzed by the AOAC 942.05 method. The 

crude fiber content was tested using an ANKOM200 fiber analyzer, while the 

carbohydrate and energy contents were determined by calculation using Eq. (4.4) and 

(4.5), respectively. The initial moisture content of the wet biomass was examined by 

the standard procedure of AOAC 934.01. The characterization of the algal biomass 

before and after UE was performed by Scanning Electron Microscopy-Energy 

Dispersive-X-ray (SEM-EDX) spectroscopy (Quanta 400, FEI, Brno, Czech Republic) 

analyzer at the Scientific Equipment Center, Prince of Songkla University. The samples 

for SEM-EDX analysis were prepared by gold-coating using argon gas (68.9 kPa) in 

sputter coater (SPI module, West Chester, Pennsylvania, USA). 

Total carbohydrate =100- (Moisture+Ash+Protein+Lipid)   (4.4) 

Total energy =(Protein ×4)+(Lipid ×9)+(Carbohydrate×4)   (4.5) 

The chlorophyll concentration in the extract was analyzed using a UV 

spectrophotometer (Agilent 8453, Santa Clara, California, USA); 5 g lipid was 

dissolved in 30 ml methanol as a stock solution and centrifuged at 3,000 rpm for 5 

minutes to remove any suspended particles. 1 ml of the supernatant was diluted with 20 

ml methanol and an absorbance reading was taken against a methanol blank. The 

chlorophyll concentration was calculated by Eq. (4.6) [38]. 

 
665.2 652.4

652.4 665.2

Ch a 16.72A 9.16A

Ch b 34.09A 15.28A

  

  
     (4.6) 

The fatty acid methyl esters were prepared by saponification 200 mg of crude 

lipid with 1 mL of KOH-CH3OH for 30 min. at 100°C in a screw cape tube. Then, 400 

µl of HCl /Methanol (4/1 v/v) was added to the mixture obtained from the 

saponification reaction and heated at 100°C for 30 min. Reaction mixture was cooled 

and washed with 2 ml of water. After that, it was extracted with 6 ml of petroleum ether. 
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The organic layer was collected, dried with N2 and the resulted FAMEs were dissolved 

in heptane. The fatty acid composition of the lipids was analyzed by Gas Chromatrogh-

Flame Ionization Detector (GC-FID) (Agilent 7890, Santa Clara, California, USA) 

equipped with a 30 m select biodiesel CP 9080 capillary column with internal diameter 

0.32 mm and film thickness 0.25 µm. The split ratio was 50:1 and the detector 

temperature was 290 C. The oven temperature program commenced at 210 °C for 12 

minutes, and was increased at 20 C/min up to 250 C and kept at that temperature for 

8 minutes. Helium was used as the carrier gas with a flow rate of 1 mL/min. 

4.2.6 Energy analysis 

The energy consumption from the cultivation to extraction and solvent recovery 

stages was determined for both the wet and dry routes. The energy consumed in each 

process was calculated by applying Eq. (4.7), where E is energy in MJ, P is the power 

of the equipment and t is the operational time in hours [35, 39]. The power (P, Watt) 

consumed by the equipment at each stage was determined by measuring the voltage and 

current supply (P =V x I) using a Kew snap current meter.  

E P t                                            (4.7) 

4.3 Results and discussion  

4.3.1 Wet route extraction: Process condition analysis  

The moisture content of the wet fresh paste of marine Chlorella sp. used in this 

study was determined to be 90%. UE of the fresh paste was performed at the designated 

conditions and the results are presented in Table 4.1. The reproducibility of the method 

was assessed by performing each run in triplicate. The maximum LY of 12.10% dry 

basis was observed at 35 °C and 60 min. using methanol/hexane (2/1 v/v) with a 

biomass to solvent ratio of 1/10 (g/ml). Zheng et al. [40] extracted lipids from wet 

Chlorella vulgaris by various techniques including ultrasonication at 600 W for 20 

minutes using 1/1 v/v chloroform/methanol and obtained a 15% LY (dry basis). They 

observed that ultrasound extraction is competitive with the other disruption methods 

tested, viz, microwave treatment, grinding, lysosome and bead beating. 

Balasubramanian et al. [41] obtained a 13 % LY from wet paste (85% moisture 

contents) from marine Nannochloropsis sp. using an accelerated solvent extraction 
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technique at 100 °C, 1200 kPa for 30 minutes and suggested that a high moisture 

content has a negative effect on the LY. The presence of water is a major hindrance to 

completely extracting the lipid content [42]. In all the reports discussed and also 

including the current study, variation in the LY is fully attributable to the use of 

different technologies, microalgal species and experimental conditions. 

The results in Table 4.1 show that the LY increased significantly when the 

temperature was increased from 30°C to 35°C and declined thereafter. The increasing 

LY with the temperature rising to 35°C is possibly due to the rapid disruption of the 

microalgal cell wall and an increase in solvent accessibility (i.e., a high mass transfer 

rate to carry away the lipids). A mild temperature during ultrasonication is favorable 

because it reduces the vapor pressure inside the cavitation bubbles providing faster 

bubble collapse and greater shear [43]. The reduction in LY with temperatures higher 

than 35 °C is attributable to lower shear stress generation and solvent pentration. The 

maximum LY was obtained with a time of 60 min. Extraction times longer than 60 min. 

resulted in lower LYs at every temperature. This is because the solvent became 

saturated with product at 60 minutes and the LY therefore showed no further 

improvement. 

4.3.1.1 Model fitting and optimization  

The actual and predicted responses of the 32 full factorial experiment (in 

triplicate: 27 runs) are given in Table 4.1 and the results from the ANOVA are presented 

in Table 2. The R2 value of 0.97 shows that the model accounts for most of the observed 

variance. The adjusted R2 and predicted R2 were also both close to this R2 value. The 

coefficient of variance (4.17%) represents the reliability of the experiment. Both the 

temperature and time as well as their interactions had significant impacts on the LY as 

can be observed from the p-values, whereby values ≤ 0.05 are considered to represent 

statistically significant factors (Table 4.3). The equation developed for the LY 

prediction of the wet-route UE is shown as Eq. (4.8).  

2 2

1 2 1 2 1 2
10.14 0.52 1.18 3.37 0.29 0.30LY X X X X X X           (4.8) 

A 3-D response surface plot was generated to better visualize the process 

variable effects and is shown in Fig. 4.3a. Process optimization with the objective of 

LY maximization was performed. The maximum actual LY was 12.10 % at the 
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optimum conditions of 35ºC and 60 min., while the model predicted 11.62% with 94 % 

desirability. Below or above the optimal point the desiribility value decreased. This 

optimum condition of the model was validated by conducting three more experiments 

and the average value obtained was 11.70 % with a deviation of +0.08 %. 

4.3.1.2 Effect of storage on wet paste extraction 

It has been previously stated that after harvesting, wet paste microalgal biomass 

should be processed quickly to prevent degradation [9, 43], which appears to be correct 

as was observed in the current study. While the factors relevant were taken to be the 

specific storage conditions and age of the wet paste, there is a lack of information 

available relating to exactly what factors need to be taken into account. Samples of the 

fresh wet paste produced from marine Chlorella sp. were stored for 1 week at 4 ºC to 

evaluate the storage effect on the LY. Following extraction with UE it was found that 

at the optimum conditions earlier established for fresh paste (35ºC and 60 minutes), the 

stored wet paste provided a significantly lower response with only a 6% lipid yield, 

representing an approximatly 50% reduction compared to the fresh biomass. Chen et 

al. [44] investigated the effect of storage conditions using a wet paste from 

Scenedesmus sp. kept for 1 day at differrent temperatures (4ºC, 20ºC, 37ºC, -20ºC and 

-80ºC) and reported no significant effect on the total LY, however they found a 

considerable difference in lipid composition. The free fatty acid increased to 62% for 

the wet paste kept at 4ºC for 4 days owing to the degradation of triacylglyceride, which 

has a negative effect in biodiesel production.  

The UE of freeze-dried biomass was then investigated to compare with those 

results and the findings are described in the following section.  

4.3.2 Dry-route extraction: Process condition analysis   

Freeze-dried or lyophilized biomass has been used in many previous studies 

and has been reported as representing a suitable raw material. The UE of the freeze-

dried sample (8% moisture content) was carried out in similar way to that of the fresh 

wet paste with some modification. The experiments were initially performed with a 2-

1-cycle and the optimum conditions were determined. Then, at the optimum 

conditions, 1-1-cycle UE was conducted and the outcome was compared with the UE 

of fresh paste in terms of conditions and yield. The LY was determined to increase as 
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the temperature increased from 30 to 35°C and time from 60 to 90 minutes, and that at 

temperatures and times above  those ranges the LY declined.  

4.3.2.1 Model fitting and optimization  

The actual vs predicted LYs from the UE of freeze-dried biomass are in good 

agreement as shown by the low residual values in Table 4.1. Furthermore, all the 

statistical data presented in Table 4.2 were found to be in good agreement and the model 

explains 97% of the total variation. A second order polynomial was fitted to the data 

and the coefficients given in Table 4.3 were developed to express the model equation, 

Eq. (4.9) for the LY of dry-route UE. 

2 2

1 2 1 2 1 2
26.64 0.71 0.83 1.69 4.11 0.51LY X X X X X X        (4.9) 

The 3-D surface plot shown in Fig. 4.3b clearly shows the effect of both factors 

on LY. Regression analysis indicated that the optimum conditions were 35ºC and 90 

minutes. At these optimum conditions the actual LY was 28% while the model 

predicted 26.64% with 85% desirability. The optimum conditions of the model were 

assessed by conducting three more experiments and the average value obtained was 

26.73% with a deviation of +0.08%. Dry-route extraction was performed at the 

optimized conditions (35°C and 90 minutes) using the 1-1-cycle process to achieve a 

fair comparison with the wet route extraction. The dry route 1-1-cycle process 

produced LY of an 18.5%.  

4.3.3 Comparison between wet and dry UE  

Both wet and dry UE produced their maximum LY at a temperature of 35ºC. 

although with different extraction times, 60 minutes for fresh wet paste and 90 minutes 

for freeze-dried biomass. The freeze-dried biomass produced an 18.5% LY, which was 

6.6% more than that from the fresh wet paste and 12.6% above that from the stored wet 

paste. The presence of water in wet biomass forms a film impeding the solvent from 

reaching the lipids, which limits the efficiency of lipid extraction [42]. In a previous 

study, the moisture content of the biomass of Nannochloropsis sp. had a significant 

negative effect on the LY extracted by methanol/hexane (2/3 v/v) [41]. Water molecules 

surrounding the hydrophilic outer layer of the cell wall resist the penetration of the non-

polar solvent into the cell, so that lipid extraction is impeded. The difference in the 

mean LY from the biomass with 4.5 and 20.6% moisture content was not, however, 
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statistically significant. The use of a microalgal biomass with a 20% moisture content 

for extraction considerably reduces the energy requirement for drying. Therefore, 

because of the better LY achieved from the freeze-dried biomass and the fact that freeze 

dried biomass can be stored without diminishing the LY, the dry route was selected for 

further investigation.    

4.3.4 Effect of solvent type, biomass/solvent ratio and extraction system 

4.3.4.1 Effect of biomass to solvent ratio 

As described in section 3.2, the temperature and time were optimized using 

methanol/hexane (2/1 v/v) with a biomass-to-solvent (B/S) ratio of 1/10 g/ml. 

Therefore, B/S ratios of 1/15, 1/20 and 1/25 g/ml were further investigated, and the 

results are presented in Fig 4.4a. The LY increased with decreases in the B/S ratio and 

reached a maximum (31%) at 1/20 g/ml, after which it decreased sharply. Wu et al. 

[45] extracted Chlorella sp. with incubation at 60°C and stirring for 3 hours using a 

methanol/ethyl acetate solvent with B/S ratios of 1/5 – 1/25 and reported that the LY 

increased with decreases in the B/S ratio, and the ratio 1/15 (w/v) was recommended 

from an economic point of view. In another study, wet Chlorella vulgris was extracted 

using a magnetic stirrer at ambient temperature with ionic liquid (IL) mixed with 

methanol. The product recovery increased as B/S ratios decreased from 1/1 and 1/5 to 

1/10 g/ml, but reduced at 1/15 g/ml because of emulsion formation [46]. An increased 

solvent quantity stimulates mass transfer efficiency, resulting in a higher lipid 

extraction yield. However, the application of excess amounts of solvent limits mass 

transfer and is not cost-effective since the separation of lipids from the solvent is an 

energy intensive process.  

4.3.4.2 Effect of solvent system 

The combination of a polar and non-polar solvent at the proper ratio is 

necessary to obtain the maximum LY. Because only the neutral lipids (NLs), 

triacylglycerol, monoglyceride and diglyceride are normally used in biodiesel 

production, determining which solvent system produced the highest NLs was also a 

target of this study. Lipid extraction of microalgae by solvents is highly dependent on 

the penetrability of the microalgae cell membrane and the solubility of lipids in organic 

solvents. At the optimized levels of the three factors (temperature: 35ºC, time: 90 

minutes, B/S ratio: 1/20 g/ml) different solvent mixtures, ethanol/hexane and 
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isopropanol/hexane (2/1 v/v) were studied to compare with the results from the use of 

methanol/hexane (2/1 v/v) and it was determined that the methanol/hexane solvent 

system was superior with a 31% LY. Ethanol/hexane and isopropanol/hexane yielded 

18 and 14%, respectively, as shown in Fig.4.4b. In a previous study, methanol 

produced the highest total LY among the five solvents evaluated (hexane, ethyl acetate, 

chloroform, ethanol and methanol) for the extraction of Chlorella spp. with a high NL-

recovery ratio and only ethyl acetate gave a slightly higher yield of NLs [45]. 

Therefore, the optimum solvent system of methanol/hexane (2/1 v/v) applied in this 

study broadly agrees with those findings. 

4.3.4.3 UE-Solvent recovery system analysis (1-1-cycle, 2-1-cycle and 2-2-cycle) 

The effect of the extraction and solvent recovery system: 1-1-cycle, 2-1-cycle 

and 2-2-cycle on LY is presented in Fig.4.4c. At the optimum conditions 

(methanol/hexane 2/1 v/v, 35ºC, 90 minutes, 1/20 g/ml) the conventional 1-1-cycle 

yielded 18.5% total lipids. The Bligh and Dyer method [47] and modified forms of this 

method using chloroform/methanol have been extensively applied for lipid extraction 

from biomass. The application of the modified Bligh and Dyer method using 

chloroform/methanol/water (1/1/0.9 v/v/v) and sonication at 35°C for 90 minutes gave 

a greater LY than the 1-1-cycle extraction system as can be seen in Fig. 4.4d. However, 

chloroform is an extremely hazardous substance and its use on a large-scale is 

precluded due to its environmental and health risks [45]. Therefore, the 

methanol/hexane solvent system, which is less toxic, was further investigated. The 

solvent system ratio of methanol/hexane 2/1 v/v was reciprocated to 1/2 v/v and the 

observed LY was 14%, which is 4.5% lower. The reason for this could be that methanol 

is better able to penetrate the microalgal cell membrane and therefore extracted more 

lipids than h-1exane, as discussed earlier [45].  

The lipid yield of the 2-1-cycle using methanol/hexane (2/1 v/v) with a biomass 

to solvent ratio 1/20 g/ml was 31%. This is in agreement with literature for LY of 

Chlorella sp. [2, 12]. Whereas the 1-1-cycle and 2-2-cycle resulted in LYs of 18.5 and 

28%, respectively.  Due to high LY of the 2-1-cycle process, it was considered as a 

base case scenario. The LYs of 1-1-cycle and 2-2-cycle processes were almost 40.3% 

and 9.7% lower than the base case value. The efficiency of the 1-1-cycle process was 

the lowest. The lipid loss in the 2-2-cycle process compared to the 2-1-cycle process 
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occurred during the solvent recovery step. Hence, the 2-1-cycle was found to be the 

most efficient method and is recommended based on the results of this study as the 

most suitable extraction and solvent recovery process to obtain the maximum LY.  

4.3.5 Biomass and lipid characterization    

The characteristics of the biomass before and after UE were analyzed by SEM-

EDX and surface images are presented in Fig. 4.5. It can be observed that before 

extraction the surface of the biomass was smooth, but that there were small holes after 

extraction. This confirms the ultrasonication effect on the algal cell wall, which makes 

it permeable and enables the solvent to extract its components. The EDX analysis 

showed that before UE, carbon (39.2%) and oxygen (40.7%) were the major 

constituents, which is similar to the findings of Hosseinizand et al. [24]. The other 

elements present in the biomass were Al (9.8 %), Mg (2.6 %), Cl (2.5 %), Na (1.5 %), 

S (1.3 %), and P (1.2 %). After extraction the biomass contained less carbon (34%) but 

more oxygen (45 %), while the contents of the other element remained almost the same. 

The composition of the freeze-dried algal biomass before UE was analyzed in 

terms of its moisture, protein, crude lipid, ash, crude fiber, carbohydrate, and energy 

contents, which were determined to be 8%, 22.1%, 10.7%, 38.4%, 29.1%, 20.8% and 

214.48 kcal, respectively. Hosseinizand et al. [24] reported that Chlorella contains 

10.63% total lipids, 12% protein and 26.1% carbohydrate, while Phukan et al. [12] 

reported 9% carbohydrate, 43% protein and 28% lipids in Chlorella sp. Another study 

reported 10.7% lipid, 44.6% protein and 42.8% carbohydrate in Chlorella [48]. The 

algal biomass composition depends on the cultivation conditions and other complex 

factors and varies even within the same algal species. The extract from freeze-dried 

biomass in this work was similarly characterized and determined to contain protein, 

crude lipid, moisture, ash, total carbohydrate and energy of 5.2%, 42.7%, 35.2%, 

10.3%, 6.7% and 431.7 kcal, respectively. Crude lipid formed the largest portion of the 

extract. Because of the composition of the biomass of Chlorella sp., consisting of 

carbohydrates, lipids, proteins and special other substances, the strain has the potential 

for use as a raw material for processing in biorefineries.  

The concentrations of Chlorophyll a and b were 8.25 and 7.0 µg/ml, respectively 

in this study. The high amount of chlorophylls made the crude extract dark green in 

color, which would be a disadvantage in biodiesel production, since chlorophylls can 
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lower the quality of the biodiesel [49]. However, these chlorophylls can be separated 

from lipids by adding acid to form a solid precipitate [50] or three-phase partitioning 

(TPP) [51]. Chlorophylls have various applications in food, cosmetic, diagnostic, and 

pharmaceutical industries because of their non-toxic, non-carcinogenic nature and 

health-improving effects, such as their antioxidative and immune-boosting properties 

[52]. Therefore, the extraction of Chlorella sp. with the proposed conditions and system 

could also produce a high amount of chlorophylls along with a substantial LY. The 

separation and purification processes to extract chlorophylls should be further 

investigated. 

A GC-FID profile of the extracted lipids is presented in Fig. 4.6 and major fatty 

acids found in the freeze-dried extract are shown in Table 4. Palmitic acid (C-16), which 

is a saturated fatty acid and palmitoleic acid (C-16:1), which is a monounsaturated fatty 

acid were the two major fatty acid constituents found. A greater amount of saturated 

fatty acids (34 %) were obtained over unsaturated fatty acids (23 %). The high 

proportion of saturated contents in the lipids from Chlorella sp. has been reported as 

indicating its usefulness as a good quality fuel agent. Biodiesel from palm oil which 

has a high saturated fatty acid content gives excellent combustion properties, such as a 

high cetane number and a high calorific value, even in cold conditions because of its 

high kinematic viscosity [53]. Biodiesel produced from triglycerides with a high level 

of monounsaturated fatty acids, e.g. rapeseed oil or olive pomace oil, presents the 

optimal characteristics in regard to chemical and physical properties [54]. In addition, 

from the analysis of exhaust and noise emissions of a three-cylinder direct-injection 

diesel engine operated with palm oil methyl esters (PME) and olive pomace oil methyl 

esters (OPME), PME blends showed the best performance. Therefore, suitable lipids 

for use as biodiesel feedstock should contain higher amounts of saturated fatty acids. 

4.3.6 Energy consumption  

The energy consumption was considered from pond cultivation through the 

lipid-extraction processes on an actual performance basis based on the cultivation in 25 

m3 open pond, which yielded 20 kg wet biomass or 2.0 kg dry biomass. The results 

from the energy consumption analysis of the different processes are summarized in 

Table 4.5. For the 1-1-cycle process the energy consumption for wet-route extraction 

and dry-route extraction were 731 and 1,482 MJ/kg of dried biomass, respectively. In 
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wet-route extraction, the solvent recovery was found to be the biggest consumer of 

energy followed by UE. In dry-route extraction the energy consumed in freeze drying 

was highest followed by that for solvent recovery and UE. Ferreira et al. [55] reported 

a UE yield of 21% from the dried biomass of Chlorella vulgaris and the energy 

consumption including extraction and solvent recovery was 140 MJ/kg of dried 

biomass, which was 760 MJ/kg of lipids. In another study, 4 g of Chlorella sp. was 

disrupted by ultrasonication at 490 W for 6 minutes and the energy consumed was 44 

MJ/kg dry biomass [29]. Halim et al. [56] disrupted Chlorococcum sp. by 

ultrasonication and reported an energy consumption for cell disruption of 132 MJ/kg 

dry biomass, whereas Adam et al. [57] reported the energy consumption for the UE of 

Nannochloropsis sp. as 360 MJ/kg of dried biomass. Hence, the calculated energy 

consumption for UE of 108 MJ/kg of dried biomass (wet route) and 162 MJ/kg dry 

biomass (dry route) fall within the range of values reported in the literature. 

Although total energy consumed in dry-route extraction per dried biomass was 

more than double that for wet-route extraction, the total energy consumption per kg 

lipid was only 37% greater because of the higher LY obtained. Wet-route extraction is 

widely considered as being the cheaper process, but its economic viability is 

questionable in terms of biomass storage, product quality and quantity. As previously 

discussed a major problem with wet extraction is biomass storage and the storage cost 

for wet-route extraction should also be taken into account in any comparison with the 

cost of dry-route extraction, including the drying cost. In this study freeze drying was 

utilized, which represented the greatest use of energy among the dry route processes. 

While the use of freeze drying in lipid extraction for the food, cosmetic, diagnostic, and 

pharmaceutical industries is still recommended, for the extraction of lipids for biodiesel 

production, other drying methods should be considered.  

For dry-route extraction the total energy consumption of the 2-1 and 2-2-cycle 

systems was 5,300 and 6,600 MJ/kg of lipids, resulting in LYs of 31 and 28%, 

respectively. The energy consumption per kg of lipids of the 2-2 process was higher 

than that of the 2-1 process and this was a result of lipid loss during the solvent recovery 

process. The product yield obtained using the 2-1-cycle system was 1.7 times higher 

than that of the 1-1 system, which entailed a lower energy consumption per kg of lipids. 

Hence, lipid extraction from freeze dried biomass using the 2-1-cycle is proposed as 
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being the most efficent process in terms of its product yield and energy consumption. 

The process recommended in the current study produced a remarkable performance. Its 

application in large-scale production is also feasible because industrial scale equipment 

is available, and implementation would likely result in lower costs and greater energy 

efficiency [57].  

Conclusion  

Fresh paste was suitable for lipid extraction with a 12% LY and the lowest 

energy consumption of the methods evaluated in this study, but the need to store 

biomass is a major disadvantage, as a 50% reduction in the total LY of wet paste was 

observed when the biomass was stored for one week. Freeze-dried biomass produced a 

higher LY than wet paste in the 1-1-cycle, but more energy was expended with the 

freeze-drying step. The difference in energy consumption between the wet and dry 

routes may, however, not be significant if the energy consumed for the storage of wet 

paste is taken into account. Freeze-dried biomass was preferable due to its ability to be 

stored for longer periods and its greater LY. The lipid yield achieved with the 2-1-cycle 

was 40.3% and 9.7% higher than the 1-1-cycle and 2-2-cycle, respectively. The 2-1-

cycle UE using methanol/hexane (2/1 v/v) with a biomass to solvent ratio of 1/20 g/ml 

at 35 ºC and 90 minutes with freeze-dried biomass are therefore proposed as being the 

optimum extraction conditions. 
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Figure Captions  
 

Figure. 4.1 Experimental process schematic diagram 

Figure. 4.2 Extraction and solvent recovery systems,1-1-cycle, 2-1-cycle and 2-2-cycle 

Figure. 4.3 3-D surface plots presenting the effect of temperature and time on lipid yield 

of (a) wet-route UE and (b) dry-route UE 

Figure. 4.4 Impact on lipid yield of (a) biomass to solvent ratio, (b) solvent system, (c) 

extraction and solvent recovery cycle scheme, and (d) solvent ratio   

Figure. 4.5 SEM images (Left: 2000 X, 20.0 kV and 20 µm; Right: 10,000 X, 20.0 kV 

and 5 µm) of freeze-dried biomass before and after ultrasonication at the optimum 

conditions.   

Figure. 4.6 GC-FID profile of the extracted lipids from freeze-dried biomass at 35°C 

for 90 min. using methanol/hexane 2/1 (v/v) with B/S 1/20 (g/ml) by the 2-1-cycle 

scheme  
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Figure  4.1 Experimental process schematic diagram 
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Figure  4.2 Extraction and solvent recovery systems,1-1-cycle, 2-1-cycle and 2-2-cycle 
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Figure 4.3 3-D surface plots presenting the effect of temperature and time on lipid yield 

of (a) wet-route UE and (b) dry-route UE 
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Figure 4.4 Impact on lipid yield of (a) biomass to solvent ratio, (b) solvent system, (c) 

extraction and solvent recovery cycle scheme, and (d) solvent ratio   
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Figure 4.5 SEM images (Left: 2000 X, 20.0 kV and 20 µm; Right: 10,000 X, 20.0 kV 

and 5 µm) of freeze-dried biomass before and after ultrasonication at the optimum 

conditions.   
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Figure 4.6 GC-FID profile of the extracted lipids from freeze-dried biomass at 35°C for 

90 min. using methanol/hexane 2/1 (v/v) with B/S 1/20 (g/ml) by the 2-1-cycle scheme  
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Table 4.1 The experimental and model predicted responses for the UE of fresh wet 

paste and freeze-dried biomass 

 
a Replicates 

 

 

Ra Run Factors Fresh paste extraction Freeze-dried extraction 

  
Temperature 

(X1) 
Time 

(X2) 
Observed Predicted Residual Observed Predicted Residual 

R-1 1 30 (-1) 60 (-1) 8.50 8.48 0.02 20.00 20.43 -0.43 

2 30 (-1) 90 (0) 7.80 7.30 0.50 23.80 24.22 -0.42 

3 30 (-1) 120 (1) 6.80 6.71 0.09 20.50 19.80 0.70 

4 35 (0) 60 (-1) 11.50 11.62 -0.12 22.60 23.36 -0.76 

5 35 (0) 90 (0) 9.70 10.14 -0.44 27.30 26.64 0.66 

6 35 (0) 120 (1) 8.90 9.25 -0.35 21.50 21.69 -0.19 

7 40 (1) 60 (-1) 8.20 8.02 0.18 23.20 22.90 0.30 

8 40 (1) 90 (0) 6.00 6.24 -0.24 25.00 25.66 -0.66 

9 40 (1) 120 (1) 5.20 5.05 0.15 22.00 20.20 1.80 

R-2 10 30 (-1) 60 (-1) 8.60 8.48 0.12 20.80 20.43 0.37 

11 30 (-1) 90 (0) 6.90 7.30 -0.40 23.30 24.22 -0.92 

12 30 (-1) 120 (1) 6.40 6.71 -0.31 19.90 19.80 0.10 

13 35 (0) 60 (-1) 12.10 11.62 0.48 23.60 23.36 0.24 

14 35 (0) 90 (0) 9.80 10.14 -0.34 28.00 26.64 1.36 

15 35 (0) 120 (1) 9.50 9.25 0.25 20.20 21.69 -1.49 

16 40 (1) 60 (-1) 7.90 8.02 -0.12 22.30 22.90 -0.60 

17 40 (1) 90 (0) 6.70 6.24 0.46 25.40 25.66 -0.26 

18 40 (1) 120 (1) 5.00 5.05 -0.05 20.00 20.20 -0.20 

R-3 19 30 (-1) 60 (-1) 8.10 8.48 -0.38 21.10 20.43 0.67 

20 30 (-1) 90 (0) 7.50 7.30 0.20 24.20 24.22 -0.02 

21 30 (-1) 120 (1) 6.90 6.71 0.19 19.80 19.80 -0.00 

22 35 (0) 60 (-1) 11.90 11.62 0.28 23.00 23.36 -0.36 

23 35 (0) 90 (0) 10.10 10.14 -0.04 26.80 26.64 0.16 

24 35 (0) 120 (1) 9.60 9.25 0.35 22.10 21.69 0.41 

25 40 (1) 60 (-1) 7.60 8.02 -0.42 23.50 22.90 0.60 

26 40 (1) 90 (0) 6.60 6.24 0.36 25.80 25.66 0.14 

27 40 (1) 120 (1) 4.80 5.05 -0.25 19.10 20.20 -1.10 
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Table 4.2  Analysis of variance (ANOVA) for UE of fresh wet paste and freeze-dried biomass 

 

**: Significance; SS=Sum of Square; MS=Mean Square; DF=Degree of Freedom; SD=Standard deviation; CV=Coefficient of variation 

 Wet Route UE Dry Route UE 

Source SS DF MS F p ** SS DF MS F p ** 

Temperature ( 1X ) 5.0 1 5.0 50 0.00001 Yes 9.2 1 9.2 16.7 0.0006 Yes 

Time ( 2X ) 25.2 1 25.2 251 0.0000 Yes 12.5 1 12.5 22.5 0.00015 Yes 

2

1X  68.2 1 68.2 679 0.0000 Yes 17.2 1 17.2 31.1 0.00002 Yes 

2

2X  0.5 1 0.5 5.1 0.035 Yes 101.4 1 101.4 183.1 0.0000 Yes 

1 2X X  1.0 1 1.0 10.7 0.004 Yes 3.2 1 3.2 5.7 0.027 Yes 

Model 100 5 20 200 0.0001 Yes 143.5 5 28.7 52.1 0.0001 Yes 

Lack of fit 0.6 3 0.2 1.9 0.15 NO 3.68 3 1.2 2.2 0.12 NO 

Pure error 1.8 18 0.10    9.96 18 0.55    

Total 102 26     157 26     

 R2 R2 

Adjusted 

R2 

Predicted 

SD C.V %  R2 R2 

Adjusted 

R2 

Predicted 

SD C.V %  

 0.97 0.97 0.96 0.34 4.17  0.91 0.90 0.85 0.81 3.54  
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Table 4.3 Regression coefficients of the models for UE of fresh wet paste and freeze-

dried biomass 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Fresh paste extraction Freeze-dried extraction  

Coefficients  Value p-value Value p-value 

b0 Intercept 10.14 0.000001 26.64 0.00001 

b1 1X   -0.52 0.000001 0.71 0.0007 

b2 2X   -1.18 0.00000 -0.83 0.00015 

b3 
2

1X  -3.37 0.00000 -1.69 0.000002 

b4 
2

2X   0.29 0.035 -4.11 0.0000 

b5 1 2X X   -0.30 0.004 -0.51 0.027 
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Table 4.4  Fatty Acid Methyl Esters of marine Chlorella sp extracted lipid 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 
# n.d = not detected 

 

 

 

 

 

 

 

 

 

 

 

No Fatty Acid Methyl Esters Area % 

1 Caprylic acid C8:0 0.45 

2 Nonanoic acid C9:0 0.22 

3 Capric acid C10:0 0.42 

4 Undecanoic acid C11:0 0.14 

5 Lauric acid C12:0 1.07 

6 Tridecanoic acid C13:0 0.98 

7 Myristic acid C14:0 8.36 

8 Pentadecanoic acid C15:0 0.32 

9 Palmitic acid C16:0 21.43 

10 Palmitoleic acid C16:1 19.10 

11 Heptadecanoic acid C17:0 0.26 

12 Stearic acid C18:0 0.53 

13 Oleic acid C18:1 2.35 

14 Linoleic acid C18:2 1.27 

15 Linolenic acid C18:3 n.d 

16 Arachidic acid C20:0 n.d 

17 Eicosenoic acid C20:1 n.d 

18 Behenic acid C22:0 n.d 

19 Erucic acid C22:1 n.d 

20 Lignoceric acid C24:0 n.d 

21 Selacholeic acid C24:1 n.d# 
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Table 4.5 Energy consumption of processes at lab-scale for wet and dry routes 

 

 

 

 

 

 

 

Processes Wet Route 

(MJ) 

Dry Route 

(MJ) 

 1-1-Cycle 1-1-Cycle 2-1-Cycle 2-2-Cycle 

Cultivation 1.05 1.05 1.05 1.05 

Harvesting 0.02 0.02 0.02 0.02 

Dewatering 13 13 13 13 

Freeze drying - 1,080 1,080 1,080 

Ultrasonic extraction 108 162 324 324 

Filtration 21 16.70 16.70 33.4 

Solvent recovery 588 210 210 420 

Total energy consumption  

(MJ/kg dry biomass) 

731 1,482 1,645 1,870 

Lipid (g)/kg biomass (% dry basis) 120 180 310 280 

Lipid (g)/g biomass (% dry basis) 0.12 0.18 0.31 0.28 

Energy consumed (MJ/kg lipid) 6,000 8,200 5,300 6,600 
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CHAPTER 5 

Application of extracted marine Chlorella sp. residue for bio-oil production as the 

biomass feedstock and microwave absorber  
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Highlights 

 

 EMCR was subjected to pyrolysis for biochar and bio-oil production 

 EMCR derived biochar has high surface area due to ultrasonication extraction 

effect    

 EMCR derived biochar was the first time introduced as a microwave absorber  

 RSM based on CCD was used to optimize the condition for maximum bio-oil 

yield 

 Bio-oil is suitable to be synthesized for valuable chemicals rather than as a fuel 
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Abstract  

The extracted marine Chlorella sp. residue (EMCR) was used as a feedstock for biochar 

and bio-oil production. The biochar was prepared by slow pyrolysis at 450 °C for 60 

min in a tube furnace and employed as a microwave absorber (MA). The bio-oil was 

produced by microwave pyrolysis (MWP) with investigation of temperature (350-450 

°C), time (20-40 min) and MA loading (10-30 wt.%) at fixed microwave power of 850 

W. The pyrolysis condition was optimized to obtain maximum bio-oil yield using the 

Response Surface Methodology (RSM) based on Central Composite Design (CCD). 

The optimum condition was 350 °C, 15% MA loading and 40 min, which yielded 46% 

bio-oil. Characterization of Chlorella sp. biomass, EMCR, biochar and bio-oil was 

performed by proximate and ultimate analysis, FTIR, TGA and GC-MS. The higher 

heating values of biomass, EMCR and biochar were 22.43, 15.49 and 10.79 MJ/kg, 

respectively. The results showed a high feasibility of applying EMCR as the feedstock 

for biochar and bio-oil production. The EMCR derived biochar presented great 

efficiency as the MA with high surface area of 266 m2/g. The bio-oil consisted of a 

mixture of chemicals, which requires further processes before using in many 

applications.   

Keywords: Chlorella residue; Microwave pyrolysis; Microwave absorber; Bio-oil; 

Biochar   

5.1 Introduction  

Algal biomass is known to be the third generation and promising bioenergy 

feedstock due to its higher oil production capacity among other crops [1], which makes 

them highly attractive and sustainable choice [2-4]. Marine Chlorella sp. has shown its 

potential for biodiesel production. However, the biodiesel production from this strain 

mailto:pakamas.p@psu.ac.th
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and other algal species is still facing commercialization challenge due to high 

processing cost [4-5]. In perspectives of biodiesel production from microalgae at larger 

scale, a huge amount of extracted biomass known as algal residue will be generated. 

Utilization of this algal residue to derive valuable products is environmentally 

beneficial and could offset the algal biodiesel cost [6-9].  

The algal waste can be converted into valuable products by thermochemical or 

biochemical process. However, thermochemical is better choice due to its capability to 

recover energy and chemical value of any kind of biomass [10]. Pyrolysis, a 

thermochemical process is of great interest now a day since the product quality and 

selectivity for suitable end use could be easily controlled by regulating the process 

parameters [11-12]. The most common techniques are fixed bed pyrolysis and 

microwave pyrolysis (MWP). Later one has gained more focus in recent years due to 

fast, even and selective heating, easy control, low temperature and energy efficient 

characteristics [13-15]. In microwave pyrolysis process, biomass is thermally degraded 

at moderate temperature 300-600 °C in oxygen depleted environment to obtain bio-oil, 

gas and char. The proportion of these pyrolytic products are strongly dependent on 

feedstock type and operating conditions [16-18]. Bio-oil is considered to be very 

promising source for fuel, power, heat and intermediate valuable chemicals [18-19]. It 

is a complex mixture of organic compounds, mainly composed of phenols, acids, esters, 

aromatics etc. while, the percent share of these compounds varies among the biomass 

type and pyrolysis operating conditions. Generally, bio-oil is produced from 

lignocellulosic materials and algal biomass is shown its potential for bio-oil production. 

However, the bio-oil composition of both feedstocks are not similar due to their 

different composition. The lignocellulosic biomass is mainly composed of cellulose, 

hemicellulose and lignin while algal biomass is normally composed of proteins, 

carbohydrates and lipids without lignin [20].  

There is limited information for bio-oil production from algal biomass, 

especially from algal residue. Ferrera et al. studied the microwave pyrolysis operated 

at 750 °C for 60 min by using 6 g of Gelidium residue and obtained 35 wt.% bio-oil 

yield, which mainly composed of pyrroles, phenols and benzene compounds [21]. 

Another study reported 29 wt.% yield of bio-oil containing carbonyls, nitrogenous and 
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hydrocarbon compounds from lipid extracted Tribonema minus at 450 °C pyrolyzed for 

60 min [17]. The study of Wang et al. achieved 53 wt.% bio-oil from defatted Chlorella 

vulgaris, which was thermally degraded at 500 °C in fluidized bed reactor [22]. As 

extracted biomass of some algal species were applied as the bio-oil feedstocks, so 

potential of extracted marine Chlorella sp. residue (EMCR) is investigated in this study.  

Some biomass feedstocks are low energy absorber and could not achieve the 

desired temperature subjected to sufficient amount of microwave energy. Microwave 

absorbers (MA) have tendency to convert the received microwave energy into thermal 

energy and transfer it to biomass. Generally, the solid carbon based materials are good 

choice to be introduced as MA with biomass to attain the desired process condition 

[14,23,24]. Ferrera et al. [21] reported that algal meals were highly transparent to 

microwave energy and thus needed to be mixed with suitable MA. In their study, 6 g 

of char from wasted Gelidium was intimately mixed with biomass, which yielded 35 

wt.% oil. Mushtaq et al. [13] studied 35-75 wt.% of coconut activated carbon as the 

MA for pyrolysis of palm shell waste and reported 45 wt.% MA loading as an optimum 

to obtain 32% bio-oil yield. They also suggested that uniform distribution of microwave 

absorber over biomass surface improved the product yield and process performance. 

Moreover, MA were developed from other biomaterials [13,14,25]. In this work bio-

char is developed from EMCR and applied as the MA for the first time.   

This study is therefore aimed to (1) study the characterization of Chlorella sp. 

biomass, EMCR, and EMCR derived biochar, (2) apply EMCR as biomass feedstock 

and EMCR derived biochar as microwave absorber for bio-oil production by 

microwave pyrolysis, (3) optimize the operating variables including temperature, time 

and MA loading to obtain maximum bio-oil yield using RSM-CCD and (4) study the 

chemical composition of bio-oil.   

5.2 Materials and methodology  

5.2.1 Feedstock preparation  

The biomass of marine Chlorella sp. was acquired from National Institute of 

Coastal Aquaculture (NICA) located in Songkhla province (latitude: 7.178861° N, 

100.624561° E), Thailand. Briefly, microalgal biomass was cultivated in 25 m3 open 

pond using CO (NH2)2 and 16-16-16 fertilizer (16% nitrogen, 16% phosphorus, and 

16% potassium). It was harvested by flocculation using aluminum sulfate as a 
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flocculent agent, vacuum filtered using GENVAC Agilent Technologies pump (PVL 

35, 930 Watt) and freeze-dried using Dura-Dry MP (FTS systems, USA, 4400 Watt). 

The Freeze-dried algal biomass was extracted using methanol/hexane (2/1 v/v) at 35 °C 

for 90 min by ultrasonication using an ultrasonic bath (CP 2600 Crest Power sonic, 

USA, 45 kHz, 300 Watt), which yielded 31% (dry wt.) crude extract. The ultrasonic 

extraction is a proven highly efficient algal extraction technique. The ultrasound cracks 

the cell wall by the generation of a cavitation effect due to shock waves and the 

collapsing of bubbles enhances the extraction process. The extraction using ultrasonic 

bath provided higher lipid yield in shorter extraction time compared to the conventional 

extraction with Soxhlet apparatus from previous study.  The extracted algal residue was 

collected, washed with deionized water water to normalize the pH and vacuum filtered. 

The filtered EMCR was dried in hot air oven at 105 °C for 24 hours, placed in desiccator 

and its weight was recorded until constant. Approximately 500 g of EMCR was 

obtained. It was kept in air tight bags and stored at room temperature.  

A portion of prepared EMCR (100 g) was used to produce biochar via slow 

pyrolysis (10 °C /min) in a laboratory scale stainless steel tube furnace under N2 flushed 

environment at 450 °C for 60 min. The raw biochar was collected from furnace chamber 

after attaining the room temperature, cleaned with DI water and oven dried at 105 °C 

for 3 hours. The prepared biochar was sieved to a particle size of 0.4 mm, kept in zip 

lock bags, stored at room temperature and applied as a microwave absorber. The overall 

processing scheme of experimental investigation is illustrated in Fig. 5.1.  

5.2.2 Characterization of materials  

Proximate analysis of marine Chlorella sp., EMCR and biochar was performed 

based on ASTM E871 for moisture content, ASTM E872-82 for volatile matter, and 

ASTM D1102-84 for ash [26]. Briefly, the moisture content was determined by weight 

loss at 105 °C for 4 h. The volatile matter was discarded in an electric furnace operated 

at 900 °C for 7 minutes with an inert atmosphere. The ash was then evaluated as 

percentage of residual mass after heating in the furnace at 815 °C for 1 h in the presence 

of oxygen. The fixed carbon was determined by difference method as shown in Eq. 

(5.1).  

Fixed carbon = 100 – moisture – ash – volatile matters        (5.1) 
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Analysis of C, H, N and S was carried out by dynamic flash combustion 

technique using CHNS/O analyzer (Flash 2000, Thermo Scientific, Italy) where O 

content was calculated by difference on an ash free dry basis. The surface functional 

groups of Chlorella sp., EMCR and biochar were identified using pellet KBr technique 

by Fourier Transformed Infrared Spectrometer (FTIR, VERTEX 70, Bruker, Germany) 

recorded within 400-4000 cm-1 wavenumber. Thermo-decomposition of organic matter 

under pyrolysis of EMCR was characterized by heating 5 mg sample from 25 to 1000 

°C at 10 °C/min using thermogravimetric analysis (TGA) by simultaneous Thermal 

Analyzer, STA8000, perkin Elmer, USA. A pore volume, pore diameter and surface 

area of biochar were determined by degassing the sample for 6 hours and using static 

volumetric N2 gas adsorption technique via BET technique using ASAP2460 Surface 

area and porosity analyzer, Micromeritics, USA.  

5.2.3 Microwave pyrolysis   

The microwave pyrolysis experiments were conducted in modified TDS 

SAMSUNG microwave oven rated with maximum output power capacity of 1,000 W 

operated at 2.54 GHz. The microwave pyrolysis (MWP) unit is consisted of a modified 

microwave oven, quartz glass, two 250-ml flasks for bio-oil and trap collection, vacuum 

system, water cooling circulation system, glass condensers, ice bath, and biomass 

holder as presented in Fig. 5.2. Infrared optical pyrometer was used to measure the 

temperature of biomass, while the bio-oil temperature was monitored by inserting the 

thermometer at one neck of the flask. The vacuum system was used to drive off the 

volatiles through condensing unit. N2 is generally used as a carrier gas in a pyrolysis 

system, but Beneroso et al. [27] stated that use of carrier gas has no significant influence 

on the product yield and composition. In this study applying vacuum without feeding 

N2 gas is feasible and economic. Tap water (5-7 °C) was constantly counter currently 

circulated in condensers and iced bath was provided around the collecting flasks to keep 

the bio-oil temperature about 2-5 °C.  

10 g of EMCR was placed in biomass holder, followed by uniform distribution 

of appropriate quantity of biochar as the microwave absorber over the biomass surface. 

Biomass holding plate was placed in the microwave oven and glass tubes were 

assembled. These glass tubes were covered with aluminum foil to prevent the heat 

losses. Microwave oven, water circulation and vacuum system were turned on and 
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microwave power was set at a desired level. The rise in temperature was monitored 

with 1-minute interval until reaching the desired temperature. The biomass was 

annealed for specified duration at the desired temperature according to the experimental 

design conditions. When the experiment was completed the system was switched off 

and cooled down for 2-3 hours. The bio-oil sample was collected and its yield was 

determined gravimetrically.  

The microwave power was fixed at 850 W as it is sufficient for complete 

pyrolysis from the preliminary experiments. The effect of studied parameters including 

temperature, time and MA loading on bio-oil yield was investigated. Response Surface 

Methodology (RSM) based on Central Composite Design (CCD) was used to evaluated 

the effect and optimized the bio-oil yield. The second order quadratic polynomial model 

was developed to study the response variable and its validation. The experimental runs 

could be calculated according to Eq. (5.2), while distance (alpha) between center point 

and axial point could be calculated using Eq. (5.3). 

kN=2k+2 +M      (5.2) 

 0.25α=(2k)        (5.3) 

Where N is number of experimental runs, k is numbers of factors to be evaluated 

and M is number of center points to be included.  

The effect of three parameters including temperature (350-450 °C), time (20-40 

minutes) and MA loading (10-30 wt.%) on bio-oil yield was designed at five levels. 

The factors were designated as X1 (temperature), X2 (time), and X3 (MA loading) and 

levels were coded into star low (-α), low (-1), center (0), high (+1), and star high (+α). 

For three variables (k=3) and 6 center point tests the total number of 20 runs were 

requires to be executed with axial point distance of 1.68.  The experimental conditions 

presented in Table 5.1 are grouped into two blocks. Block-1 has total 9 runs (6 factorials 

and 3 center points), while block-2 is handling an 11 runs in total (8 axial points and 3 

center points). The experimental data of CCD were fitted to a second-order polynomial 

model as shown in Eq. (5.4) to correlate the relationship between the influencing 

variables and the response variable.  

2

1 1

k k k

o i i ii i ij i j

i i i j

Y B X B X B X X
  

          (5.4) 
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Where Y is the response and βo, βi, βii, and βij are the linear, quadratic and 

interaction terms of the model. The response was further transformed into a 

dimensionless “desirability” scale covering values 0-1 (or 0-100 %), in which 0 shows 

a completely undesirable experimental design and 1 indicates a fully desirable design.  

STATISTICA version 10.0 was performed by a standard least square method 

for experimental design and regression model analysis of bio-oil yield. The CCD-RSM 

model results were analyzed statistically and graphically. The good fitness of the 

predicted model was determined by the coefficient of determination R2 value. Data 

were analyzed by the analysis of variance (ANOVA) and the p-value lower than 0.05 

was considered significant.  

5.2.4 GC-MS analysis of bio-oil 

The chemical composition of EMCR derived bio-oil was analyzed using Agilent 

Technologies CP-9205 gas chromatograph (GC) with VF-WAX MS capillary column 

(30 m × 250 µm × 0.25 µm). GC oven temperature was raised from 70 to 250 °C at the 

rate of 5 °C/min and held constant for 10 minutes at the final temperature. 1 µl of bio-

oil sample and 3 ml/min helium used as a carrier gas were injected into the column. 

The GC was interconnected with a mass selective detector spectroscopy system (MSD 

5977, Agilent Technologies, USA), which was operated in normal data acquisition scan 

mode. The mass spectroscopy was conducted in full scanning range (50-550) at 

emission current of 34.5µA, while ionization energy was recorded as 70 eV. The peak 

identification for chemical compound was performed using the National Institute of 

Standards and Technology (NIST) library with Agilent Chemstation software [13]. 

5.3 Results and Discussion  

5.3.1 Proximate and ultimate analysis  

Table 5.2 illustrates the proximate and ultimate analysis of marine Chlorella 

sp., EMCR and biochar. The moisture contents of the three samples were observed 

below 10 wt.%, which is considered good for safe storage. The volatile matter (VM), 

fixed carbon (FC) and ash are crucial in fuel characterization. A high content of VM 

promotes combustible gasses and bio-oil generation during thermal conversion. FC is 

necessary for conversion of biomass into liquid fuels. A high ash amount may induce 

problems in thermal conversion from fouling of slag formation [28]. The fixed carbon 
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of marine Chlorella sp. in this study is lower than many biomass fuels reported in Table 

2 and study of De Jong and Van Ommen [29] with FC = 14.5-87.7%, but still higher 

than greenhouse residue (FC = 5.5%), meat and bone meal (FC = 12.4%), and sewage 

sludge (FC = 4.7%). High ash content is recognized for marine Chlorella sp. Algae 

generally have much higher ash than terrestrial biomass as they have different 

composition, organic structure and rapid metabolism which take up much more 

nutrients during cultivations. The ash contents are in the range of 0.1-46.3% (mean 

6.8%) for terrestrial biomass and 13.1-42.8% (mean 26.6%) for algae [30]. After 

extraction (presented as EMCR) and slow pyrolysis (presented as biochar) the reduction 

of volatile matters and fixed carbon contents were observed, while the ash contents 

were increased. Liu et al. [31] also reported that after partial oil extraction the residual 

biomass of Hapalosiphon sp. and Botryococcus braunii had lower FC and higher ash 

than the original biomass, while VM was the same for Hapalosiphon sp. and a little bit 

lower for residual biomass of B. Braunii. 

Ultimate analysis is performed to understand the beneficial effects of using the 

microalgae as a biofuel feedstock. In addition, the gross calorific value of the biofuel 

can be calculated from the elemental contents of carbon, hydrogen, and oxygen. The 

marine Chlorella sp. consists of 40.74% carbon, 11.11% hydrogen, 5.74% nitrogen, 

1.66% sulfur and 40.75% oxygen.  The C, H, N contents in EMCR and biochar are 

lower , while oxygen is higher than their precursor. The decreasing of elemental carbon 

from raw material through its derivative is due to lipid extraction. Francavilla et al. [32] 

studied pyrolysis of Dunaliella tertiolecta and its residue and reported reduction of 

carbon in residue and biochar because of lipid extraction. The algal biomass and its 

derivative have lower carbon than lignocellulosic biomass due to higher ash and 

nitrogen contents [33]. The high nitrogen in algal biomass is from the cultivation 

condition, while in the extracted residue is from unconverted protein [34]. The CHNS 

contents of different algal species including their residues and biochar from the 

literature are also given in Table 2. The C, H and N were observed in the range of 11-

60-68.5%, 0.70-9.70% and 1.32-12.85%, respectively. The CHN contents of marine 

Chlorella sp., EMCR and biochar are in these ranges, while hydrogen is slightly higher 

attributed to different processing conditions. The higher heating values (HHVs, MJ/kg) 

of marine Chlorella sp., EMCR, and biochar were 22.43, 15.49 and 10.79 MJ/kg, 
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respectively. The HHV of marine Chlorella sp. is greater than many algal species and 

similar to C. vulguris and Chlorella reported by other works. In addition, the HHVs of 

EMCR and biochar are comparable to some residues and biochar from the literature, 

however lower than those from C. vulguris and Chlorella sp. The HHV is strongly 

influened by the elemental composition and respective H/C and O/C ratios. The HHV 

increases with increasing of H/C or decreasing of O/C [32,34].  

The surface area, pore volume and pore diameter of biochar were 266 m2/g, 0.61 

m3/g and 92.85 Å, respectively. The surface area of biochar prepared in this work is 

higher than the biochar prepared by other algal species and carbonaceous materials 

[35,36,37,38]. The high surface area obtained in this work is attributed to combined 

effects of ultrasonication (during cell wall disruption for lipid extraction) and pyrolysis 

(EMCR to biochar) processes. Salema and Ani [39] worked on MW pyrolysis of oil 

palm biomass using palm shell char as microwave absorber. They reported that BET 

surface area (150 m2/g) of the char played an important role in absorbing the microwave 

energy. 

5.3.2 FTIR analysis     

The FTIR spectra of marine Chlorella, EMCR and biochar are shown in Fig. 

5.3 (a-c). The identification of peaks is based on Coates [40]. It could be observed that 

some peaks of raw biomass were disappeared in the EMCR and biochar due to lipid 

extraction and pyrolysis, respectively. Mayur et al. [8] stated that the CH2 stretching 

vibrations in the region 3100-2800 cm−1 signified the presence of lipids and the region 

1800-800 cm−1 is corresponded to proteins and carbohydrates. The increase of the bands 

at 3100-2800 cm−1 and 1800-800 cm−1 observed in EMCR compared to Chlorella sp. 

confirmed the leaching of lipids, proteins and carbohydrates from extraction process. 

The peaks disappeared in the biochar were due to the release of volatiles because of 

high temperature applied in pyrolysis. This is in agreement with decreasing of VM of 

biochar in the proximate analysis.  The three biomass consisted of high O-functional 

groups while N-functional groups were reduced in biochar. The N containing functional 

groups were due to the presence of unconverted proteins, which further accumulate as 

N compounds (amine, amides and nitriles) on decomposition in pyrolysis process [34]. 

High O and N functional groups presented in the biomass if still exist in bio-oil will 
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lower its quality for fuel application. The aromatic ring stretch is particularly presented 

in Chlorella sp. (1459 cm-1) and biochar (1461 cm-1). The peaks 1411 cm-1 in Chlorella 

sp. and 1407.8 cm-1 in EMCR are assigned to vinyl C-H of alkene group or phenol or 

tertiary alcohol. The peak at 1250 cm-1 in Chlorella sp. is aromatic primary amine (CN 

stretch), while the peak at 1238 cm-1 in EMCR is aromatic ethers (Aryl-O stretch). The 

peaks around 1093-1058 cm-1 are due to C-O stretching vibration of alkyl substituted 

ether. The two peaks at 875 and 839 cm-1 in Chlorella sp. could be 1-4 substitution of 

C-H aromatic ring group or nitrate ions, while the peak at 693 cm-1 is due to thiol C-S 

stretch. The peaks in the range 500-600 cm−1 are associated with aliphatic iodo 

compounds (C-I stretch).  

5.3.3 Thermogravimetric analysis of EMCR   

The thermal decomposition behavior of EMCR under pyrolysis was studied 

using TGA to measure the mass loss as a function of temperature and presented as TG 

plot in Fig. 5.3 (d). Its derivative with respect to temperature was derived from the 

derivative of thermogravimetric (DTG) plot. The TG profile of EMCR presented the 

three stages including dehydration, devolatilization, and solid decomposition during 

pyrolysis. The first weight loss for moisture content was shown at the temperatures 25-

150 °C. The decomposition was mainly occurred in the second stage (150-500 °C) and 

referred to as the zone of active pyrolysis. It was associated with the thermal 

degradation of volatile components with a maximum weight loss between temperatures 

340 and 360 °C. The minimal weight loss at a slow rate was observed at the last stage 

from around 600-900 °C. The peak in DTG plot appeared around 340 °C with its peak 

shoulder lasts around 410 °C, indicating that the greatest volatile matter was released 

and maximum bio-oil yield was gain. As the Microwave Thermal Analyzer is not 

available the TGA data were used as a guideline for microwave pyrolysis temperature. 

Therefore, the pyrolysis of EMCR was designed to carry out in the temperature range 

350-450 °C. In addition, the decomposition of EMCR is comparable to many biomass 

sources reported by Chaiwong et al. [41] as the temperature at the maximum bio-oil 

yield is similar (346 °C for corncob and 377 °C for palm shell).  

5.3.4 Microwave pyrolysis optimization   

The bio-oil production by microwave pyrolysis of EMCR with biochar derived 

from EMCR as the microwave absorber was optimized using RSM with CCD approach. 
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The actual values and the predicted values of the RSM model are given in Table 1. The 

R2 value of 0.96 is satisfied for a good  relationship between the actual and the model 

data. The different of adjusted R2 and predicted R2 is less than 0.2, which is in 

reasonable agreement [15].  The Coefficient of Variation (C.V.) of 5.0%, which is lower 

than 10% is a good indicator for reproducibility of the investigated model. The non-

significant Lack of fit F-value as shown in Table 5.3 from ANOVA confirms the 

reliable and accurate of the proposed model. The high F-value of 37.43 represents that 

the model is significant. The variables in terms of linear and quadratic relationships are 

significant with p-value less than 0.05. The interactive relationship between variables 

is significant for temperature and time only. The equation developed for the bio-oil 

yield prediction is shown as Eq. (5.5) where X1, X2 and X3 are the coded values.   

2 2
1 2 3 1 2

2
3 1 2 1 3 2 3

Bio-oil yield (wt.%) = 40.99-6.34X +1.19X -3.19X -3.36X -1.98X

-3.10X -1.60X X X X X X+0.55 -1.22                    (5.5) 

The 3-D response surface plots were generated to better visualize the process 

variable effects on bio-oil yield and are shown in Fig. 5.4. It can be seen that 

temeprature, time and MA loading have effects on bio-oil yield. With 15% MA loading 

(Fig. 5.4a) the bio-oil increased with temperature from 300 to 350 °C and time from 10 

to 40 min. Fig. 5.4b presents the combined effects of temperature and MA loading for 

fixed time at 40 min and Fig. 5.4c shows the combine effects of MA loading and time 

for fixed temperature at 350 °C. The increase of bio-oil yield with increasing 

temperature is owing to the devolatilization, depolymerisation, and decarboxylation. 

Moreover, they were explained as: (1) more energy was involved in the chemical 

reactions with increment of pyrolysis temperature and (2) more strong organic bonds 

in the biomass were cracked and more volatiles were liberated to construct condensable 

gases for bio‐oil components [42]. However, when the pyrolysis temperature was above 

350°C the bio-oil yield decreased as greater temperature preferred the development of 

non-condensable combustible gases more than liquid products.  

The maximum bio-oil yield was observed at 350 °C, 15% MA loading and 40 

min. The critical parameters suggested by the model were also the same. The greatest 

effects on bio-oil yield is from linear and quadratic terms of temperature with lowest p-
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values (Table 5.3). In addition, the temperature 350 °C is in agreement with the TGA 

peak of EMCR. The production of bio-oil was then performed at this optimum 

condition. The average maximum actual bio-oil yield was 46%, while the predicted 

value was 45.8% with 95 % desirability. Below or above the optimal point the 

desiribility value decreased. Several studies investigated the impact of pyrolysis 

conditions on bio-oil yields for different biomaterials and suggested different optimum 

conditions. Compared with the conventional heating pyrolysis, microwave pyrolysis 

causes the feedstock to decompose at lower temperatures resulting in more bio-oil yield. 

Optimum pyrolysis temperatures are in the range of 350 [43] – 800 [42] °C depended 

on the biomass and parameters used. The pyrolysis time is also important parameter. 

Long time provided a complete pyrolysis and more volatiles were released from the 

biomass to form bio-oil components. On the other hand, pyrolysis for too long 

decreased the bio-oil yield because the condensable vapors (bio-oil components) were 

disintegrated by secondary reactions to create non-condensable combustible gases 

(syngas components) in the high pyrolysis temperatures. The wide range pyrolysis 

times from 6 [42] to 60 [17] min were reported. The pyrolysis time of 40 minute in this 

study is in agreement with the MWP of oil palm shell waste biomass with coconut 

activated carbon (CAC) as the microwave absorber, which yielded 31.70 % bio-oil at 

the optimum condition of 490 W, 45.05% CAC loading and 4.9 l/min of N2 [13]. The 

optimal temperature of 350 °C in this study is lower than report of Du et al. [44] for 

MWP of Chlorella sp. at the optimum condition of 750 W, 570 °C, 20 min, 20% 

activated carbon as the MA and 0.5 l/min of N2 to obtain 28.6% bio-oil yield.  

The MA loading played an important role to optimize the bio-oil yield. From 

our further experiments addition of MA reduced the time required to achieve the final 

pyrolysis temperature. With 15% MA loading at the optimum condition the final 

temperature of 350 °C was obtained within 15 min, whereas more than 30 min was 

required without MA. In addition, the bio-oil yield by performing pyrolysis at the 

optimum condition without MA was about 5% lower than applying 15% MA. Decrease 

of bio-oil yield with MA loading higher than 15% could be attribution of low energy 

transfer into biomass layer due to hindrance by increasing MA thickness. This 

resistance leaded to incomplete thermal degradation of biomass and resulted in low bio-

oil yield. Mushtaq et al. [13] studied the effect of MA (activated carbon) on bio-oil 
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yield and found that non uniform distribution of MA caused uneven heat distribution 

and high absorber loading could possibly hinder the heat transfer rate. Therefore, 

minimum MA loading should be determined as thick absorber layer is not an 

economical choice.   

The moisture content in a biomass could increase its microwave absorbance 

leading to higher bio-oil yield. However, the bio-oil would contain high aqueous 

fraction. The positive effects of moisture content on the pyrolysis is confined due to its 

evaporation during the process. A feedstock with low moisture content is then favored 

for MWP [42]. EMCR as the pyrolysis feedstock in this study consisted of 7% moisture 

content, which is considered low enough to obtain good bio-oil yield. The ash content 

of a biomass also has impacts on the MWP as the ash components (Al2O3, CaO, Fe2O3, 

K2O, MgO, MnO, MnO2, Na2O, TiO2, etc.) are normally good microwave absorbents 

promoting the heating rates and maximum pyrolysis temperatures accompanied by high 

bio-oil yield [45]. The biochar applied as the MA in this study had 56% ash content, 

which is good for MWP. Nonetheless, since the ash components cannot be transformed 

to bio-oil, too high ash content in biomass may decrease the overall bio-oil yield [42]. 

The ash content of 43% in EMCR used as the biomass feedstock seems all right for 

MWP.  

Moreover, the MWP also produced biochar with 42% yield at the optimum 

condition. However, the biochar derived from MWP contained higher ash content 

(66%) resulted to lower amount of carbon compared to the biochar derived from the 

conventional pyrolysis (prepared by slow pyrolysis at 450 °C and a heating rate of 10 

°C/min for 60 min in a tube furnace under N2 flushed environment, which yield 45% 

biochar). This can be obvious seen from Fig. 5.5. Therefore, the biochar derived from 

the conventional pyrolysis is considered more suitable to be used as the microwave 

absorber. 

5.3.5 GC-MS analysis of bio-oil 

The composition of bio-oil obtained at the optimized condition was 

characterized by GC-MS and is listed in Table 5.4. The compounds are classified in the 

groups of amines/amides/indoles (30.37%), phenols (17.64%), esters (17.62%), acids 

(12.18%), furans and aromatics (5.56%), alcohols (6.07%), ketones/aldehydes/ethers 

(2.88%), sugars (2.30%), alkenes (0.5%) and others (4.88%). The high proportion of 
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nitrogenated hydrocarbons confirmed that bio-oil from EMCR consisted of high 

nitrogen compounds, which was generally reported in bio-oil derived from algae. The 

nitrogen is from proteins in algal biomass. The bio-oil with high nitrogen is not good 

for fuel application as nitrogen oxides and soot can be generated from the combustion 

leading to air pollution. The solution is to remove proteins from EMCR prior to 

pyrolysis. These proteins can be high valuable products for food and pharma 

applicaions.   

Esters were also found with both methyl and ethyl esters and little portion of 

alkenes were incorporated. The bio-oil derived from EMCR composed of large amount 

of organic compounds including phenols, acids, aldehydes and ketones, which is not 

suitable for fuel application without upgrading. The requirement of upgrading is also 

widely stated for the bio-oils from other feedstocks. However, bio-oil can also be a 

highly valuable feedstock for the production of green chemicals, which are able to 

replace the conventional fuel based products [46]. Phenols, which were high in the 

produced bio-oil can be extracted with liquid-liquid extraction and used as raw 

materials for developing bio-based antioxidants, resin and additives [47] Acids 

presented in the bio-oil can be converted to esters. It is feasible to produced specialty 

chemicals by extraction or reactions of bio-oil, e.g., surfactants, biodegradable 

polymers, preservatives, liquid smoke, resin precursors, adhesives, additives in 

fertilising and pharmaceutical industries, flavouring agents in food industries, etc [48]. 

The bio-oil quality upgrading and economic analysis are required for further 

investigation.     

Conclusion 

The HHV of marine Chlorella sp. is greater than many algal species, while the 

HHVs of EMCR and biochar are comparable to some residues and biochars from the 

literature. The surface area of EMCR derived biochar is 266 m2/g, which is high 

compared to biochars from many feedstocks. This high surface area is due to combined 

effects of ultrasonication extraction and pyrolysis processes. The biochar was applied 

as the microwave absorber (MA) in the microwave pyrolysis of EMCR. Addition of 

MA reduced the time required to achieve the final pyrolysis temperature and provided 

higher bio-oil yield. The high ash content (56%) in the biochar is considered good for 
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microwave absorbent. Maximum bio-oil yield was obtained at 850 W, 350 °C, 15% 

microwave absorber loading, and 40 minutes. The bio-oil composed of a complex 

mixture of amines, amides, indoles, phenols, esters, acids, furans, aromatics, alcohol, 

ketone, aldehydes, ethers, sugar, and alkenes. The high nitrogen in bio-oil could be 

reduced by protein extraction from EMCR before pyrolysis. The bio-oil is required to 

be upgraded before using in fuel applications. In addition, various valuable chemicals 

could be derived to be used in many industries. Therefore, the application of marine 

Chlorella sp. is widely extended in this study. The biomass can be extracted for lipids, 

pigments and other compounds and its residue (EMCR) showed a great potential for 

conversion to both biochar and bio-oil. These integrated processes are greatly beneficial 

with management and economic of a large-scale algal biofuel industry.   
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Fig. 5.1. Overall processing scheme of experimental investigation. 
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Fig. 5.2.Microwave pyrolysis system. 
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Fig. 5.3. FTIR profiles of (a) marine Chlorella sp., (b) EMCR and (c) biochar and (d) 

TG and DTG profiles of EMCR. 
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Fig. 5.4. 3-D response surface for bio-oil yield showing the effects of (a) time and 

temperature, (b) temperature and MA loading and (c) MA loading and time. 
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Fig. 5.5.Biochars obtained by MWP at the optimum condition and conventional 

pyrolysis at 450 °C for 60 min under nitrogen flushed environment. 
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Table 5.1  

The experimental and predicted bio-oil yields from microwave pyrolysis of EMCR at 

various RSM based on CCD conditions.   

 

 

 

 

Run Factors      Block Observed 

Response 

Predicted 

response 

Residual 

 Temperature 

(°C) 

 Time 

(min) 

 MA 

(%) 

  Bio-oil 

yield (%) 

Bio-oil 

yield (%) 

 

1 350 -1 20 -1 10 -1 1 41.0 38.6 2.4 

2 350 -1 20 -1 30 1 1 35.0 33.5 1.5 

3 350 -1 40 1 10 -1 1 48.0 46.6 1.4 

4 350 -1 40 1 30 1 1 37.0 36.7 0.3 

5 450 1 20 -1 10 -1 1 29.5 28.0 1.5 

6 450 1 20 -1 30 1 1 25.6 25.2 0.4 

7 450 1 40 1 10 -1 1 30.0 29.6 0.4 

8 450 1 40 1 30 1 1 21.3 21.9 -0.6 

9 400 0 30 0 20 0 1 41.4 40.9 0.5 

10 400 0 30 0 20 0 1 40.6 40.9 -0.3 

11 400 0 30 0 20 0 1 40.3 40.9 -0.6 

12 315.91 -α 30 0 20 0 2 40.0 42.1 -2.1 

13 484.09 +α 30 0 20 0 2 21.0 20.8 0.2 

14 400 0 13.18 -α 20 0 2 31.0 33.3 -2.3 

15 400 0 46.82 +α 20 0 2 38.2 37.3 0.9 

16 400 0 30 0 3.18 -α 2 35.4 37.5 -2.1 

17 400 0 30 0 36.82 +α 2 26.8 26.8 -0.0 

18 400 0 30 0 20 0 2 43.3 40.9 2.4 

19 400 0 30 0 20 0 2 40.1 40.9 -0.8 

20 400 0 30 0 20 0 2 40.3 40.9 -0.6 
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Table 5.2  

Proximate and ultimate analysis of marine Chlorella, EMCR, biochar and other algal biomass and residues from literature. 

VM = volatile matters; FC = Fixed carbon; *HHV (MJ/kg) = Higher heating value = 0.3383 C+1.442(H-O/8); FW = Fresh water and SW = Saline water 

 

 Proximate Contents Ultimate analysis (ash free dry basis)      

 Moisture VM FC Ash C H N S O H/C O/C C/N HHV* Ref 

Spirogyra sp. 8.45 71.52 15.29 13.19 39.26 6.11 6.65 0.57 47.41 1.86 0.90 6.88 13.55 
[49] 

Cladophora sp. 5 63.8 35.17 1.03 28.78 4.02 3.06 5.29 58.85 1.67 1.53 10.97 4.93 

C. vulguris 6.18 70.94 12.39 16.67 51 8.12 7.96 - 33 1.91 0.48 7.47 23.01 [22] 

Chlorella sp. 3.20 - - 5.4 53.5 7.6 10 - 28.9 1.70 0.40 6.24 23.84 [50] 

C. vulguris 6.26 76.13 6.11 11.5 47.32 6.9 8.48 0.85 36.45 1.74 0.57 6.51 19.38 [23] 

C. vulguris residue 4.39 76.01 15.27 8.72 49.34 7.53 10.72 - 32.41 1.83 0.49 5.36 21.7 [22] 

Chlorella residue - - - 4.8 50.46 7.54 10.48 - 31.52 1.79 0.46 5.61 22.26 [51] 

Rhizoclonium sp. 11.20 75.50 16.5 8 38.1 5.9 4.2 - 51.80 1.85 1.01 10.58 12.06 [20] 

T. minus residue 3.42 67.80 21.06 11.14 32.27 5.09 4.03 - 58.61 1.89 1.36 9.34 7.69 [17] 

Algal waste 5.04 68.91 12.09 19 35.27 4.71 4.44 0.73 54.85 1.60 1.16 9.26 8.83 [18] 

D. tertiolecta residue 9.38 62.64 18.23 19.13 44.78 6.78 8.4 - 40.04 1.81 0.67 6.21 17.7 [34] 

FW algae biochar - - - 74.4 11.6 0.7 1.32 - 11.70 0.72 0.75 10.25 2.82 
[52] 

SW algal biochar - - - 59.4 17.4 1.77 3.27 - 18.10 1.22 0.78 6.2 5.17 

D. tertiolecta 4.20 79.50 11.80 8.60 52.6 6.92 8.01 0.64 31.87 1.57 0.45 7.66 22.02 
[32] 

D. tertiolecta residue 9.80 87.10 11.80 8.40 42.9 7.09 5.45 0.87 43.69 1.98 0.76 9.18 16.86 

B. braunii 3.40 - - 2.50 68.5 9.70 3.0 - 18 1.69 0.19 26.63 33.91 
[50] 

B. braunii residue 4.80 - - 3.30 61.5 8.80 5.3 - 22.40 1.71 0.27 13.53 29.45 

Marine Chlorella sp. 8.0 45 14 41 41 11 6 1.6 40.50 3.21 0.74 7.97 22.43  

This 

study 

EMCR 7.0 47 10 43 30.2 10.2 5.6 1.7 52.30 4.05 1.29 6.29 15.49 

Biochar 5.0 39 4 56 24.5 9.3 3.6 2.1 60.50 4.55 1.85 7.93 10.79 
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Table 5.3  

Analysis of variance (ANOVA) and regression coefficients for bio-oil production 

from EMCR.   

SS = Sum of Square; MS = Mean Square; DF = Degree of Freedom 

 

 

 

 

 

 

  

Source SS DF MS F p Significant 

Model 1048 9 116 37.43 <0.0001 Yes 

Block 0.4 1 0.4 3.62 0.12 No 

Temperature (X1) 548.16 1 548.16 177 0.00006 Yes 

Time (X2) 19.08 1 19.08 6.13 0.030 Yes 

MW absorber (X3) 139.82 1 139.82 45 0.00088 Yes 

2

1X  161.65 1 161.65 52 0.0006 Yes 

2

2X  53.04 1 53.04 17.05 0.0054 Yes 

2

3X  140.26 1 140.26 45.01 0.00087 Yes 

1 2X X  20.48 1 20.48 6.58 0.027 Yes 

1 3X X  2.42 1 2.42 0.78 0.3070 NO 

2 3X X  12.01 1 12.01 3.86 0.06 NO 

Lack of fit 20.92 5 4.19 2.37 0.21 NO 

Pure error 7.07 4 1.77    

Total 1076 19     
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Table 5.4  

Chemical composition of bio-oil obtained from GC-MS analysis. 

Group Compound Name Formula RT/min % Area 

Amine/amide/indoles 

(Nitrogenated 

compounds) 

(30.37%) 

2-Butanone, 4-(dimethylamino)- C6H13NO 2.43 0.30 

Pyridine C5H5N 5.83 3.83 

Pyrazine C4H4N2 6.30 0.11 

2-Pyridineacetic acid C7H7NO2 6.38 0.09 

1H-Imidazole, 1-ethenyl- C5H6N2 7.31 1.23 

3-methyl-pyridine C6H7N 7.90 0.97 

2-methyl-pyridine C6H7N 8.06 0.25 

Dimethyl Pyrazine C6H8N2 8.60 0.14 

Pyridine, 2,3-dimethyl- C7H9N 9.27 0.07 

Pyrimidine, 2-(1-bromo-1-methylethyl)- C7H9BrN2 15.78 0.22 

3-Pyridinecarbonitrile C6H4N2 18.08 0.64 

Propanamide, 2-methyl- C4H9NO 19.17 0.17 

Propanamide C3H7NO 19.27 0.53 

Pyridine, 1-acetyl-1,2,3,4-tetrahydro- C7H11NO 19.42 0.89 

2-Pyrimidinamine C4H5N3 20.69 0.55 

2-Pyridinamine C5H6N2 21.19 0.58 

Butanamide, 3-methyl- C5H11NO 21.50 0.71 

Ethanone, 1-(1H-pyrrol-2-yl)- C6H7NO 22.69 0.57 

2-Pyrrolidinone C4H7NO 23.92 0.52 

Pentanamide, 4-methyl- C6H13NO 24.39 0.32 

3-Pyridinol C5H5NO 30.76 1.19 

1H-Pyrrole-2-carbonitrile C5H4N2 32.21 0.78 

1H-indole C8H7N 31.24 1.74 

Benzeneacetamide C8H9NO 35.51 0.19 

Pyrrole-2-carboxamide C5H6N2O 37.78 0.69 

Niacinamide C6H6N2O 39.21 1.75 

1H-Imidazo[1,5-a] azepine-3,8(2H,5H)-dione,  

tetrahydro-1,1-dimethyl- 

C10H16N2O2 39.61 0.15 

(1H)-pyrrole C4H5N 12.82 0.32 

Pyrimidine, 2-methyl- C5H6N2 7.52 2.65 

(S)-1-(2-Pyridyl)-2-methylpropylamine C9H14N2 8.95 0.22 

Formamide, N,N-dimethyl- C3H7NO 8.77 0.6 

Methanamine, N,N-dimethyl- C3H9N 2.11 0.27 

Acetonitrile, (dimethylamino)- C4H8N2 6.73 1.07 

2,4-Imidazolidinedione, 5-methyl- C4H6N2O2 42.39 2.51 

5-Isopropyl-2,4-imidazolidinedione C6H10N2O2 42.87 1.53 

5-Ethylhydantoin C5H8N2O2 43.28 1.20 

Benzonitrile, 4-amino- C7H6N2 30.66 0.17 

benzene-propane-nitrile C9H9N 24.02 0.65 
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Furans and aromatics 

(5.56%) 

2-furan-carboxaldehyde C5H4O2 11.66 0.19 

Ethanone, 1-(2-furanyl)- C6H6O2 12.60 0.43 

2-Furancarboxaldehyde, 5-methyl- C6H6O2 14.17 1.78 

2-Furanmethanol C5H6O2 16.10 1.64 

Benzonitrile C7H5N 14.89 0.31 

Benzeneacetonitrile C8H7N 21.82 0.57 

Isoquinoline C9H7N 21.96 0.42 

Quinazoline C8H6N2 23.20 0.22 

Phenols 

(17.64%) 

Phenol, 2-methoxy- C7H8O2 20.42 1.86 

Creosol C8H10O2 22.37 1.17 

Phenol C6H6O 23.38 9.35 

Guaiacol, 4-ethyl- C9H12O2 23.82 1.00 

p-Cresol C7H8O 24.99 2.37 

Phenol, 2-methoxy-4-(2-propenyl)-, acetate C12H14O3 26.39 0.37 

m-ethyl-phenol C8H10O 26.56 1.35 

Phenol, 2,4-dimethyl- C8H10O 27.40 0.17 

Acids 

(12.18%) 

Acetic acid C2H4O2 11.44 7.50 

Propanoic acid C3H6O2 13.45 2.00 

Butanoic acid, 2-methyl- C5H10O2 16.40 1.37 

Benzoic acid C7H6O2 31.17 1.16 

2-Butenoic acid C4H6O2 18.70 0.15 

Esters 

(17.62%) 

Octadecanoic acid, ethyl ester C20H40O2 31.42 0.45 

Ethanedioic acid, dimethyl ester C4H6O4 18.32 1.20 

2-Pyridinepropanoic acid, .beta.-oxo-, ethyl 

ester 

C10H11NO3 19.05 0.15 

Hexadecanoic acid, methyl ester C17H34O2 27.26 10 

Hexadecanoic acid, ethyl ester C18H36O2 27.92 4.39 

Diethyl 2-(m-methoxybenzyl)malonate C15H22O5 10.23 0.11 

Methyl stearate C19H38O8 30.84 1.32 

Ketones/aldehydes 

/ethers 

(2.88%) 

2-Cyclopenten-1-one, 2-methyl- C6H8O 9.51 0.27 

2-Cyclopenten-1-one, 3-methyl- C6H8O 12.96 0.72 

Hex-3-en-2,5-dione C6H8O2 15.01 0.08 

3-methyl-2-butenyl phenacyl 

ether[(prenyloxy)aceto-phenone] 

C13H16O2 15.91 0.30 

2-Cyclopentene-1-ethanol acetate C9H14O2 21.33 0.08 

1H-Pyrrole-2-carboxaldehyde C5H5NO 23.76 0.23 

2,5-Hexanedione C6H10O2 25.81 0.55 

Methyl 3-(nitrooxy)-2-methyl-4-oxo-4-

phenylbutanoate 

C12H13NO6 35.05 0.39 

Acetophenone, 2'-hydroxy-5'-methoxy-4'-

methyl- 

C10H12O3 35.24 0.14 

1,3-Dioxolane, 2,2-dimethyl- C5H10O2 10.39 0.12 
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Sugars 

(2.30%) 

1,4:3,6-Dianhydro-.alpha.-d-glucopyranose C6H8O4 30.45 2.00 

2,6-Anhydro-.beta.,D-fuctofuranose C6H10O5 33.27 0.30 

Alkenes 

(0.5%) 

2-Butene, 2-methyl- C5H10 11.82 0.20 

1-Octyne C8H14 21.65 0.30 

Alcohols 

(6.07%) 

1-Butanol C4H10O 5.12 0.66 

1-Methoxy-4 (tetrahydropyranyloxy) 

hydroquinone 

C12H16O3 15.10 0.14 

2-Pentanol C5H12O 21.05 0.33 

Benzeneethanol C8H10O 21.45 0.34 

Benzenemethanol C7H8O 24.84 2.76 

Ethanone, 1-(4-hydroxy-3 methoxyphenyl)- C9H10O3 34.29 0.67 

erythro-2-ethyl-3-ethoxybutan-1-ol C8H18O2 15.53 1.00 

 1-Butyne, 3-methoxy-3-methyl- C6H10O 37.72 0.17 

Others    4.88 

Total    100 
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CHAPTER 6 

Biochar from extracted marine Chlorella sp. residue with 

ultrasonicatioadsorption for high efficiency of Cr(VI), Zn(II) and Ni(II) removal 
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Highlights 

 Development of biochar (BC-450) from extracted marine Chlorella sp. residue  

 BC-450 had high surface area (266 m2/g) due to ultrasonic extraction and 

pyrolysis 

 BC-450 presented great potential for Cr(VI), Zn(II) and Ni(II) adsorptive 

removal 

 Adsorption process was enhanced using ultrasonication technique  

 Effects of adsorption parameters were evaluated to optimize the removal 

efficiency  
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Biochar from extracted marine Chlorella sp. residue with ultrasonication 

adsorption for high efficiency of Cr(VI), Zn(II) and Ni(II) removal   
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Faculty of Engineering, Prince of Songkla University, 90110, Hat Yai, Songkhla, 

Thailand. 

*Corresponding author email: pakamas.p@psu.ac.th (Pakamas Chetpattananondh) 

 

Abstract  

The biochar BC-450 derived from the extracted marine Chlorella sp. residue (EMCR) 

had high surface area (266 m2/g) with rich of ash and O-functional groups. Its 

characteristic is suitable for heavy metal adsorption application. Effects of adsorption 

parameters were investigated to optimize the removal efficiency of Cr(VI), Zn(II) and 

Ni(II) from aqueous solution by conventional adsorption (CA) and ultrasonication 

adsorption (UA). The adsorption mechanism was well described by Langmuir isotherm 

and pseudo-second-order model. The equilibrium times were 10, 8, 15 and 40, 60, 80 

minutes for removal of Cr(VI), Zn(II) and Ni(II) with UA and CA, respectively. The 

maximum adsorption capacities of Cr(VI), Zn(II) and Ni(II) for CA and UA were 15.94, 

17.62 and 24.76 mg/g and 18.86, 21.31 and 27.45 mg/g, respectively. UA presented 

1.1-1.3 times greater removal efficiencies than CA in much shorter time. The EMCR is 

promising feedstock for production of low cost and high efficient adsorbent.    

 

Keywords: Algal residue; Adsorbent; Heavy metals; Ultrasonic; Conventional shaker 
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6.1 Introduction  

Chlorella sp. has shown a great potential for biodiesel production (Phukan et 

al., 2011; Sanyano et al., 2013). However, it is not commercialized yet due to high 

processing cost. The production of biodiesel from algal biomass could be more 

economic by recovery of other precious substances and turn them into valuable 

products (Neto et al., 2013). The residue after lipid extraction is generally known as de-

oiled biomass. Biodiesel production from microalgae at large scale would generate a 

substantial amount of this de-oiled biomass, which requires a careful handling 

management (Maurya et al., 2016; Chang et al., 2015). This algal residue could be used 

as precursor for valuable products in livestock, chemical and environmental sector 

(Yusuf, 2007; Rashid et al., 2013). Production of biochar from residue and its 

application as an adsorbent to treat the polluted effluents is one of considerable 

pathways (Bird et al., 2011; Rashid et al., 2013).  

Biochar is a black carbon with high porosity obtained from any kind of 

carbonaceous biomass and organic waste residues via thermochemical process at 300-

800 °C under limited oxygen supply (Rangabhashiyam and Balasubramanian, 2019; 

Inyang et al., 2016; Ye et al., 2017). The biochar characteristics from different materials 

varies subjected to processing conditions (Li et al., 2018). Slow pyrolysis (10 °C/min) 

at 450-500 °C for 60 min is feasible choice to obtain high yield and good quality biochar 

(Chang et al., 2015; Yu et al., 2017;). Microalgal biochar containing less carbon, high 

nitrogen, high ash and mineral contents is different in nature from the biochar produced 

from lignocellulosic biomass. The biochar with large nitrogen and ash could elevate the 

quality and productivity of soils (Torri et al., 2011). The algal biochar with low in 

carbon but high in nitrogen, phosphorus, and other nutrients could be applied as a 

powerful carbon sequestration and soil improvement (Bird et al., 2011). High ash in 

algal biochar may improve adsorption of dye (Chen et al., 2018). The algal biochar is 

considered as low cost adsorbent with high adsorption capacity, highly porous 

structure, special surface chemical behavior and high thermal stability (Chen et al., 

2018).  

Presence of heavy metals beyond the set limits defined by Environmental 

Protection Agency (EPA) is harmful to environment and must be removed by suitable 

process. (Rangabhashiyam and Balasubramanian, 2018; Ye et al., 2019; Sharma and 
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Srivastava, 2011). Adsorption process using biochar is one of the effective technique 

(Li et al., 2018). Zheng et al. (2017) reported that biochar from Chlorella sp. had higher 

potential to remove p-nitro phenols (PNP) from wastewater than powder activated 

carbon. About 82.6% congo red dye was removed using the biochar derived from 

residual biomass of Spirulina platensis (Nautiyal et al., 2016). The pigments extracted 

macroalgae derived biochar (MDBC) could remove 90% dye from wastewater (Chen 

et al., 2018). The biochars from extracted biomass of different macro and micro algae 

species have been prepared and characterized in the literature but their applications for 

heavy metal adsorption have been not yet published.  

Traditionally, batch-adsorption experiments are performed to study the 

adsorption capacity of the adsorbent using shaker equipment. Ultrasonication is widely 

combined with extraction, reaction, oxidation, and desorption. However, there have 

been limit published reports on ultrasonication adsorption and the results are still 

contradictory. Ultrasonic waves can enhance mass transport phenomena and improve 

the adsorption rate by the generation of a cavitation effect to form cavitation bubbles, 

which violently collapse on or near the sorbent surface and direct microjets of liquid 

toward it. In addition, shock waves have the potential of creating microscopic 

turbulence within interfacial films surrounding nearby solid particles, also referred as 

microstreaming (Nouri and Hamdaoui, 2007). Adsorption of p-chlorophenol onto 

granular activated carbon was lower with presence of ultrasound, whereas desorption 

was enhanced by increasing ultrasound intensity (Hamdaoui et al., 2003). Similarly, 

adsorption of Geniposide on Resin 1300 was lower in the presence of ultrasonication 

(Ji et al., 2006). On the other hand, the ultrasonic irradiation significantly accelerated 

the removal efficiency of cadmium from aqueous phase by wheat bran (Nouri and 

Hamdaoui, 2007). Sharifpour et al. (2018) investigated the ultrasonic-assisted removal 

of dye-safranin O using ZnO nanorod-loaded activated carbon and found that Langmuir 

isotherm was well fitted with adsorption equilibrium data and the maximum monolayer 

capacity was found to be 32.06 mg/g. The application of ultrasonication for adsorption 

of Cr(VI), Zn(II), and Ni(II) has not yet been reported.  

Assessment of extracted marine Chlorella sp. residue )EMCR( derived biochar 

for adsorption of heavy metals enhancing by ultrasonication is presented in this study 

for the first time. In addition, this work aimed to (1) evaluate the EMCR derived biochar 
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for its potential as a low cost adsorbent, (2) study the biochar properties for its 

applications, (3) investigate the adsorption parameters to optimize removal efficiency 

and (4) study the mechanisms of heavy metal adsorption using sorption kinetics and 

isotherms for both conventional adsorption and ultrasonic adsorption. The knowledge 

of this work can be a source of information regarding algal biomass residue applications 

to be beneficial for biofuel industry and environmental concerns. 

6.2 Materials and methodology  

6.2.1 Chemicals  

Heavy metal salts of K2Cr2O7, Zn(NO3)2, and NiSO4.6H2O were purchased 

from Sigma-Aldrich and Loba Chemie, respectively. While NaOH and HNO3 were 

purchased from Ajax Finechem, Thailand. Aluminum sulfate was purchased from ACI 

Labscon Ltd. Thailand. All chemicals used were analytical grade.  

6.2.2 Microalgal biomass and its residue preparation 

A marine Chlorella sp. cultivated in 25 m3 open pond was obtained from 

National Institute of Coastal Aquaculture (NICA) located in Songkhla (latitude: 

7.178861° N, 100.624561° E). It was harvested by flocculation using aluminum sulfate 

as a flocculent agent, vacuum filtered employed GENVAC Agilent Technologies, PVL 

35 at 930 Watt and freeze-dried with Dura-Dry MP, FTS systems, USA at 4400 Watt. 

The Freeze-dried algal biomass was extracted using (2/1 v/v) methanol/hexane at 35 °C 

for 90 min by ultrasonication with an ultrasonic bath (CP 2600 Crest Power sonic, USA, 

45 kHz, 300 Watt), which yielded 31 wt% (dry basis). The EMCR was collected, 

washed with DI water and vacuum filtered. The EMCR was dried in hot air oven at 105 

°C for 24 hours, placed in desiccator and its weight was recorded immediately. Then it 

was kept in air tight bags and stored at room temperature. The overall process scheme 

is presented in Fig. 6.1.  

6.2.3 Biochar preparation  

Two hundred gram EMCR was fed into a 75×15 cm stainless steel tube furnace 

under 100 ml/min N2 flushed for 20 min and pyrolyzed at 450 °C with a heating rate of 

10 °C /min for 60 min. The pyrolysis was fixed at the stated condition as it gave high 

yield of biochar and good characteristics of biochar for adsorption from preliminary 

study. The sample was collected from furnace chamber after attaining room 

temperature. It was cleaned with deionized water and oven dried for 3 h at 105 °C. The 
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yield of dried biochar was recorded gravimetrically. The prepared biochar was named 

as “BC-450” and kept in zip lock bags at room temperature. 

6.2.4 Biochar characterization   

Biochar pH was measured in a 1:10 suspension of biochar in de-ionized water 

(Chen et al., 2018). A proximate analysis of the BC-450 was performed using ASTM 

methods E871, E872-82 and D-1102-84 for moisture, volatile matter and ash content, 

respectively. While the fixed carbon was determined by difference method. The 

elemental characterization for C, H, N and S was analyzed by dynamic flash 

combustion technique using CHNS/O analyzer (Flash 2000, Thermo Scientific, Italy), 

whereas O content was calculated by difference. The surface functional groups in the 

range of 400-4000 cm-1 were confirmed using pellet KBr technique by Fourier 

transformed infrared spectrometer (FTIR, VERTEX 70, Bruker, Germany). A BC-450 

sample was degassed for 6 hours and its surface area was determined by nitrogen 

adsorption via BET method using ASAP2460 Surface area and porosity analyzer, 

Micromeritics, USA. Zeta potential of BC-450 dispersed in deionized water was 

measured by zeta potential analyzer (ZetaPALS, Brookhaven, USA). The surface 

morphologies of EMCR, BC-450 before and after adsorption were observed by 

scanning electron microscopy (SEM) using Quanta 400 SEM, FEI, Brno, Czech 

Republic at 20,000 x magnification. The specimen for SEM analysis was dried and 

prepared by gold-coating using argon gas (68.9 kPa) in the sputter coater (SPI module, 

West Chester, Pennsylvania, USA).  

6.2.5 Adsorption experiment  

BC-450 performance as an adsorbent was assessed for Cr(VI), Zn(II) and Ni 

(II) removal from aqueous solution by conventional adsorption (CA) using Daihan 

WIS-20 shaking incubator at 150 rpm compared with ultrasonic adsorption (UA) using 

CP 2600 Crest Power sonic, USA at 45 kHz and 300 W at room temperature. The 

temperature of UA was controlled by circulating cooled water in the chamber. The 

effects of process variables including contact time (2-90 min), adsorbent loading (0.1-

0.9 g/L), initial solution pH (3-9) and initial concentration of heavy metal (50-400 

mg/L) were investigated by varying one variable and fixing the others. The initial 

solution pH was adjusted by 1 M NaOH or 1 M HNO3. The stock solutions (1,000 

mg/L) of Cr(VI), Zn(II) and Ni(II) were prepared by dissolving 2.82, 2.89 and 2.63 g 
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of respective heavy metal salts in 1 L deionized water. These stock solutions were 

further diluted as per requirement. An aliquot of 50 mg/L sample of each heavy metal 

solution was prepared from stock solution followed by addition of 0.5 g adsorbent as 

an initial assessment. These samples were placed in 250 ml Duran bottles to perform 

the adsorption test. After the adsorption was finished the samples were taken out and 

filtered through 0.45 µm, 13 mm Nylon syringe filter of SimplePure. The concentration 

of Cr(VI), Zn(II) or Ni(II) in solution after adsorption was measured as its total 

concentration using atomic absorption spectrophotometer (AAS, Perkin-Elmer, USA).   

6.2.6 Adsorption isotherm and kinetic study  

The heavy metal adsorption can be calculated from Eq. (6.1) and percentage of 

removal is calculated from Eq. (6.2).  

( )i e
e

a

C C V
q

m

 
         (6.1) 

( )
Removal (%) 100i e

i

C C

C


        (6.2) 

Where qe (mg/g) is quantity of adsorbed heavy metal by biochar, V (mL) is 

volume of solution, ma (g) is mass of adsorbent, Ci (mg/L) is initial concentration of 

heavy metal and Ce (mg/L) is equilibrium concentration of heavy metal.   

The adsorption isotherm is needed to study the relationship between adsorbent 

and adsorbate. Many isotherms have been proposed and there are limitations of each 

isotherm. Adsorption of heavy metals on BC-450 was studied by two parameter 

isotherms including Langmuir, Freundlich and Temkin and three parameter isotherms 

including Redlich-Peterson and Toth isotherms using the nonlinear forms to reduce 

many errors from the transformations to linear forms (Shahmohammadi-Kalalagh and 

Babazadeh, 2014). Langmuir isotherm is based on assumption that the adsorbent has a 

homogeneous monolayer surface and energetically equivalent sites for adsorbate 

interaction (Chen et al., 2018). The adsorbate molecules do not deposit on the other 

already adsorbed molecules of adsorbate, but only on the free surface of adsorbent. The 

Langmuir isotherm is given by Eq. (6.3).  

m e
e

e

q C K
q =

1+C K
   (6.3) 
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Where qe (mg/g) is heavy metal adsorbed per mass of adsorbent, qm (mg/g) is 

maximum adsorption capacity of BC-450, Ce (mg/L) is equilibrium concentration and 

K (L/mg) is Langmuir constant.  

Freundlich isotherm is an empirical model without any theoretical basis. The model 

is applicable to adsorption processes that occur on heterogeneous surfaces (Tohdee et 

al., 2018). The Freundlich isotherm is expressed by Eq. (6.4).  

1/n

e f eq =K C    (6.4) 

Where K (mg/g) and 1/n are Freundlich constants related to adsorption capacity 

and sorption intensity, respectively.  

Temkin isotherm assumes that the adsorption heat of all molecules reduces linearly 

with increasing of adsorbent surface coverage. The adsorption is characterized by a 

uniform distribution of binding energies up to the maximum value (Piccin et al., 2011). 

This model is given by Eq. (6.5). 

eq = ln (A C ) e

t

RT

b
 (6.5) 

Where A (L/g) is Temkin isotherm equilibrium binding constant, bt (J/mol) is 

Temkin isotherm constant related to the heat of sorption, R is the gas constant (8,314 

J/mol. K) and T is the absolute temperature (K).  

A three parameter Redlich-Peterson isotherm as shown in Eq. (6.6) is associated 

to combined the features of Langmuir and Freundlich models.  

e
e

e

AC
q =

1+BCg       (6.6) 

Where A (L/g) and B (L/mg) g are model parameters and their ratio presents the 

adsorption capacity, while g is an exponent with value from 0-1. The equation becomes 

Langmuir model when g approaches unity. With high concentration of Ce,
 the model 

transforms into Freundlich.  

Another three parameter isotherm, Toth is a modified form of Langmuir, which 

was proposed to minimize the error in model fitting. The model is expressed as Eq. 

(6.7).   

e
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q
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Where qt (mg/g) is model adsorption capacity, Kt is model constant and m is Toth model 

exponent. When m = 1, the equation reduces to Langmuir isotherm, which implies the 

homogeneous adsorption process. If m deviates from unity the heterogeneous 

adsorption occurs.  

The model fitting quality is evaluated by mean absolute percentage error 

(MAPE) using Eq. (6.8). 

exp exp

1

[ - q ] /
MAPE (%)= | | 100

k
erimental predicted erimental

i

q q

N

      (6.8) 

Where q (mg/g) is experimental and predicted maximum adsorption capacity 

and N is number of data points.  

Adsorption kinetics determine the rate of adsorption, which are influenced by 

the surface complexity of the adsorbent, solute concentration, pH, temperature and 

flow. The mostly used adsorption kinetic models, pseudo-first-order (PFO) proposed 

by Lagergren and pseudo-second-order (PSO) proposed by Blanchard et al. in nonlinear 

forms are expressed as Eq. (9) and (10), respectively (Tohdee et al., 2018): 

PFO   t
P-1 e t

dq
=k (q -q )

dt
         (6.9) 

PSO   t
P-2 e t

dq
=k (q -q )

dt

2         (6.10) 

Where qe (mg/g) and qt (mg/g) are BC-450 capacity to adsorb heavy metal at 

equilibrium and at given time, respectively. kP-1 (1/min) and kP-2 (g/mg.min) are rate 

constants for PFO and PSO, respectively while t (min) is time.  

6.3 Results and Discussion  

6.3.1 Characterization and yield of BC-450 

The pH value of BC-450 was 8.3 exhibiting an alkaline nature, which is in 

agreement with many algal biochars presented in Table 6.1. The impact of pyrolysis 

temperature on biochar pH has been reported. Pyrolysis above 300 °C causes releasing 

of alkali salts and increases biochar pH. The pH is constant at a temperature around 600 

°C (Chen et al., 2011). The alkaline pH of BC-450 guides that it can be applied to 

neutralize soil acidity, which is an important factor in metal mobility.  
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Proximate and ultimate analysis of BC-450 and its precursor (EMCR) was made 

to understand the fundamental properties and potential applications. The inherent 

moisture contents in BC-450 and EMCR were below 10 wt.%, which is normally 

appropriate for materials storage. The BC-450 had 13% higher ash and 9% lower 

volatile matters than EMCR due to the pyrolysis effect, where condensable matters 

released at 450 °C and caused volatile reduction. In addition, the ash content increased 

as some mineral salts and metal elements could not evaporate at this temperature (Gong 

et al., 2014). The ash contents of algal and lignocellulose biochars presented in Table 

6.1 are ranged from 4.67-74.7%. The BC-450 has 17.9%, 16.7% and 2.6% less ash than 

fresh water algal biochar, Chaetomorpha indica biochar and saline water algal biochar, 

respectively. Fixed carbon in BC-450 was 4.2%, which is 4.8% lower than EMCR. 

There is an inverse relation between the ash and fixed carbon (Sewu et al., 2017). 

Generally, high ash is recognized feature of algal biochars compared to lignocellulosic 

biochars (Bird et al., 2011; Yu et al., 2017). High ash in biochar could help to improve 

the adsorption process and adsorbent capacity (Chen et al., 2018; Sewu et al., 2017).   

The International Biochar Initiative (IBI) has graded biochar into three classes 

based on carbon content including Class 1 with 60% carbon or more, Class 2 with 30-

60% carbon and Class 3 with 10-30% carbon (Mohan et al., 2014). The carbon storage 

class estimates long-term (i.e., 100 year) soil carbon storage potential of a biochar 

(https://biochar-international.org/classification_tool_faqs/). From elemental analysis as 

shown in Table 6.1 the BC-450 with 10.5% carbon lied in class 3. The BC-450 had 

lower carbon, but higher oxygen and nitrogen than lignocellulosic biochars, which is 

usually observed for the algal biochars. Although the algal biochars are less able to 

provide the carbon than lignocellulosic biochars, they can contribute direct nutrient 

benefits to soil and crop and are notably useful for application on acidic soil (Bird et 

al., 2011).  

The degree of carbonization could be characterized by the molar H/C ratio 

(Chen et al., 2011). The high value H/C of BC-450 implied that it was weakly 

carbonized and composed of moderate amounts of aromatization form. The molar O/C 

ratio is used to express the surface hydrophilicity because it is indicative of polar-group 

content. The BC-450 had high O/C, which is probably useful for adsorption of heavy 

metals (Son et al., 2018). In addition, the partly carbonized biochar produced at 
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temperature lower than 500 °C contains a higher content of dissolved organic carbon 

and oxygen functional groups with relatively low C/N ratio is more suitable for removal 

of inorganic pollutants (Oliveira et al., 2017). Functional groups like carboxylic, amino, 

and hydroxyl groups have a great importance in metal sorption (Li et al., 2017). The 

FTIR analysis of BC-450 was performed as shown in supplementary information. The 

broad bands at 3449 cm-1 and 2856 or 2925 cm-1 were assigned to O-H and C-H 

stretching, respectively (Son et al., 2018). This confirmed the presence of alcohol and 

methyl groups of alkenes. While peak at 1640 cm-1 was associated carboxylic 

compounds. The bands at 1422 and 1460 cm-1 were features of C=C, while peaks at 

1283, 1093 and 1058 were related to C-O stretch due to alcohols, ethers and phenols, 

respectively. The bands at 617 cm-1 and 591 cm-1 were assigned to MeX (M: metal, X: 

halogen) stretching vibrations in both organic and inorganic halogen compounds (Son 

et al., 2018; Chen et al., 2018). The BC-450 surface produced at 450 °C was rich in O 

functional groups as evidenced from FTIR data and high O/C content. Furthermore, 

zeta potential of -11.81±0.25 showed that the BC-450 surface was negetive charge. 

Hence, it can be applied for positive charge heavy metal abatement.  

The higher heating value (HHV) of BC-450 was too low for fuel purpose 

because lipids were already extracted from its precursor. The algal residue biochar with 

low HHV is able to use for soil amendment but its carbon content is low and needed to 

be blend with C rich char. Alternatively, it could be effectively applied for heavy metal 

treatment (Robert et al., 2015) as concentrated in this work. The specific surface area 

is one of the important property of adsorbent (Zheng et al., 2017). The BC-450 was 

further analyzed for pore volume and surface area and found as 0.61 cm3/g and 266 

m2/g, respectively. In addition, N2 adsorption-desorption isotherms of the BC-450 

(provided as E-supplementary data in online version) belong to Type II of International 

Union of Pure and Applied Chemistry (IUPAC) classification, which is a typical 

characteristic of  macroporus adsorbent (Thommes et al., 2015). The hysteresis loop is 

type H3, which is for non-rigid aggregates of plate-like particle consisting of macro 

pores. It has been evidenced that the specific surface area of algal biochar is low (Bird 

et al., 2011). Poo et al. (2018) reported that the surface area of biochar derived from S. 

japonica was only 1.3 m2/g, which is much lower than lignocellulosic biomass derived 

chars. Roberts et al. (2015) stated that the biochar produced from Eucheuma sp. had a 
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significantly high surface area of 30.03–34.82 m2/g compared with the other algal 

species with surface area in the range of 1.29 to 8.87 m2/g. Obviously, the surface area 

of BC-450 is much higher than the reported algal biochars and some lignocellulosic 

biochars but lower than activated carbon presented in Table 6.2. The high surface area 

of BC-450 was due to ultrasonication effect during extraction, where ultrasonic shock 

waves ruptured the cell wall of marine Chlorella sp. very effectively and produced 

porous EMCR. Furthermore, the pyrolysis process made the BC-450 to have higher 

surface area and porosity than EMCR as seen in SEM pictures (provided as E-

supplementary data in online version). The high surface area of carbonaceous material 

is preferred for an excellent adsorption capacity (Chen et al., 2018).  

Biochar yield is dependent on pyrolytic conditions, such as temperature, heating 

rate, time and nitrogen flow rate. Generally, temperature and time are negatively 

correlated with the biochar yield. The BC-450 was 45% yield obtained at 450 °C, 

heating rate 10 °C /min, 60 min and N2 flow rate 100 mL/min. This BC-450 yield is in 

a reasonable range reported from other studies in Table 6.2. Moreover, Yu et al. (2017) 

reviewed on recent advances in microalgal biochar and reported 20-63% yield. The 

high yield of BC-450 is a positive indication of EMCR potential to be recycled as the 

biochar feedstock.  

6.3.2 Effects of adsorption parameters  

The performance of BC-450 was assessed for Cr(VI), Zn(II) and Ni(II) removal 

using conventional adsorption (CA) compared with ultrasonic adsorption (UA). The 

influence of contact time, adsorbent dose, initial solution pH, and initial concentration 

of metal was evaluated.  

6.3.2.1 Effect of initial solution pH 

The initial pH of metal solution is considered as an important factor in 

adsorption process. BC-450 was assessed for the removal of Cr(VI), Zn(II) and Ni(II) 

in batch experiments by regulating the initial pH in the range of 2-8 and fixing contact 

time at 60 min, adsorbent loading 0.5 g/L and initial metal concentration 50 mg/L. The 

removal efficiency of BC-450 for Cr(VI) was found maximum at pH 2 for both CA and 

UA as shown in Fig. 6.2 (a). Increasing pH from 2 to 8 decreased Cr(VI) removal rate. 

Only removal efficiencies of 32 % for CA and 40 % for UA were succeeded at pH 8. 

The maximum removal of Cr(VI) by polyethyleneimine-sodium xanthogenate (PEX) 
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was also observed at initial pH of 2 (Wang et al., 2013). This is in agreement with 

removal of Cr(VI) using Ni/Fe bimetallic nanoparticles (Zhou et al., 2014). There are 

generally three forms of chromium in aqueous solution including Cr2O7
2-, HCrO4

- and 

CrO4
2- dependent on pH. The predominant of HCrO4

- is observed at pH between 2 and 

6, while CrO4
2- is attained at pH above 7. In addition, Cr(VI) ions have high redox 

potential under acidic conditions, and can be reduced to Cr(III) ions. Removal of Cr(VI) 

using the polyethylenimine modified biochar also depended on solution pH, and a low 

pH value was favorable (Ma et al., 2014). 

On the other hand, the maximum Zn(II) and Ni(II) removal efficiencies were 

observed at pH 6 and 7, respectively. The maximum adsorption of zinc by activated 

carbon was reported at pH 5-6 (Kumar et al., 2014). The adsorption of nickel on biochar 

derived from wheat straw pellets and rice husk was enlarged with high alkaline 

environment (Shen et al., 2017) The sorption capacity of both Zn(II) and Ni(II) onto 

BC-450 surged with pH because of increasing surface negative charge enhancing the 

electrostatic adsorption. Increasing pH was combined with addition of removal rates 

and gradual decrease of H+ competitive effects. While in acidic condition the sorption 

of metal ions was suppressed by the extreme presence of H+ which compete for 

available reactive sites. Initial solution pH of 2, 6 and 7 were then selected for 

adsorption of Cr(VI), Zn(II) and Ni(II), respectively.     

6.3.2.2 Effect of contact time  

The performance of BC-450 for Cr(VI), Zn(II) and Ni(II) removal was studied 

at variable time with 0.5 g/L adsorbent dose and 50 mg/L initial metal concentration at 

the optimized initial solution pH. From Fig. 6.2 (b) it can be seen that the equilibrium 

times were observed at 10, 8, 15 and 40, 60, 80 minutes for removal of Cr(VI), Zn(II) 

and Ni(II) with UA and CA, respectively. Not only shorter times, but also higher 

removal efficiencies were gain by UA. Tohdee et al. (2018) studied adsorption of Zn(II) 

using bentonite with CA and reported 10 min as equilibrium time. Equilibrium times 

of 60 and 80 min using modified Aspurgillus flavus biomass were stated for Zn(II) and 

Ni(II) removal, respectively (Foroutan et al., 2017). The removal efficiency relation 

with time could vary due to different characteristics of adsorbents. The adsorption of 

heavy metals by algal biochar using UA has not been reported. Ultrasound was applied 

to assist the adsorption of dye-safranin O and the equilibrium time was achieved in 5 
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min (Sharifpour et al., 2018). The shorter contact time and higher efficiency obtained 

with UA is highly favorable for practical approach.  

6.3.2.3 Effect of adsorbent dose 

The adsorbent dose effect on heavy metal removal rate was tested using 50 mg/L 

initial solution concentration at optimized pH and contact time for each heavy metal. 

The results for CA and UA are shown in Fig.6.2 (c). The removal rate sharply increased 

as adsorbent dosage increased from 0.1 to 0.5 g/L, thereafter small increment was 

observed in both techniques. With 0.5 g/L adsorbent dose the high removal efficiency 

of more than 95% were observed for all heavy metals. Therefore, the adsorbent dose 

0.5 g/L was selected as the optimum value.  

6.3.2.4 Effect of initial metal concentration 

The effect of initial concentration (50-400 mg/L) was studied with 0.5 g/L 

adsorbent dose at the optimized pH and contact time of each metal. As seen in Fig.6.2 

(d) the overall response trend is similar across all cases in which the removal efficiency 

declined with increasing of initial metal concentration due to the limitation of adsorbent 

site availability. The high initial concentration is driving force to eliminate the 

resistance between solid and liquid phase and increment in concentration is possible 

factor for enhancing adsorption capacity. While decrease in removal efficiency at high 

concentration is attributed to saturated surface of adsorbent (Saravanan et al., 2016). 

The removal efficiencies at 50-200 mg/L initial concentration were observed between 

84-99% and 72-95% for UA and CA, respectively. The UA showed higher removal 

efficiencies compared to CA for all heavy metals.  

6.3.3 Adsorption isotherms  

The widely used two parameter isotherms: Langmuir, Freundlich and Temkin 

and three parameter isotherms: Redlich-Peterson and Toth were applied to describe the 

adsorption process. The identified isotherm parameters and coefficient of determination 

(R2) are given in Table 6.3 and the model based responses of qe vs Ce are shown in Fig. 

6.3. For two parameter models Langmuir isotherm with high R2 and low MAPE was 

best fitted with the adsorption of Cr(VI), Zn(II) and Ni(II) in both CA and UA. The 

process is then considered as homogeneous adsorption. The homogeneous adsorption 

mechanism was confirmed by the three parameter isotherms, Redlich-Peterson (mixed 
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feature of Langmuir and Freundlich) and Toth (extended form of Langmuir) as g and 

m constants were approached the unity. The maximum adsorption capacities 

determined by Langmuir of Cr(VI), Zn(II) and Ni(II) for CA and UA were 15.94, 17.62 

and 24.76 mg/g and 18.86, 21.31 and 27.45 mg/g, respectively. The values were closed 

to the maximum adsorption capacities obtained from the experiments. It can be seen 

that UA presented 1.1-1.3 times greater removal efficiencies than CA. Furthermore, 

UA provided much shorter contact time than CA. In addition, it can be seen from SEM 

pictures that there is more adhering Ni(II) on the surface of the BC-450 after UA than 

the BC-450 after CA (provided as E-supplementary data in online version). Therefore, 

the ultrasonic adsorption is recommended for enhancement of adsorption process. The 

adsorption capacity of BC-450 was compared to other biochar and biomass in the 

literature as presented in Table 6.2 and the results showed great potential for its 

adsorption application. 

6.3.4 Adsorption kinetics  

The pseudo-first-order (PFO) and pseudo-second-order (PSO) were used to 

characterize mono-nuclear and binuclear adsorption processes, respectively. The model 

parameters are presented in Table 6.4 and the curve fits are shown in Fig. 6.4. The PSO 

with R2 closer to unity than PFO successfully described the binuclear adsorption of 

Cr(VI), Zn(II) and Ni(II) by BC-450 for both CA and UA. The adsorption of Cu(II) and 

Zn(II) by algal derived biochar was also better described by PSO than PFO (Chen et al. 

(2018). The PSO suggested that the adsorption rate-limiting step may be chemisorption 

and the adsorption is via surface complexation reactions at specific sorption sites. 

Additionally, the values of qe from experiment and calculation were well matched for 

PSO, confirming the reliability of the model. The higher rate constants of UA than CA 

confirmed better adsorption performance using ultrasonication.    

Conclusion 

The developed biochar possessing high surface area, ash content and O-

functional groups was successfully demonstrated its application for heavy metal 

adsorption. The maximum uptake capacity (mg/g) of biochar was highest for Ni(II) and 

observed as 24.76, 27.45 in CA and UA, respectively. The adsorption mechanism was 

governed by homogeneous adsorption of Langmuir isotherm and chemisorption of 

pseudo-second-order model. UA provided much shorter contact time and 1.1-1.3 times 
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greater removal efficiencies than CA. The recycle of EMCR as the feedstock of biochar 

production and application as an efficient adsorbent is environmentally friendly 

approach and beneficial for biofuel and biomaterial industries.  

 

Supplementary material: “E-supplementary data of this work can be found in online 

version of the paper” 
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Table 6.1  

Characterization of EMCR, BC-450 and other biochars from literature  

 

#HHV (MJ/kg) = Higher heating value = 0.35C+1.18H+1.10S-0.02N-0.10O-0.02Ash (Gaur and Reed, 1995) 

BC = Biochar; WH = Water hyacinth; FW = Fresh water; SW = Saline water 

Material pH C H N S O Ash H/C O/C C/N HHV# Reference 

Wheat straw  BC 9.9 68.3 2.1 1.4 - 6.9 21.2 0.36 0.07 49.10 25.2  Shen et al. (2017) 

 Shen et al. (2017)  Rice husk     BC 9.7 48.6 1.2 1.0 - 2.5 46.9 0.30 0.04 46.73 17.3 

   FW algal    BC    8.1 11.6 0.7 1.3 - 11.7 74.7 0.72 0.75 8.78 2.2  Bird et al.  (2012) 

 Bird et al.  (2012)    SW algal    BC 6.1 17.4 1.8 3.3 - 18.1 59.4 1.22 0.78 5.32 5.1 

Gracilaria     BC 7.6 30.9 2.2 2.8 4.4 16.5 43.2 0.85 0.40 11.03 15.6   Robert et al. (2015) 

  Robert et al. (2015) 

  Robert et al. (2015) 

Eucheuma     BC 8.2 24.5 1.5 0.8 9.3 24.9 39 0.73 0.76 30.62 17.3 

Saccharina    BC 11.2 35 2.4 2.4 1.6 18.4 40.2 0.82 0.39 14.58 14.1 

C.  indica      BC 7.8 10.2 0.8 1.1 - 14.4 73.5 0.94 1.05 9.27 1.6      Bird et al.  (2011) 

Chlorella sp. BC - 62.2 1.7 6.6 - 11.9 17.4 0.33 0.14 9.36 22.1 Zheng et al. (2017) 

Algal residue BC 8.3 40.4 1.9 4.3 - 7.0 46.2 0.57 0.13 9.33 14.7 Chen et al.  (2018) 

EMCR 7.1 17.2 5.8 3.2 0.9 29.7 43.0 4.05 1.29 5.37 10    This study 

   This study BC-450 8.3 10.5 4 1.6 1.0 26.1 56.8 4.57 1.86 6.56 5.6 
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Table 6.2   

Comparison of yield, surface area and maximum adsorption capacity of BC-450 with 

other biochars and materials from literature    

Materials Condition Yield 

(%) 

SBET 

(m2/g) 

qmax (mg/g) Reference 

 BC-450 450 °C, 60 min 45 266 15.94-Cr(VI)-CA 

17.62-Zn(II)- CA 

24.76-Ni(II)- CA 

    This study 

 BC-450 450 °C, 60 min 45 266 18.86-Cr(VI)-UA 

21.31-Zn(II)- UA 

27.45-Ni(II)-  UA 

    This study 

 

 

 Chlorela 

 residue  BC 

800 °C, 30 min 

 

23 

 

310 

 

-    Chang et al. 

(2014) 

 Extracted algal 

 BC 

800 °C, 90 min 22 

 

133 

 

345.1-CR dye-CA  Chen et al. 

(2018) 

 S.platensis BC 450 °C, 120 min - 167 51.28-CR dye-CA    Nautiyal et 

al. (2016) 

 Magnetic algal 

 HBC 

500 °C, 120 min - 63 19.13-Zn(II)-CA      Son et al. 

      (2018) 

 S. japonica BC 700 °C, 120 min 25 1.3 84.3-Zn-CA 

 

     Poo et al. 

      (2018)      

 Eucheum sp. 

BC 

450 °C, 60 min 57 

 

34 

 

-  Roberts et 

al.(2015) 

 Corn straw BC 600 °C, 120 min - 13.08 11-Zn-CA   Chen et al. 

(2011) 

 Empty fruit 

 bunch BC 

600 °C, 128 min 25 421 15.18-Zn (II)-CA      Zamani et. 

     al. (2017) 

 Peanut hull BC 450 °C, 60 min - 24.01 77.25-Cr(VI)-CA Han et al. 

(2016) 

 Carbon black - - 107 12.71-Cr(VI)-CA   Radjenovic  

and Medunic 

(2015) 

 Magnetic 

 nanoparticles 

- - 86.55 11.53-Ni(II)-CA 

3.52-Cr(VI)-CA 

   Sharma and 

Srivastava 

(2011) 

 Natural 

 bentonite 

- - 44.60 19.76-Zn(II)-CA 

 

    Tohdee et al. 

(2018) 

 

 



147 

 

 

 

Table 6.3  

Adsorption isotherm parameters   

Adsorption parameter Conventional adsorption  Ultrasonic adsorption 

 Zn(II) Cr(VI) NI(II) Zn (II) Cr(VI) NI(II) 

Experimental qmax (mg/g) 17.50 16.01 23.3 22.51 19.9 27.1 

Langmuir       

qmax (mg/g) 17.62 15.94 24.76 21.31 18.86 27.45 

KL 0.14 0.16 0.10 0.16 0.28 0.18 

R2 0.97 0.94 0.99 0.97 0.96 0.99 

MAPE (%) 0.0 0.0 0.1 0.11 0.1 0.1 
*RMSD 0.25 0.28 0.26 0.4 0.31 0.24 

Freundlich       

Kf 6.33 6.17 6.90 7.33 7.59 8.72 

N 5.26 5.55 4.01 4.76 5.40 4.16 

R2 0.85 0.90 0.91 0.88 0.90 0.90 

MAPE (%) 0.01 0.03 0.15 0.20 0.10 0.10 

RMSD 0.57 0.4 0.66 0.6 0.51 0.76 

Temkin       

bT (J/mol) 947.06 1145.5 601.2 784.7 965.1 541.7 

AT (L/mg) 4.10 7.77 2.16 4.99 10.37 3.43 

R2 0.90 0.94 0.96 0.94 0.95 0.97 

MAPE (%) 0.04 0.0 0.11 0.14 0.07 0.1 

RMSD 0.43 0.3 0.38 0.43 0.35 0.34 

Redlich Peterson  

A (L/g) 2.43 5.38 2.90 5.36 8.01 6.40 

B (L/mg)g 0.13 0.53 0.13 0.37 0.59 0.30 

G 1.00 0.91 0.95 0.92 0.93 0.94 

R2 0.97 0.96 0.98 0.96 0.98 0.99 

MAPE (%) 0.02 0.07 0.07 0.08 0.05 0.0 

RMSD 0.25 0.24 0.25 0.37 0.22 0.37 

Toth   

qt (mg/g) 18.40 14.57 20.67 20.15 15.21 29.10 

Kt 0.13 0.18 0.13 0.17 0.35 0.15 

m 1.0 0.98 0.96 0.99 0.96 1.0 

R2 0.97 0.95 0.98 0.95 0.98 0.98 

MAPE (%) 0.0 0.2 0.0 0.14 0.2 0.25 

RMSD 0.25 0.28 0.25 0.4 0.27 0.28 

*RMSD= Root mean square deviation  
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Table 6.4  

The pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic parameters for 

heavy metal adsorption on BC-450  

a Experimental, b Calculated

    Pseudo-first-order Pseudo-second-order 

 Metal    Ci 

(mg/l) 

aqe  

(mg/g) 

KP1 
bqe  

(mg/g) 

R2 KP2 
bqe  

(mg/g) 

R2 

CA Cr(VI) 50 4.86 0.48 4.48 0.85 0.15 4.90 0.99 

100 8.90 0.89 8.40 0.76 0.23 8.90 0.99 

150 12.80 0.63 11.70 0.74 0.08 12.75 0.99 

200 14.50 0.60 13.30 0.75 0.07 14.51 0.99 

Zn(II) 50 4.70 0.38 4.47 0.78 0.13 4.78 0.98 

100 9.00 0.84 8.60 0.65 0.22 8.99 0.99 

150 13.40 1.00 12.90 0.67 0.21 13.38 0.99 

200 15.50 0.02 14.00 0.81 0.02 15.45 0.97 

Ni(II) 50 4.90 0.22 4.51 0.85 0.07 4.85 0.98 

100 9.40 0.62 9.03 0.61 0.13 9.41 0.97 

150 13.60 0.26 13.17 0.83 0.03 13.63 0.98 

200 17.80 0.17 16.33 0.88 0.01 17.84 0.98 

UA Cr(VI) 50 4.90 0.67 4.44 0.63 0.20 5.00 0.97 

100 9.60 0.99 8.87 0.47 0.21 9.52 0.98 

150 14.00 0.62 12.52 0.86 0.06 14.24 0.99 

200 16.50 0.92 15.34 0.85 0.11 16.48 0.99 

Zn(II) 50 4.90 1.79 4.88 0.73 0.35 4.94 0.99 

100 9.40 1.04 9.03 0.76 0.25 9.57 0.97 

150 13.90 0.99 12.20 0.59 0.15 13.81 0.98 

200 17.50 0.90 16.45 0.80 0.10 17.70 0.99 

Ni (II) 50 4.95 0.78 4.60 0.77 0.29 4.98 0.99 

100 9.75 0.96 9.22 0.75 0.22 9.75 0.99 

150 14.32 1.00 13.68 0.77 0.16 14.32 0.99 

200 18.80 0.87 17.62 0.75 0.09 18.84 0.98 
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Figure S1 FTIR spectra of BC-450 

 

 

 

 

 

 

 

 

 

 

 

 



152 

 

 

 

 

 

Figure S2. N2 adsorption/desorption isotherms of BC-450 
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Figure S3 SEM images of, (a) EMCR, (b) BC-450, (c) BC-450 after UA of 
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CHAPTER 7 

Effects of pyrolysis temperature on extracted marine Chlorella solid waste 

biochar properties and highly efficient ultrasonic adsorption of reactive yellow 

dye   

 

 

 

 

 

Highlights  

 Recycling of extracted marine Chlorella sp. solid waste for biochar production  

 Surface area (353.2 m2/g) reduced (151.5 m2/g) as T (°C) rise from 550 °C to 

650 °C  

 BC-550 surface was negatively charged and O containing functional groups  

 Highly efficient adsorption of RYD-145 attained in 1 min. by ultrasonication 

 Low frequency ultrasound is better with economic concern  
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Effects of pyrolysis temperature on extracted marine Chlorella solid waste biochar 

properties and highly efficient ultrasonic adsorption of reactive yellow dye   
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Abstract  

Microalgal biomass extraction for lipid to be used as a primary source for biodiesel, 

generates a considerable amount of solid waste. Which needs to be managed and could 

be used to derive valuable byproducts.  In this work, extracted marine Chlorella sp. 

solid waste (EMCSW) was recycled to produce biochar (BC) at different temperatures. 

Physiochemical characterization of resulted biochars were made, and the one with high 

surface area was selected for reactive yellow dye 145 (RYD-145) treatment by at low 

and high frequency ultrasonication. The result showed that temperature did not altered 

the elemental composition significantly and biochars were low in carbon (10±0.8). 

However, it greatly affected the surface area, which increased from 266 m2/g (450 °C) 

to 355 m2/g (500 °C) and then decreased to 155 m2/g at 650 °C. The high iodine value 

(129.87 mg/g) of BC-550 among other biochars also supported this trend. The 

adsorption capacity of BC-550 for RYD-145 was found 40 mg/g under ultrasound 

treatment for 1 minute. Which could be referred as very effective and quick processing 

approach. Langmuir and second order kinetic models well described the adsorption 

mechanism with high correlation coefficient (R2=0.99). Overall, EMCSW recycling to 

derive efficient adsorbent with high surface area is one of the feasible pathway. Which 

could substantially improve the environment and economic situation of algal industry. 

 

Keywords: Chlorella sp.; solid waste; biochar; ultrasonic; dye adsorption   
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7.1 Introduction  

Domestic and industrial waste water effluents containing toxic pollutants are of 

major concern for scientific society. The removal of these effluents toxic is essential 

with environmental perspectives to save this earth [1-2]. Nowadays, modern world 

industries use a versatile natural or synthetic dyes for better appearance and 

composition of their final products to attract the customers [3]. The synthetic dyes have 

found extensive applications in textiles, plastics, paper, leather, clothing, footwear, 

cosmetics, food processing and minerals industries [2]. Approximately, only textile 

industry discharges 100 tonnes of different dyes into waste streams [4]. Reactive yellow 

dye (RYD-145) having sulfate groups of ethyl sulfone and monochlorotriazine belongs 

to azo structure (double bond of nitrogen) group is widely used for cotton dying in 

textile industry [5]. Such kind of dyes are toxic, less biodegradable and are of dangerous 

class, which must be removed before effluent discharge [6-7]. The Environmental 

Protection Agency (EPA) and other environmental regulating organizations have 

imposed serious regulations to limit the dye consumption and their concentration in 

discharged effluent [8]. The RYD (145) laden polluted streams can be treated by 

number of processes namely adsorption, filtration, coagulation, chemical precipitation, 

nanofiltraation, electrochemical, ozonation etc.[9] The adsorption process for dyes is 

of great interest due to its simple, low cost, stable and highly efficient nature [10]. 

Biochar has received significant attention as an adsorbent in last few years due to its 

high efficiency performance for waste water treatment. It is a black solid carbonaceous 

product obtained by pyrolysis of biomass under controlled condition at 300-800 °C [11-

12]. The characteristics of biochar may vary due to difference in the composition of 

biomass and operating condition [13]. However, slow pyrolysis has been recognized to 

produce good quality biochar [14]. So far, many adsorbents from various sources i.e.  

orange peel [15], hazelnut shell [16], Chitosan [17], agricultural residues [18], rice husk 

[19], tea leaves [20], durian peel [21], bamboo [22], silkworm cocoon [23], watermelon 

[2] and activated carbon [24] have been developed to treat the waste water. While, 

research is still going on to find substances for low cost and highly efficient adsorbent.  

Micro algae i.e. marine Chlorella sp. are promising feedstock of biodiesel and food 

industry because of their high pigment and lipid content [25-26]. The algal biomass has 

received attention over terrestrial crops due to high oil contents [27-28]. However, the 
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high costs of algal biomass preparation associated to cultivation and drying make the 

downstream process of biodiesel production quite expensive [29]. The production of 

biodiesel from algal biomass could be more economic by recovery of other precious 

substances and turn them into valuable products [30]. The residue after lipid extraction 

is a solid waste and known as extracted or de-oiled biomass. Biodiesel plant of algae at 

large scale would generate a huge amount of this extracted biomass, which requires a 

careful handling management [31,14]. This extracted biomass could be used as 

feedstock for valuable byproducts in livestock, chemical and environmental sector [32-

33]. Therefore, the recycling of extracted biomass does not only improve the economy 

of the Chlorella based algal industry but also provides a solution for solid waste 

management [5]. Post extracted algal biomass contains substantial amount of protein 

and polysaccharides which can be converted to make biochar to be used as an adsorbent 

for pollutant removal [25, 30]. Chen et al. [26] has reported the biochar from pigments 

extracted macroalgae with adsorption capacity of 5306.2 mg/g, 1222.5 mg/g and 345.2 

mg/g for malachite, crystal violet and congo red dyes, respectively. 90 mg/l uptake 

capacity for congo red dye could be attained by adsorption using extracted Spirulina 

platensis derived biochar [29]. While Benkaddour et al. [2] obtained 115 mg/g of 

reactive yellow dye adsorption on treated watermelon seeds. Biochar from Gelidiella 

acerosa biomass adsorbed 512.5 mg/g methylene blue dye at 30 °C [34]. Zheng et al. 

[35] reported that biochar from Chlorella sp. had higher potential to remove p-nitro 

phenols (PNP) from waste wastewater than powder activated carbon. The wasted algal 

biochar could remove 98% of heavy metals from aqueous solution [36].The biochar 

preparation at different temperature. The high energy waves of ultrasonic can positively 

support the mass transport phenomena and enhance the adsorption rate by the 

generation of a cavitation impact to create the cavitation bubbles, which rapidly 

collapse near the adsorbent surface and direct microjets of liquid toward it. In addition, 

shock waves have the potential of creating microscopic turbulence within interfacial 

films surrounding nearby solid particles, also referred as microstreaming [37]. There is 

limited information on extracted marine Chlorella sp. biochar, its characterization and 

specifically its application for reactive yellow dye 145 removal by at low and high 

frequency ultrasonication and is presented in this study for the first time.  
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This work aimed to (1) investigate the effect of pyrolysis temperature (450 °C-

650°C) on the yield, elemental composition and surface functional properties of biochar 

derived from extracted marine Chlorella sp. solid waste (2) evaluate the potential of 

biochar for RYD-145 adsorption by ultrasonication (3) evaluate the adsorption 

parameters for optimized removal efficiency and (4) understand the mechanisms of dye 

adsorption using adsorption kinetics and isotherms 

7.2 Materials and methodology  

7.2.1 Materials 

The reactive yellow dye 145 (RYD 145) used as an adsorbate was of 

commercial grade and kindly provided by KPT corporation Co. Ltd. Thailand. While 

NaOH and HNO3 were purchased from Ajax Finechem, Thailand. 

7.2.2 Feedstock preparation  

A marine Chlorella sp. was cultivated in 25 m3 open pond and was obtained 

from National Institute of Coastal Aquaculture (NICA) located in Songkhla. it was 

lyophilized with Dura-Dry MP, FTS systems, USA at 4400 Watt. and extracted by (2/1 

v/v) methanol/hexane at 35 °C for 90 min by ultrasonication with an ultrasonic bath 

(CP 2600 Crest Power sonic, USA, 45 kHz, 300 Watt). The extraction was performed 

twice. Sufficient quantity of EMCSW was collected. It was washed with DI water, 

vacuum filtered and dried in hot air oven at 105 °C for 24 hours. The weight of dried 

product was recorded (300 g) and kept in air tight bags. It was equally divided into three 

parts for biochar production in next stage. Fig. 7.1 present the overall processing 

scheme of this work. 

7.2.3 Biochar preparation   

A hundred gram of EMCSW was used to prepare biochar at 450 °C, 550 °C and 

650 °C in each. It was subjected into stainless steel furnace for biochar preparation at 

set temperature. The furnace chamber was flushed with 100 ml/min N2 for 20 min. The 

heating rate was set at 10 °C /min and sample was annealed for 60 min. The raw biochar 

was collected from furnace chamber as process finished and system cooled down. 

Biochar was washed with water and oven dried for 3 h at 105 °C. The biochar yield was 

recorded gravimetrically. The prepared biochars were named as “BC-450, BC-550 and 

BC-650” and were kept at ambient temperature. 
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7.2.4 Biochar characterization   

Biochars pH was determined in a 1/10 suspension of biochar in DI water (Chen 

et al., 2018). The elemental properties of biochars was done by proximate analysis using 

ASTM methods E871, E872-82 and D-1102-84 for moisture, volatile matter and ash 

content, respectively. While the fixed carbon was claculated by difference. The C, H, 

N and S was determined by dynamic flash combustion technique using CHNS/O 

analyzer (Flash 2000, Thermo Scientific, Italy), whereas O content was determined by 

difference. The surface properties of biochars such as functional groups in the range of 

400-4000 cm-1 were evaluated using pellet KBr technique by Fourier transformed 

infrared spectrometer (FTIR, VERTEX 70, Bruker, Germany). The sample was 

degassed for 6 hours followed by surface area approximation by nitrogen adsorption 

via BET method using ASAP2460 Surface area and porosity analyzer, Micromeritics, 

USA. The surface charge property such as zeta potential of biochar samples was 

determined by dispersing the sample in deionized water and analysis by zeta potential 

analyzer (ZetaPALS, Brookhaven, USA). The surface structure was observed by 

scanning electron microscopy (SEM) using Quanta 400 SEM, FEI, Brno, Czech 

Republic at 20,000 x magnification. The sample to obtain SEM figures was dried and 

prepared by gold-coating using argon gas (68.9 kPa) in the sputter coater (SPI module, 

West Chester, Pennsylvania, USA). 

7.2.5 Adsorbate preparation  

The main features of adsorbate are given in Table 7.1 [2]. Stock solution with 

1000 mg/l concentration was prepared by dissolving Specific amount of RYD 145 in 

double distilled water. Further series of dilutions were made of it for adsorption study.  

7.2.6 Adsorption experiment  

The potential of high surface area biochar was assessed for RYD 145 removal 

from aqueous solution by ultrasonic adsorption using CP 2600 Crest Power sonic, USA 

at ambien temperature. Cool water was circultaed during operation to maintain the 

desired temperature. The effects of processing factors including time (0 sec-2 min), BC 

dose (0.1-0.5 g/L), pH (3-9), concentration of dye (50-300 mg/L) and ultrasonic 

frequency (low and high) were studied by varying one factor and fixing the others. The 

pH of solution was adjusted by 1 M NaOH or 1 M HNO3. 50 mg/L sample was prepared 

from RYD 145 stock solution. Initially, 0.3 g BC was used as an adsorbent. The sample 
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was filled in 250 ml Duran glass bottles and placed in ultrasonic bath at pre-defined 

conditions. After the adsorption was finished the samples were taken out and filtered 

through 0.45 µm, 13 mm Nylon syringe filter of CHROM@SEP. The concentration of 

remaining RYD 145 in solution after adsorption was measured by UV 

spectrophotometer (HP Agilent 8453) at wavelength of 417 nm.  

7.2.7 Isotherm and kinetic models for RYD 145 adsorption 

The adsorption of dye was calculated from Eq. (7.1) and removal effeicincy (%) 

is calculated from Eq. (7.2).  

( )i e
e

a

C C V
q

m

 
    (7.1) 

( )
Removal (%) 100i e

i

C C

C


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Where qe (mg/g) is amount of dye adsorbed by biochar, V (mL) is solution 

total volume of, ma (g) is amount of BC, Ci (mg/L) is initial dye concentration and Ce 

(mg/L) is the final concentration of dye.   

It is very important to study the relationship between adsorbent and adsorbate 

by using isotherm models. There are many isotherms that have been introduced and 

there are limitations of each isotherm. Adsorption of dye on biochar was studied by two 

parameter isotherms including Langmuir, Freundlich and Temkin models using the 

nonlinear equation to minimize the errors from the transformations to linear forms [38]. 

Isotherm model defined by Langmuir is suggests that the adsorbent has a homogeneous 

monolayer surface and energetically equivalent sites for adsorbate interaction [26]. The 

adsorbate molecules adhere to already adsorbed molecules of adsorbate, but only on the 

available surface of adsorbent. The Langmuir isotherm model is expressed by Eq. (7.3).  

m e
e

e

q C K
q =

1+C K
   (7.3) 

Where qe (mg/g) is amount of dye adsorbed per mass of adsorbent, qm (mg/g) is 

maximum adsorption capacity, Ce (mg/L) is equilibrium concentration and K (L/mg) is 

Langmuir constant.  
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A two parameter Freundlich isotherm is well known empirical model without 

any theoretical basis. This model is applicable to heterogeneous nature surface 

materials and expressed as given by Eq. (7.4) [26].  

1/n

e f eq =K C    (7.4) 

Where K (mg/g) and 1/n are Freundlich constants related to adsorption capacity 

and sorption intensity, respectively.  

Another two parameter model is Temkin isotherm, which is based on 

assumption that heat of adsorption of all molecules is directly related to adsorbent 

surface coverage. The adsorption is characterized by a uniform distribution of binding 

energies up to the maximum value [39]. This model is given by Eq. (7.5). 

eq = ln (A C ) e

t

RT

b
  (7.5) 

Where A (L/g) is equilibrium binding constant, bt (J/mol) is isotherm constant 

for heat of sorption, R is the gas constant (8,314 J/mol. K) and T is the absolute 

temperature (K).  

Adsorption kinetics is important to study the rate of adsorption, which are 

influenced by the surface complexity of the adsorbent, solute concentration, pH, 

temperature and flow. The widely used adsorption kinetic models are pseudo-first and 

second oreder given by Lagergren and Blanchard et al., respectively.  The nonlinear 

forms are given as Eq. (7.6) and (7.7), respectively  

t
P-1 e t

dq
=k (q -q )

dt
      (7.6) 

t
P-2 e t

dq
=k (q -q )

dt

2     (7.7) 

Where qe (mg/g) and qt (mg/g) are capacity of adsorbent to adsorb RYD 145 at 

equilibrium and at given time, respectively. kP-1 (1/min) and kP-2 (g/mg.min) are rate 

constants for pseudo first and second order, respectively while t (min) is time.  

7.3 Results and Discussion  

7.3.1 Main elemental composition of EMCRSW derived biochars 

The effect of temperature on elemental composition of EMCRSW derived 

biochars were evaluated. Table 7.2 presents the main elemental composition of BC-
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450, BC-550, BC-650 and previous studies from literature. It could be observed that 

temperature did not significantly altered the elemental composition among biochars 

sample. All biochars were of alkaline in nature. While pH was slightly increased from 

8.3-9.1 with increasing temperature. Which is possible due to release of the alkali salts 

in ash as organic acids and carbonate decomposed during the pyrolysis process [26].  

The carbon contents were observed as 10-10.5% in all prepared biochars and 

are in agreement with study of bird et al. [40] and other studies (Table 7.2). The ash 

contents were found highest for BC-650 while negligible difference for BC-450 and 

BC-550 was observed. The ash contents could be high at higher temperature due to loss 

of volatile matters and alkali metals decomposition.  It is distinct feature of the algal 

biomass and its residue to  have lower carbon contents than lignocellulosic biomass. 

Which is mainly correlated to higher ash and nitrogen contents [40-41] High ash in 

biochar could help to improve the adsorption process and adsorbent capacity [26]. The 

nitrogen is relatively higher than lignucellosuic biochars and is due to unconverted 

protein in algal biomass [42].  

  Biochar has three distinct classes based on the carbon content such as Class 1 

deals with materials with 60% carbon or more, Class 2 have materials with 30-60% 

carbon and materials having 10-30% carbon are of Class 3 [43]. The carbon storage 

class estimates long-term (i.e., 100 year) soil carbon storage potential of a biochar. 

From elemental analysis as shown in Table 1 the biochars with 10- 10.5% carbon lied 

in class 3. The biochars having lower carbon, but higher oxygen and nitrogen are unique 

feature of algal biochar over lignocellulosic biochars. Although the algal biochars are 

less able to provide the carbon than lignocellulosic biochars, they can contribute direct 

nutrient benefits to soil and crop and are notably useful for application on acidic soil 

[40].  The higher heating value of biochars samples were found low and limiting their 

application as a fuel and as an alternative could be applied as an adsorbent for waste 

water treatment.  

The yield of Biochar is mainly dependent on pyrolytic processing conditions, 

including temperature, heating rate, time and nitrogen flow rate. Generally, temperature 

is negatively correlated with the biochar yield. The biochar yield significantly decreased 

from 45% to 34% as temperature increased from 450 °C to 650 °C. It is obvious fact 

that mass loss occurs with rise in temperature due to carbohydrates, protein and other 
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contents cracking.  The obtained yield of EMCRSW derived biochars is in a reasonable 

range reported from other studies in Table 3. Moreover, 20%-63% yield from biochar 

has been reported by yu et al. in their recent review on algal biochars. The high yield 

of biochar from EMCRSW is showing its potential capability as a new feedstock. 

7.3.2 Surface properties of biochars  

The surface functional groups of an adsorbent play an important role for 

adsorption of pollutants. The surface functional groups of BC-450, BC-550 and BC-

650 are presented in Fig. 7.2. The effect of temperature was observed as some peaks 

were disappeared in BC-650 sample. However, the overall main bands were almost 

similar in all samples.  The peaks at 3448 cm-1 and or 2925 cm-1 were indicating the 

the presence of O-H and C-H groups stretching, respectively [44]. This is also ensuring 

the presence of alcohol and methyl bands of alkenes. While band at 1640 cm-1 was 

associated carboxylic compounds. The bands at 1422 and 1465 cm-1 were features of 

C=C, while peaks at 1066, 1074 and 1093 were related to C-O stretch due to alcohols, 

ethers and phenols, respectively. The peaks at 617 cm-1 and 591 cm-1 are presenting 

MeX (M: metal, X: halogen) stretching vibrations in halogen compounds [44, 26]. The 

biochars surface produced at produced at different temperature was rich in O functional 

groups as evidenced from FTIR data and high O/C content.  

The biochars samples were further analyzed for their surface area. It was 

observed that temperature greatly affected this property of biochar. Which is true in 

sense that with increase in temperature volatile loss occurs and increase the void space. 

The increase in surface area was observed (266 m2/g to 351 m2/g) with increasing 

temperature from 450 °C to 550 °C. Interestingly, as temperature increased to 650 °C 

the surface area decreased significantly to 151 m2/g. Which could be attribution of 

vapor condensation at the surface of biochar. The surface area of produced biochar and 

biochars derived from other materials is presented in Table 3 and Interestingly, the 

EMCRSW derived biochar has high surface from same class of biomass and even from 

some lignucellosuic materials as well. The high surface area is highly desired for 

material to be used as an adsorbent. Hence, EMCRSW derived biochars specifically 

BC-550 due to its highest surface area could be of attractive choice.  

The iodine value is another important parameter which is closely interrelated 

with surface area of adsorbents. The iodine value of 120.12, 129.80 and 113.36 for BC-
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450, BC-550 and BC-650, respectively are in well agreement with surface area result. 

The surface potential of biochars were determined and found as -11.81, -12.37 and -

12.60 for BC-450, BC-550 and BC-650, respectively. Based on high surface area and 

other good features, BC-550 was selected for RYD 145 adsorption by ultrasonication.  

7.3.3 BC-550 performance for ultrasonic adsorption of RYD-145 

The effect of contact time, adsorbent dosage, concentration, pH and ultrasonic 

frequency on RYD-145 removal using BC-550 were evaluated.  

7.3.3.1 Effect of contact time 

The performance of BC-550 for RYD-145 removal was studied at variable time 

with 0.3 g/L adsorbent dose, 135 kHz, and 50 mg/L initial dye concentration at the 

solution pH of 7. From Fig.7.3 (a) it can be seen that the equilibrium times were 

observed at 1 minutes for RYD-145 removal. Where absorption of dye solution was 

nearly approaching zero. Not only shorter times, but also higher removal efficiencies 

were gain by ultrasonic adsorption. Sharifpour et al. 2018 [45] reported that ultrasonic 

technique was adopted for the adsorption of dye-safranin O, where equilibrium time 

was attained in shorter duration i.e in 5 min. The shorter adsorption time and higher 

efficiency obtained with ultrasonic adsorption is highly favorable for practical 

approach. 

7.3.3.2 Effect of pH 

The initial pH of solution has great importance in adsorption process. The effect 

of pH (3-7) was studied at fixed time, 50 mg/l concentration, 135 kHz and 0.3 g/l. There 

was negligible effect of pH on removal of RYD 145 was observed (not presented), 

which is in agreement with the study of Nautiyal et al [29]. Hence, remaining all other 

experiments were performed at pH of 7.  

7.3.3.3 Effect of adsorbent dosage  

The effect of adsorbent dosage was observed at 135 kHz, operating time 1 min 

and 50 mg/L solution concentration with pH 7. It could be observed from Fig.7.3 (b) 

that using 0.1 g/L adsorbent the RYD-145 was not completely removed as evidenced 

with absorption peak. However, with increased dosage to 0.3 g followed by 0.5 g, the 

absorption intensity reduced to nearly zero. Which confirmed that maximum dye has 

been removed form solution. Hence, 0.3 g/L of BC-550 was selected as an optimal 

choice. 
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7.3.3.4 Effect of initial dye concentration  

The effect of initial dye concentration (50-300 mg/L) was evaluated at 135 kHz 

and optimized pH, time and adsorbent dosage. As depicted from Fig.7.3 (c), adsorption 

removal decreased with increase in dye concentration observed from peak intensity of 

solution at corresponding wavelength and is due to reduced vacant sites availability. 

The removal efficiency at 50 mg/L to 100 mg/L was highest and could be regarded as 

more than 95% as evidenced from absorption peak approaching to nearly zero.  

7.3.3.5 Effect of ultrasound frequency  

The effect of ultrasonic frequency for RYD-145 removal was performed at 

optimized time, pH, dye initial concentration and adsorbent dosage. The results from 

Fig. 7.3 (d) showing that BC-550 removed RDY-145 very effectively at both low (35 

kHz) and high frequency (135 kHz). So, with economic point of concern ultrasonic 

adsorption process is recommended in this study.  

7.3.4 Adsorption isotherm and kinetics  

The adsorption data were analyzed according to Langmuir, Freundlich and 

Temkin models. The identified isotherm parameters and coefficient of determination 

(R2) are given in Table 7.4 and the model based responses of qe vs Ce are shown in Fig. 

7.4. The application of the Langmuir, and Temkin models to the given set of 

experimental data gave a poor fit and are not suitble for the RYD 145 on BC-550 

adsorbent. Freundlich model had the greater value of R2 and fitted well. This finding is 

in well agreement with previous studies [2, 26, 29]. The Freundlich isotherm model fits 

well with high r-squared model value and presenting that BC-550 surface is of 

heterogeneious nature. The adsorption energy depends on the surface coverage [26]. 

The pseudo-first and second-order kinetic models were used to characterize mono-

nuclear and binuclear adsorption processes, respectively. The results revealed that 

pseudo second order model with was better fit with R2 value approaches near unity. 

Finally, the adsorption of RYD145 on BC-550 is well defined by second order kinetic 

model, which is associated to chemisorption. Which also conforms the exchange of 

electrons between the adsorbate and adsorbent. 
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Conclusion  

Extracted marine Chlorella sp. residue was pyrolyzed at different temperatures 

to produce biochar and evaluated their properties. Temperature has significant influence 

on biochar surface area, while other properties such as pH, yield, zeta potential and 

elemental compositions were remained unaffected. All biochars possessed negative 

surface charge. Biochar produced at 550 °C with highest surface area of 355 m2/g was 

selected for dye removal by ultrasonication. BC-550 showed highly efficient adsorption 

(99% removal) of RYD 145 in much shorter time (1 min.). The adsorption mechanism 

was governed by Freundlich isotherm model and chemisorption of pseudo-second-

order model well.  The recycle of EMCRSW as the feedstock of biochar production and 

application as an efficient adsorbent is environmentally friendly approach and 

beneficial for biofuel and biomaterial industries. 
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Figure.7.1 Overall processing scheme of biochar production from EMCRSW and 

its application for RYD 145 adsorption by ultrasonication  
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Figure. 7.2 FTIR profiles of EMCRSW derived biochar at different temperatures 
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Figure 7.3. Removal efficiency of RYD-145 by BC-550 with ultrasonic adsorption 

to study effect of (a) contact time (b) adsorbent dosage and (c) initial 

concentration and (d) ultrasonic frequency. 
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Figure. 7.4 Adsorption isotherm 
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Table 7.1 Adsorbate characteristics  

Formula  Molecular weight Structure 

C28H20ClN9Na4O16S5 1026.25 (g/mol) 
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 Table 7.2 Comparison of pH, and composition of EMCRSW derived biochars with 

other studies  

a by difference method  

# Higher heating value (MJ)=0.35 C+1.18H+1.10S-0.02N-0.10O-0.02Ash 

 

 

 

 

 

 

 

 

 

 

  

 

 

Material pH C H N S Oa Ash H/C O/C C/N HHV# 

BC-450 8.3 10.5 4 1.6 1.0 26.1 56.8 4.6 1.7 6.5 5.6 

BC-550 8.7 10 3.6 0.9 0.9 28.1 56.5 4.3 2.1 11.1 4.8 

BC-650 9.1 10.1 2.9 0.8 0.9 22.3 63 3.5 1.7 12.6 4.5 

FW algal BC 8.1 11.6 0.7 1.3 - 11.7 74.7 0.72 0.75 8.78 2.2 

SW algal BC 6.1 17.4 1.8 3.3 - 18.1 59.4 1.22 0.78 5.32 5.1 

C.  indica  BC 7.8 10.2 0.8 1.1 - 14.4 73.5 0.94 1.05 9.27 1.6 

Gracilaria  BC 7.6 30.9 2.2 2.8 4.4 16.5 43.2 0.85 0.40 11.03 15.6 

Eucheuma  BC 8.2 24.5 1.5 0.8 9.3 24.9 39 0.73 0.76 30.62 17.3 
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Table 7.3 Comparison of yield and surface area of EMCRSW derived biochars with 

other biochars and materials from literature    

Material Condition Yield 

(%) 
SBET 

(m2/g) 
Reference 

BC-450 450 °C, 60 min 45 266 This study 

BC-550 550 °C, 60 min 45 351 This study 

BC-650       650 °C,,  60 min  151  

Conocarpus wastes 200 °C-800 °C 51-23 - Wabel et al. [2012] 

Peanut shell 300 °C, 700 °C 22, 37 5.61,448 Ahmed et al. [2012] 

Rice straw 500  °C 29.77 34.73 Sew et al. [2016] 

Korean cabbage 500 °C 34.19 11.44 

Wood chip 500 °C 21.27 <0.01 

Chlorella residue activated 

carbon 

800 °C, 30 min 

900 °C, 30 min 

23-29 310 

555 

Chang et al. (2014) 

Gelidiella acerosa   926.4 Ahmed et al. [2019] 

Chlorella residue BC 450 °C, 20 min 

450 °C, 60 min 

44 

34 

- Chang et al. (2015) 

Pigments extracted algal 

residue BC 

800 °C, 90 min 

 

22 

 

133 

 

Chen et al. (2018) 
 

Spirulina platensis BC 450 °C, 120 min - 167 Nautiyal et al. (2016) 

Chlorella sp. BC 600 °C, 30 min - 6.16 Zheng et al. (2017) 

Magnetic algal HBC 500 °C, 120 min - 63 Son et al. (2018) 

S. japonica BC 700 °C, 120 min 

400 °C, 120 min 

25 

38 
1.3 

1.3 

Poo et al. (2018) 
 

Eucheuma sp. BC 450 °C, 60 min 57 34 Roberts et al.(2015) 
Sargassum sp. BC 450 °C, 60 min 49 2.5-7.5 Roberts et al.(2015) 
Saccharina sp. BC 450 °C, 60 min 45 1.3-8.5 Roberts et al.(2015) 

Corn straw BC 600 °C, 120 min - 13.08 Chen et al. (2011) 

Empty fruit bunch BC 600 °C, 128 min 25 421 Zamani et al. (2017) 

Peanut hull BC 450 °C, 60 min - 24.01 Han et al. (2016) 
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Table 7.4 adsorption isotherm parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adsorption parameter Ultrasonic adsorption of 

RYD-145 

Experimental qmax 

(mg/g) 

50.83 

Langmuir  

qmax (mg/g) 57.84 

KL 0.0218 

R2 0.85 

Freundlich  

Kf 7.24 

n 2.77 

R2 0.97 

Temkin  

bT (J/mol) 5.80 

AT (L/mg) 6.97 

R2 0.78 
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Abstract 

Algal biomass emerged as a potential source of bioenergy and valuable derivatives in 

recent years. The major characteristics of microalgae such as high oil contents, carbon 

sequestration, high growth rate and valuable by-products are leading factors to compete 

with traditional resources. The aim of current study was (i) to extract and optimize 

chlorophylls (a and b) at temperature (30-40ºC) and time (60-120 min) by 

ultrasonication assisted with methanol: hexane (2:1v/v) (ii) to find suitable dilution 

factor for chlorophyll analysis by UV spectroscopy considering 1:10, 1:15,1:20 ml/ml 

and (iii) to determine suitability of dissolving methanol/hexane extract in different 

solvents for analysis and quantification by simultaneous equations. The full factorial 

design RSM was employed and found that model is well fitted (0.99 R2). Maximum 

recovery of total chlorophylls (a and b) was 17.15 µg/ml achieved at 30 ºC and 120 

min. The absorbance spectra peaks were found good with a dilution factor of 1:20 

ml/ml. Dissolving the extract for analysis in same solvent is suitable choice even though 

acetone shows sharp peaks, but not in agreement with beer law. These pigments have a 

high market in pharmaceutical, dietary products, and food industry and recovery of 

these compounds can play an important role to make bioprocess industry more 

economical. 

mailto:engr_amin63@yahoo.com
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8.1 Introduction 

 

 Microalgae are considered as the 3rd generation resource for energy and received 

high focus in recent years. A microalga is unicellular organism, which possess the 

tendency to convert sun energy into chemical energy efficiently via photosynthetic 

process. A variety of strains available in algal class and Chlorella is one of them.   

Microalgae Chlorella sp. is single celled and green species with 2-10 µm [1]. It contains 

about 20, 45, 20 % fat, protein, carbohydrate [2,3], and 0.5-1 % pigments per weight of 

dry biomass [4]. The composition of biomass may vary due to different cultivation 

media and associated factors. Chlorella has oil contents of 28-32% [5] and abundantly 

available pigments due to photosynthetic action [6].  

Chlorophyll is bioactive compound, which have wide application in 

pharmaceuticals, food and color industry [7]. Mainly there are two types of green 

pigments, namely chlorophyll-a and b, however excessive heat, light or air can 

destabilize the product [8].This destabilization can degrade the chlorophyll product. 

The structure of chlorophyll is porphyrin macrocycle with four pyrrole rings, while 

presence of single isocyclic with pyrrole ring built phorbin structure. There are four 

carbons and a nitrogen atom in pyrrole ring. The position of nitrogen atoms easily 

attracts Mg+2 ions for binding. In chlorophyll-b, formyl group take over methyl group 

in ring, which differentiate it from chlorophyll-a. This structure difference between two 

classes of chlorophyll makes identification process easier by their peaks at respective 

wavelength and region (665 for Ch.-a, and 652 for Ch.-b) [8].  

The downstream process of cell disruption for microalgal cell to release 

associated products is necessary, which could be achieved via physical or chemical 

method [9].  Earlier, soxlet extraction procedure assisted with solvent was famous one, 

but it is time and energy intensive. The technological development in research and 

industrial sector introduced the new ways of disruption such as ultra-sonication and 

microwave. These methods do not only rupture the high dense cell very effectively but 

also conform short duration as well.  

The use of ultrasonic as extractant method is of increased interest widely due to 

high efficiency and shorter time required [10]. The extraction process usually carried 

out with aid of chemicals such as chloroform, acetone, methanol and ethanol. A normal 
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protocol for chlorophyll extraction use acetone as effective solvent, however this is one 

of toxic solvent. The solvent selected for extraction process must be less harmful. 

Normally cell disruption of algal biomass release intercellular products, which 

comprised of lipids and chlorophylls mixture known as crude extract. Lipids are 

precursor of biodiesel production, which is not an objective of current study. Various 

studies conducted on lipid extraction from microalgae but limited data is found on 

quantification of chlorophylls in crude extract using different solvent. Current study 

focused on optimization of process and quantification of chlorophylls in crude extract, 

extracted via solvent assisted ultrasonic technique. 

8.2 Material and Methodology 

8.2.1. Material and Chemicals 

A marine microalgae Chlorella sp. was cultivated in 20 m3 open aerated pond 

at National Institute of Coastal Aquaculture (NICA), Songkhla, Thailand as shown in 

Figure 1. The culture growth was attained using CO (NH2)2 and 16-16-16 fertilizer 

(16% N2, 16% P and 16% K) as growth medium. Due to open cultivation scheme the 

other sources such as Light and CO2 were provided naturally for photosynthetic action. 

Commercial grade n-hexane, methanol, ethanol and acetone were purchased from ACI 

Labscan Ltd., while alumunium sulphate was obtained from Saim chemical company 

Ltd. Thailand. 

 

 
 

Figure 8.1. Marine Chlorella sp. cultivated in 20 m3 open pond system 
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8.2.2 Biomass harvesting and post processing  

The cultured biomass attained peak growth phase in 7 days with cell density of 

0.8 g/l was harvested using aluminium sulphate as flocculant agent. After harvesting 

biomass slurry was filtered using cheese cloth to remove any present contamination, 

filled in 20 L gallons and stored at 4 ºC. The stored algal biomass slurry was washed 

thrice with DI water to remove salinity and pH was recorded as 7.5. 

Cleaned biomass slurry was subjected to dewatering using vacuum filtration with 

GENVAC vacuum pump (PVL 3, 0.5 mbar, Italy). The slurry was stirred gently to 

enhance filtration rate. The wet paste as shown in Figure 2 was collected in zip locked 

air tight bags and stored at 4 ºC for short period of time before starting extraction. 

1gallon (20 L) slurry yields about 1 kg wet paste.  

 

 
 

Figure 8.2. Fresh wet algae paste (10-12% dw solid biomass) after vacuum 

filtration 

 

Extraction process was performed using ultrasonic bath (Crest power sonic, 45 

kHz, CP 2600, USA). Experiment was conducted at different temperature (30-40 ºC) 

and time (60-120 min) values. The Stored wet paste biomass was brought to room 

temperature firstly, then 10 gm (dw% basis) was placed in 250 ml Duran bottle. Organic 

solvent methanol: hexane (2:1 v/v) was mixed with sample and stirred for 1 minute. To 

prevent chlorophyll degradation due to light, sample bottles were covered with 

aluminium and placed in ultrasonic extraction bath at predefined condition. The extract 

after different time intervals were taken out and filtered using whatman 4 by vacuum 

application. 

 Residual biomass was stored for further processing, while filtrate was evaporated 

using Heidolph Laborta 4000 rotary evaporator for solvent recovery. The extract 
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obtained after solvent recovery was solid at ambient temperature. This solid was 

resuspended in methanol initially, instead of solvent mixture used for extraction, 

because developed simultaneous equation only deals with single solvent. Methanol was 

selected because of its higher proportion as extractant and have polar nature as well, 

which can easily dissolve green pigments. Optimum condition for chlorophyll quantity 

(previously using methanol) was determined, after that extract was dissolved in 

different solvents such as ethanol and acetone to perform analysis. 

8.2.3 Analysis 

The compositional analysis of wet paste biomass was performed according to 

standard procedures of Association of Official Analytical Chemist (AOAC). The 

AOAC protocols 991.20, 920.39,942.05 were adopted to find out protein, crude fat and 

ash. Moisture contents were determined on the weight loss basis at 90-95 ºC, while 

ANKOM 200 analyzer was used to measure crude fiber contents at ADCET, PSU, 

Thailand. The carbohydrate and energy contents were determined by calculation 

method.  

The UV-spectrophotometer (Agilent 8453, USA) was used for chlorophylls 

analysis. The sampling quartz of 1 cm was used in spectrophotometry. UV system was 

calibrated prior to analysis and blank reading was taken. Initially different dilutions 

1:10, 1:15, 1:20 and 1:25 ml/ml (sample: solvent) were performed to get clear peaks at 

full spectrum range (100-800 nm). Further measurements were taken at best found 

dilution factor. Green pigments (chlorophyll a and b) absorb light in red and blue 

region. The developed simultaneous equations [Equation (8.1-8.3), for methanol, 

ethanol and acetone respectively were used to quantify chlorophylls from plants [11]. 

665.2 652.0

652.0 665.2

Ch a 16.29A 8.54

Ch b 30.68A 13.58A

  

  
  (8.1) 

664 649

649 664

Ch a 13.36A 5.19

Ch b 27.43 8.12A

  

  
  (8.2) 

663.6 646.6

646.6 663.6

Ch a 12.25A 2.55

Ch b 20.31 4.91A

  

  
  (8.3) 

The samples absorbance was recorded at desired wavelength as per above 

equation and quantity (µg/ml) of chlorophylls were calculated. The total quantity of 
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chlorophyll a and b was determined based on summing up the individual chlorophyll 

values and modeled as yield. 

The 32 (2 factors 3 levels) full factorial response surface experimental design with 

2 additional runs at centre point was selected to observe the effects on response (total 

quantity of chlorophylls). The design of the experiment, parametric analysis (ANOVA) 

by multiple regression and optimization was performed using Statistica version 10.0. 

Two factors temperature as X1 (30, 35 and 40 ºC) and time as X2 (60, 90 and 120 min) 

were coded into three level as -1 (low), 0 (center) and +1 (high). The relationship 

between coded and actual value is presented in Equation (8.4).  




i o
i

x - x
X

x
    (8.4) 

Where Xi is coded value of independent variable; xi is original factor; xo is base value 

at center point and ∆x is step change between low and high level. The experimental data 

were fitted according to Equation (8.5), which is the general form of the proposed 

model. 

 

k k k
2

o i i ii i ij i j

i 1 i 1 i j

y X X X X
  

              (8.5) 

Where y is response and βo, βi, βii βij are linear, quadratic and interaction terms of model. 

The predictive response was studied for dependent variables and correlation equations 

were developed. 

8.3 Results and discussion 

8.3.1 Wet paste biomass compositional analysis  

  The compositional analysis of wet paste was determined by standard AOAC 

procedures. The composition of different microalgae strains is different, even same 

strain could have different composition due to diversity in culture.   Moisture contents 

were found 90%, which means only 10% (dw) solid contents of algal biomass available. 

Fang et al., (2016) reported the findings for Chlorella sp. Wet biomass [12]. It is in 

normal range with respect to vacuum filtration application to concentrate biomass from 

5-15%. Protein, crude fat, ash, carbohydrates and energy (kcal) contents were found 

0.76, 0.8, 1.36, 1.59 and 9.43 respectively.  
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8.3.2 Ultrasonic extraction and optimization  

The full factorial response surface methodology was adopted to design and 

optimize the ultrasonic extraction experiment. Response surface methodology is one of 

the most attractive tool for optimization of process [13]. The details of experiment such 

as coding and actual factors scheme, experimental and predicted response are presented 

in Table 1. The response fitted model regression analysis (ANOVA) is shown in Table 

2. The data shows that experimental and predicted response is in good agreement and 

residual is minimal. Regression analysis was performed at 95% confidence level.  

The model F value is good and making it significant, only 0.01% chance is there 

that error could be due to some unavoidable factor. Both linear, interaction and squared 

interaction terms are significant having p-value less than 0.05. Lack of test is non-

significant with p-value of 0.91, which confirms the best fit of model. The R-squared 

of 0.99 very close to 1 is presenting good fit of model as well at 95% confidence.  

On the other hand, adjusted and predicted R-squared value of 0.98 and 0.97, 

which are very close to R-squared value of 0.99 are well justifying the model. The 

standard deviation of 0.18, and 1.26% C.V leading to reliability of model. By backward 

elimination as setting confidence level at 0.95 a refined equation (8.6) in terms of coded 

factors was developed for response variable. 

2 2

1 2 1 1 2 1 2
 Y= 13.80-1.57 0.95 0.43 1.17 1.12X X X X X X X     (8.6) 

 The selected solvent methanol shows high response in extracting these value-added 

products, as it was confirmed in our preliminary analysis as well. Some studies also 

reported methanol as consistent solvent for excellent capability of chlorophyll 

extraction compared to other solvents [14,15].  

Response surface and contour plot of factors with respect to yield are given in Figure 

3. Both factors showing significant effect on response, at 30 ºC yield increased linearly 

with time increment but at 35 ºC and 40 ºC response yield trend was found in decreasing 

order as time increased. Kong et al.[16] study states that chlorophyll extraction via 

ultrasound increased linear with time at specific temperature, after that it started to 

decrease. This could be due to fact that chlorophylls start to degrade, if excessive 

heating applied [17]. The optimum condition was observed 30 ºC and 120 min at which 

recovery was 17.19 (µg/ml). Two trials were performed at optimized condition to check 

accuracy and found   0.02.   
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Table 8.1. Full factorial design runs with actual and model predicted response 

 

 

 

8.3.3 Dilution factor and dissolving of methanol/hexane extract in different 

solvents. 

The dilution factor for spectroscopy analysis was investigated and 1:20 ml/ml 

factor is reasonable to produce clear peaks. Dissolving the methanol/hexane solvent 

extract in different single solvents (as per simultaneous equations) in methanol, ethanol, 

acetone was solely based on fact to plug data in available equations, and in case of 

suitability, choice of ethanol (non-toxic) as friendly solvent.  It has been found that 

dissolving extract in different solvent (instead of extractant) is not good choice, 

however peaks were good but absorbance was more than 2, which sounds not good, 

because spectrophotometer linear absorbance range is between 0.1-1. Due to this fact 

chlorophyll calculated amount and absorbance values of sample diluted in ethanol and 

acetone are not presented here. 

 

 

 

 

 

 

 

Run Actual Factors A 

 (665.2) 

A 

(652.0 

Coded 

Factors 

Total chorophylls 

(µg/ml) 

 Temperat

ure  (ºC) 

Time 

(min) 

  X1 X2 Experiment

al  

Predicte

d  

1 30  120 0.85 0.67 -1 1 17.20 17.15 

2 35  120 0.62 0.51 0 1 12.90 12.8 

3 35 90 0.70 0.54 0 0 13.80 13.85 

4 35 90 0.75 0.54 0 0 14.0 13.80 

5 30 60 0.80 0.56 -1 -1 14.50 14.45 

6 40 120 0.59 0.46 1 1 11.70 11.67 

7 35 60 0.91 0.56 0 -1 14.80 14.75 

8 40 60 0.76 0.53 1 -1 13.70 13.67 

9 40 90 0.64 0.49 1 0 12.60 12.67 

10 35 90 0.82 0.51 0 0 13.50 13.8 

11 30 90 0.98 0.59 -1 0 15.70 15.8 
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Table 8.2 Regression analysis  
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Figure 8.3. Surface and contour plots of fitted response for total chlorophyll yield 

((µg/ml). 

Conclusion  

Current study presents that marine Chlorella sp. possess considerable amount 

of chlorophylls, which could be extracted and purified for wide range applications. 

High temperature was found not suitable for extraction as it might degrade pigments. 

Dissolving the extract (methanol/hexane) in methanol was found good, but it’s 

Source SS MS F df p significance 

Model 22.69 4.54 144.82 5 <0.0001 significant 

X1 14.73 14.73 470 1 <0.0001 significant 

X2 1.80 1.80 57.61 1 0.0006 significant 

X1X2 5.52 5.52 176.25 1 <0.0001 significant 

X1
2 0.51 0.51 16.34 1 0.0099 significant 

X1
2 X2 1.69 1.69 53.86 1 0.0007 significant 

X1 X2
2, 

X2
2 

     Not significant 

Residual 

LOF 

Pure error 

0.16 

0.30 

0.13 

0.031 

1e-2 

0.063 

 

0.16 

5 

3 

2 

 

0.91 

Not significant 

Total 22.85   10   

Precessio

n 

R2 R2 Adj. Std. 

Dev 

Pred. 

R2 

C.V %  

41.9 0.99 0.98 0.18 0.97 1.26  
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dissolving in ethanol and acetone was not accurate despite of producing clear peaks. It 

is concluded that same solvent (methanol in current study because of higher proportion 

with respect to hexane) utilized for extraction is best for dissolving again for analysis. 

More work is required in purification and developing simultaneous equation for mixed 

solvent.   
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