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Abstract 

Marine and freshwater microalgae grow in two different ecosystems, which influence their properties thus requires attention 

prior to determining its application. This paper has successfully disclosed the thermal, chemical, and physical properties of two 

types of microalgae on carbon dioxide (CO2) fixation and underwent pyrolysis process. Slow pyrolysis process for marine and 

freshwater microalgae (Isochrysis sp. and Monoraphidium c.) was performed in the fixed bed pyrolysis reactor and TGA 

(thermogravimetric analyzer) to determine the product yield and study their thermal decomposition profile. The pyrolysis was 

completed at various temperatures (400, 450, 500, and 550°C) at a heating rate of 15 °Cmin-1 and nitrogen flow rate of 200 ml 

min-1. Pyrolysis in TGA analyzer ran from 27 to 800°C at three heating rates (10, 20, and 40 °Cmin-1). For chemical composition, 

Fourier-transform Infrared (FTIR) analysis was performed on both microalgae samples. The highest yield (up to 33.9%) of bio-

oil was obtained from Isochrysis sp. for all temperatures while the highest average yield (65.78%) of bio-char was collected from 

Monoraphidium c. species. From TGA pyrolysis, the major decomposition occurred between 200-400°C for Monoraphidium c. 

species. On the other hand, the decomposition profile of Isochrysis sp. was slightly slower, which may be due to the differences 

in lipid composition (FTIR peak 2929 cm-1). The activation energy of all tests is lower (33.6-40.3 kJ mol-1) compared to several 

other biomasses. Marine species fixed with CO2 showed promising results even without addition of catalyst and no additional 

cost needed.  

(https:/orchid.org/0000-0003-4790-3613)
(https:/orchid.org/0000-0003-4790-3613)
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1. Introduction 

Sustainable energy and environment are equally vital, which was the impetus for continuous research on carbon capture, 

storage, and utilization viz. microalgae developed by power plant companies. Among the attractive features for microalgae are 

high productivity, storage and utilization of the CO2 absorbed, biological-CO2 fixation from emission. Apart from these they can 

be cultivated in fresh, saline, and waste water conditions [1,2]. With the combination of these traits, microalgae have 

convincingly stood out as important species that serve as a source for bioenergy. Since microalgae mostly consist of 

carbohydrates, proteins, lipids and a few other components, the utilization of microalgae for bioenergy can be done by few 

methods including pyrolysis.  

Pyrolysis has been widely applied as a specific thermochemical conversion technique, since it is a simple thermal cracking 

process that produces bio-oil, bio-char and gas under relatively mild conditions (400–550°C, ambient pressure) [3,4]. In several 

studies, researchers have shown the potential of pyrolysis of lipids component from microalgae [5,6] and macroalgae [7] produce 

liquid hydrocarbon mixtures. Interestingly, Peng et al. [8] showed that pyrolysis of the complete algae (chlorella) resulted in 

high oil yield of above 40% on dry biomass basis over a wide temperature range (300–500°C). The bio-oil from pyrolysis of 

microalgae contains high concentration of aliphatic compounds, fatty acid alkyl ester, alcohols, and nitriles [9,10]. The thermal 

process through thermogravimetric analysis (TGA) has been used to determine the thermal decomposition profile of microalgae 

for the production of energy and new materials [11,12]. Data from TGA has been used for kinetic study of microalgae pyrolysis, 

which in turn has been applied to determinethe best fit reaction model  as well as the activation energy for the pyrolysis of 

microalgae. This method is well established and recommended by the kinetic committee of the International Confederation for 

Thermal Analysis and Calorimetry (ICTAC) [13,14].  

Marine algae are the oldest members of the plant kingdom and they consist of polysaccharides (alginate, laminarin and 

mannitol), with zero lignin and low cellulose content [12]. The size of microalgae ranges from microscopic individual cells to 

the plant greater than 30.48 meters long. Isochrysis sp. is one of the marine species and has potential to yield oil. The oil content 

for the Isochrysis sp. is within 25-33% of its dry weight [15].  Marine algae are reported to have higher level of lipids, protein 

and carbohydrates (in the form of glucose, starch and other polysaccharides) [16] and therefore, have been suggested as a greater 

potential third generation of bio-fuel feedstock. However, until now, only a few researchers used Isochrysis sp. as their feedstock 

to study the pyrolysis of the microalgae. On the other hand, Monoraphidium c. is a species of microalgae that comes from fresh 

water. Taxonomically, Monoraphidium is a genus in the Selenastraceae whose morphology features long cells with either 

straight or crescent shapes [17]. Although this is a fresh water species, it is also able to grow in wastewater as it has high tolerant 

and good growth performance [17,18]. In addition, Sofia and Morais [18] reported that it had high biomass productivity (100.36 

mg.L-1.d-1) and high lipid content (21.5% dried biomass) [19] while Diaz et al. recorded as high as 30.5% of lipid content [20]. 

Despite the availability of studies on the production of bioenergy using microalgae as a feedstock, the number is very small 

(less than five) with respect to research related to utilization of microalgae upon treated with flue gas. In our opinion, there is 

still more information required to integrate the carbon capture, storage and utilization for microalgae to be upgraded and 

commercialize the production. Hence, it is crucial to obtain and analyze the data on thermal, chemical, and physical properties 

of microalgae after CO2 fixation for both marine and freshwater species after they undergone thermal decomposition process via 

pyrolysis process for production of crude bio-oil and bio-char. The motivation of this research comes from responsibility to 

reduce greenhouse gas emissions by reducing CO2 in the atmosphere through the application of carbon capture and utilization 

technologies. In specific, the selection of marine species is favourable as most coal plants are located by the seaside. In this 

research, the microalgae samples utilized have been fixed with CO2 through continuous purging with flue gas (composition of 

CO2, CO, NOx, SO2, O) and compare with sample that underwent only aeration (normal air) treatment. The marine microalgae 

species was collected from coal-fired power plant environment. The study of this marine and freshwater species microalgae aims 

to determine the oil and char yields,  to assess the chemical composition upon CO2 fixation treatment. The kinetic analysis at 

different heating rate for its activation energy was carried out, to evaluate the thermal decomposition profile, and then, ultimately 

determine the correlation of all properties for utilization part of this specific CO2 fixation treated microalgae. 

 

2. Experimental 

2.1 Materials  

Microalgae samples selected are Isochrysis sp. and Monoraphidium c., which are cultured through two different treatments 

(on aeration and flue gas- interest in specific CO2 fixation). The microalgae samples were provided by local power plant company 
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(conditions: mono-culture species), culture in sea-water for marine species. The flue gas also has other major gas components 

(composition: CO2, O, CO, NOx, SO2) as described by Yahya et al. [21]. Then, the samples were dried (oven, at 105°C for 24 

hours) upon receipt from the company to remove moisture and in preparation for pyrolysis process.  

 

2.2 Pyrolysis of the Sample 

A horizontal borosilicate tube (15-gram in capacity) was placed inside split tube furnace to carry out slow pyrolysis of the 

feedstock in the present study. Nitrogen gas (200 ml min-1) was induced into the tube to create the inert condition. For each 

experiment, about 10 g of each sample was used and underwent slow pyrolysis under for temperatures (400, 450, 500, and 550 

°C) for 30 to 45 minutes until no significant release of brownish gas was observed. Total number of experiments is 16 runs (4 

types of materials, 4 temperatures). Three different products formed from each experiment (bio-char, bio-oil and gaseous 

material) were collected for analysis purpose. The yield of bio-char was determined by direct measurement using analytical 

balance while the yield of bio-oil was determined by the difference in the weight of the condenser before and after experiment. 

The amount of gaseous material was calculated by the difference between weight of sample before and after bio-oil and bio-char 

were obtained. 

 

2.3 Fourier-transform Infrared (FTIR) Analysis 

Fourier-Transform Infrared (FTIR) technique was applied to determine the possible functional groups that are present in the 

marine (Isochrysis sp.) and freshwater (Monoraphidium c.) species of microalgae. The analysis of solid samples was run using 

64 scans within 4000 to 450 cm-1 wavelengths for each spectrum. 

 

2.4 Pyrolysis in TGA 

Thermogravimetric analysis (TGA) of microalgae were obtained using thermogravimetric analyzer STA 6000 instrument. 

All experiments consisted of three steps: drying, primary and secondary devolatilization in a nitrogen inert atmosphere (50 ml 

min-1). About 10 mg of each sample was placed in ceramic crucible for this experiment. The heating rates were 10, 20, and 40 

°C/min and the temperature was ramped from 27 to 800°C. 

 

2.5 Kinetic Parameter Theory 

Non-isothermal kinetic analysiswas carried out for the microalgae using Coats and Redfern approaches.  The kinetic 

parameters, activation energy and pre-exponential factor were determined for temperature between 200 – 300°C . The mass of 

sample was measured as the function of temperature. The condition can be summarized as the equation below: 

𝑑𝛼𝑑𝑡 = 𝐾𝑓(𝛼)       (1) 

K is the rate of reaction and f(α) is a function of α which represent the weight loss rate. The weight loss rate, α is defined as 

𝛼 = 𝑀𝑜− 𝑀𝑡𝑀𝑜− 𝑀∞       (2) 

where Mo means the initial mass of sample, Mt represents the mass at a given time t and M∞ is the final mass of sample for the 

experiment. The rate of reaction can be described by using Arrhenius equation: 

K = A exp (−ERT)      (3) 
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In equation (3), T is the temperature in Kelvin, A represents the pre-exponential factor, E is the activation energy and R is the 

universal gas constant, which is 8.3145 J mol-1 K-1. Combination of equation (1) and (3) formed a new equation: 

dαdt = Ae(−ERT) ∙ f(α)      (4) 

The heating rate, β is defined as 

β =  dTdt        (5) 

which forms the basic equation for TGA curve, 

dαdT  =  Aβ e(− ERT) ∙ f(α)      (6) 

Coats and Redfern (1964) method is widely used for the study on the analysis of pyrolysis kinetics and kinetic parameters 

such as activation energy and pre-exponential factor [9]. Rearranging Equation (6) gives, 

dαf(α) =  Aβ e(−ERT) ∙ dT      (7) 

When equation (7) is integrated into equation (8), equation (9) is formed 

∫ dαf(α)  = g(α)α0        (8) 

g(α) =  Aβ ∫ e(−ERT)TT0 dT      (9) 

T0 is defined as initial temperature. From Equation (9), the Coats-Redfern equation was derived as 

ln [g(α)T2 ] =  ln [ARβE  (1 − 2RTE )] − ERT            (10) 

Since (2𝑅𝑇/𝐸) ≤ 1 similar to research done by Gao et al. [20], Equation (10) became 

ln [g(α)T2 ] =  ln ARβE − ER (1T)             (11) 

Therefore, 𝑙𝑛[𝑔(𝛼)/𝑇2] has a linear relationship with 1/𝑇. The value for E and A could be found by plotting the graph 

between 1/𝑇 and ln [𝑔(𝛼)/𝑇2] and fitting the linear curve to get the slope and y-intercept value from the graph. The 𝑔(𝛼) was 

defined in different ways (Table 1) for several reaction model mechanisms which will give different value of E and A when fitted 

into Equation (11). 
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Table 1: Different reaction models of pyrolysis with various function of g(α) and f(α) [9]. 

Reaction model  g(α) f(α) Reaction mechanism 

Chemical reaction F1 −𝐥𝐧(𝟏– 𝛂) 𝟏 − 𝛂 First-order reaction 

F3/2 𝟐[(𝟏 − 𝛂)−𝟏/𝟐 − 𝟏] (𝟏 − 𝛂)𝟑/𝟐 1.5-order reaction 

F2 (𝟏 − 𝛂)−𝟏 (𝟏 − 𝛂)𝟐 Second-order reaction 

Diffusion-controlled 

reaction 

D1 𝛂𝟐 𝟏/𝟐𝛂 One-dimensional diffusion, parabolic 

law 

D2 (𝟏– 𝛂) 𝐥𝐧(𝟏– 𝛂) + 𝛂 −𝐥𝐧(𝟏– 𝛂)−𝟏 Two-dimensional diffusion, Valensi-

Barrer equation 

Phase boundary R1 Α 1 One-dimensional 

R2 𝟏 − (𝟏 − 𝛂)𝟏/𝟐 𝟐(𝟏 − 𝛂)𝟏/𝟐 Two-dimensional, shrinking cylinder 

R3 𝟏 − (𝟏 − 𝛂)𝟏/𝟑 𝟑(𝟏 − 𝛂)𝟐/𝟑 Three-dimensional, contraction of the 

sphere 

 

 

3. Results and discussion 

3.1 Product yield of pyrolysis 

There were three products from the pyrolysis process. The yields of the bio-oil and bio-char products from all microalgae are 

presented in Fig. 1 and Fig. 2, respectively. The highest amount of bio-oil was collected using Isochrysis sp. (on air) from all 

four different reaction temperatures (400, 450, 500 and 550°C) ranging from 30.30 to 33.90 wt%. The bio-oil collected increased 

from low to high temperature and this is in good agreement with other findings. Meanwhile Isochrysis sp. on flue gas produced 

27.88% of bio-oil at lowest temperature and 32.47% at highest temperature. It can be seen that Isochrysis sp. on air always 

produced higher bio-oil compared to Isochrysis sp. on flue gas. Positively, when compared to other marine species studies 

conducted by Adamczyk and Sajdak [10], and Aysu [22] over similar temperature range, bio-oil production from our samples 

were higher with 31% (Nannochloropsis gaditana) and 24.30% (Isochrysis sp., with catalyst) yields, respectively [10,22]. In the 

other case, Monoraphidium c. on air only showed higher bio-oil yield for temperature of 400 and 500°C compared to the same 

species on flue gas. Nonetheless, the yield of bio-oil from Monoraphidium c. species was always lower than that from Isochrysis 

sp. despite the difference in atmosphere condition (air or flue gas). This includes, the high production of bio-oil from other 

freshwater microalgae, Scenedesmus sp. (41.54% oil phase, 10.3% water phase) obtained by Kim et al. [9]. 

In term of bio-char yield, an opposite pattern was observed as shown in Fig. 2. Monoraphidium c. species exhibited higher 

amount (57.80% to 70.70%) for both treatments (air and flue gas) compared to Isochrysis sp. (52.50% to 64.74%). It is observed 

that Isochrysis sp. has variation in term of temperature because the highest amount of bio-char was obtained from the second 

lowest temperature 450°C (64.74%). Interestingly, the lowest temperature of 400°C produced lowest bio-char yield for both 

treatments (52.5% and 56.85%, air and flue gas, respectively). In general, it can be said that higher bio-char yiled was observed 

from flue gas treatment at temperature of 450°C and below. The remaining small amount of gaseous material, which is also 

produced during pyrolysis, can be calculated by the differences of mass of products before and after the experiments. Plus, it is 

demonstrated that Isochrysis sp. (flue gas) produced high amount of bio-char (64.74 wt%) at low pyrolysis reaction temperature 

of 450°C as well as a comparable amount of bio-oil (31.67 wt%) which will give an advantage in term of reducing the cost of 

energy usage. Interesting, it was found that our samples produced more bio-char products than that of other researches for both 

marine (Nannochloropsis gaditana) and fresh water (Scenedesmus sp.) species [9,10]. From the finding, it can be summarize 
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that the suitable reaction temperature for pyrolysis of microalgae to obtain high amount of bio-oil and bio-char can be from 500 

to 550°C. It can also be deduced that flue gas could also contributed to higher bio-oil yield and no additional cost required to 

produce the bio-oil since no catalyst was added and low energy is required.    

 

Figure 1: Pyrolysis bio-oil yields of Isochrysis sp. and Monoraphidium c. by air and flue gas treatments. 

 

Figure 2: Pyrolysis bio-char yields of Isochrysis sp. and Monoraphidium c. by air and flue gas treatments. 
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Figure 3: Spectra of raw samples from (a) Isochrysis sp. on air and flue gas; (b) Monoraphidium c. on air and flue gas.

 

3.2 Infrared spectra of Isochrysis sp. and Monoraphidium c. 

The results of infrared spectra of both microalgae (Isochrysis sp. and Monoraphidium c.) for air and flue gas are shown in 

Fig. 3a and 3b. The position of adsorption peaks of both microalgae for two different conditions on air and on flue gas was not 

much different at the fingerprint region. For the Isochrysis sp. and Monoraphidium c. with air and with flue gas treatment, the 

dry samples did not show much differences in term of the band present between 3400-3430 cm-1. It was obvious that both 

microalgae have shown some similarity of concentration in this region when species treated with the same treatment (air and 

flue gas).  

It is also obvious that OH stretching of carbohydrates, proteins, and lipids [21] at 3400 cm-1, for flue gas is slightly larger for 

Isochrysis sp. compare to Monoraphidium c. This indicated the ability of Isochrysis sp. to absorb the flue gas and produced more 

chemical components, mainly carbohydrates. In contrast, the spike that was intense at 2900 cm-1 for CH3 and CH2 stretching of 

lipids and proteins of flue gas belong to Monoraphidium c. Another important region for these species is 1600 cm-1 displayed 

for C=O stretching of proteins. Isochrysis sp. of flue gas exhibited higher intensity than Monoraphidium c. in spite of their similar 

trend from 1600 to 1500 cm-1. Region from 1400-1000 cm-1 is assigned to carboxylic acid, nucleic acid, carbohydrates of 

polysaccharides, and protein [21,22]. When the yield of bio-oil and bio-char are correlated with FTIR results, it can be seen that 

the content of bio-oil (Isochrysis sp., flue gas) will likely be carbohydrate component, while proteins and lipids are highly present 

in the bio-char (Monoraphidium c., flue gas). 

Apparently, the spectra for air treatment of microalgae species also possessed similar properties except that the intensity are 

different from flue gas treatment and the species from marine also differ fairly than freshwater. Isochrysis sp. showed more 

proteins than other components by the peak at 1640 cm-1 as compared to Monoraphidium c., meanwhile the peak at 1500 cm-1 

disappeared and other traces detected indicates other chemical components present in this marine sample. The marine species 

obviously exhibited the presence of carboxylic acrid and nucleic acid as the peaks detected at 1414, 1238, and 1080 cm-1 with 

the disappearance of peak 1500 cm-1. Carboxylic acid, nucleic acid and protein seems to be the major components in 

Monoraphidium c. of air treatment displayed from the spectrum in the region between 1400 till 1200 cm-1. Hence, it can be 

speculated that the highest amount of bio-oil and bio-char (air treatment) obtained possess the highest amount of protein and 

carbohydrate as well as some amount of carboxylic acid and nucleic acid in Isochrysis sp. Inevitably, the highest amount of bio-

char in Monoraphidium c. may contain carbohydrate, lipids and proteins as the major components.       

Table 2 shows the details of components present in the samples treated in air and flue gas. As mentioned by Yahya et al. [21], 

these compositions of carbohydrates present in the bio-oil and bio-char, which can be converted to energy and lipid for energy 

storage, would encourage the utilization of the species as precursor for development of refining the bio-oil for energy-related 

and activated carbon applications. 

3.3 TGA and DTG analysis 

The TGA and Derivative Thermogravimetry (DTG) curves for the pyrolysis characteristics of Isochrysis sp. and 

Monoraphidium c.  at heating rate of 10 °C/min were presented in Fig. 4 and Fig. 5. Pyrolysis in TGA showed four stages of 
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weight loss; stage 1 corresponds to drying or dehydration stage and stage 2 indicates the primary devolatilization of low and high 

chemical components (carbohydrate and protein). Stage 3 presents the secondary devolatilization (lipid content) and last stage 

is residual decomposition (others or intermediate products) [23]. The small degradation represented the loss of moisture at 105°C 

to the extent of evaporation of the water in the cells and the external water bounded by surface tension [5,23]. From the 

microalgae samples [24,25] and light volatile compound [26]. As mentioned by Raheem et al. [27], the weight loss that occur 

after 138°C before the second stage could be due to the devolatilization of light volatile compounds in the sample which may 

start with low molecular weight of carbohydrate or low thermal resistant carbohydrate component. The second stage (stage II) 

started from 160°C until 520°C. At this second stage (stage II) with high weight loss, it indicates the devolatilization of main 

components of microalgae which includes high molecular weight carbohydrate, high thermal resistant carbohydrate, non-fibrous 

carbohydrates, low and high molecular weight protein as well as low and high thermal resistant protein [24]. This is followed by 

third stage (stage III), in which probably only lipid decomposition at this region, which is showed by the bump or shoulder 

immediately after the big and high band (stage II). In final stage (stage IV), the decomposition of the final residual takes place, 

and compose mainly of intermediate product or other trace matters. This finding on the chemical components is supported by 

our FTIR spectra in this study, which detected the present of carbohydrates, protein and lipids (Table 2). According to Bui et al. 

[28], the thermal decomposition behavior of protein and lipids are different for different microalgae species whereby the protein 

will decompose first before the lipids. The char formed at the third stage (stage III), which starts at 520°C and ended at 800°C 

corresponded to the exothermic char oxidation process that take places slowly [24]. Overall, it can be observed that pyrolysis 

process that occurred in both microalgae were dehydration and decomposition associated with depolymerization, 

decarboxylation, and cracking of the samples.      

In the case of the marine and freshwater samples (Fig. 4 a), it is obvious that maximum weight loss in percentage of Isochrysis 

sp. (flue gas) was higher than Isochrysis sp. (air). However, Fig. 4b exhibited close curves trend between Monoraphidium c. on 

air and flue gas whereby the Monoraphidium c. (air) had more weight loss compared to Monoraphidium c. (flue gas). Clearly, it 

can be seen that there is a shift of temperature between marine and freshwater species. Not just that, the band size and peak high 

also showed differences between the two species.  It is also observed that most of the decomposition profile occurred for marine 

species than freshwater species. Also, in between treatment within marine species, it is also noticeable that there are major 

changes in term of their weight loss intensity.  It is obvious that the chemical composition in the species dictated the 

decomposition profile of each species. As mentioned by Diaz et al., composition of lipids, proteins, and carbohydrates are 30.58, 

43.84, and 25.5 %, respectively [20]. 

When comparing between Isochrysis sp. and Monoraphidium c. sp., the marine species does not show clean curves especially 

on flue gas over aeration. This depicts that at temperature above 300°C specifically, injection of the flue gas in the development 

of the species growth has influenced the thermal behavior. It is likely to be association with higher lipid content and in good 

agreement with objective of this study as having more lipid would increase the potential of the samples for application in 

bioenergy industry. Interestingly, Monoraphidium c. sp. of aeration sample showed clear peak shoulder postulated to be due to 

lipid production, thus it is better without additional CO2 from flue gas.  

In conclusion, TGA-DTG curves have shown tremendous weight lost in the second stage (stage II) with total loss of 75% 

volatile matters at temperature within 300-350°C. Isochrysis sp. however displayed the highest weight lost in comparison to all 

other treatments and with other pyrolysis microalgae. This proves that flue gas did dictated the thermal decomposition behavior 

of microalgae. 
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Figure 4: TGA-DTG curves of pyrolysis, (a) Isochrysis sp. and (b) Monoraphidium c. at heating rate 10°C/min. 

 

3.4 The effects of heating rate on DTG graph 

The thermogravimetric analysis was carried out with different heating rate (10, 20, and 40 °C/min). The thermogravimetric 

(TG) curves for the pyrolysis of Isochrysis sp. and Monoraphidium c. at different rates are constructed in Fig. 5 while for the 

DTG curves, the data are illustrated in Fig. 6. From the TG and DTG curves provided, it is observed that the whole weight losses 

during the pyrolysis process for those microalgae samples were shifted to maximum temperature zones with the increment of 

heating rate. 
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Figure 5: TGA curves with heating rate 10, 20, 40°C/min: (a) Isochrysis sp. on flue gas, (b) Isochrysis sp. on air (c) 

Monoraphidium c.  on flue gas and (d) Monoraphidium c. on air. 

As shown from the DTG graphs in Fig. 6, the average reaction rate increased when the heating rate is raised during the 

devolatilization stage. It has been shown by the main peak that is plotted for Monoraphidium c. on flue gas where the main peak 

occurred at temperature 305°C for heating rate 10 °C/min, around 310°C for heating rate 20°C/min and 335°C for the heating 

rate 40 °C/min. This indicates that the increase in the temperature for the devolatilization process occurs as the value of heating 

rate is raised. As the heating rate increased, the initial pyrolysis temperature, the average reaction rate, and the temperature at 

which maximum weight loss occurred all increased [23]. The data are congruent with Li et al. [12]. Heating rates with low 

activation energy at 20°C shows microalgae as a good source of feedstock for energy production.  

 

     

 

Figure 6: (a) DTG curves for Isochrysis sp. on air for 10, 20, 40°C/min. (b) DTG curves for Isochrysis sp. on flue gas for 10, 

20, 40°C/min. (c) DTG curves for Monoraphidium c. on air for 10, 20, 40°C/min. and (d) DTG curves for Monoraphidium c. 

on flue gas for 10, 20, 40°C/min. 

 

 

 



 

13 

Table 2: Assignment of bands in FTIR Spectra of Isochrysis sp. (on air and flue gas) and Monoraphidium c. (on air and flue 

gas). 

Main peak (cm-1) 
Typical band assignment 

from literature [22] 

Typical band assignment 

from literature [29] 

Wavenumber 

range (cm-1) 

Monoraphidium c. Isochrysis sp.    

On air 
on flue 

gas 
on air on flue gas 

   

3422.84 3429.54 3431.93 3408.97 

Water ν (O-H) stretching  

Protein v(N-H) stretching 

OH stretching of 

carbohydrates, proteins, and 

lipids 

3029-3639 [29]  ≃ 3460 [30]  

2926.1 

2926.1 

2861.1 

2929.5 2929.5 

Lipid – carbohydrate  

Mainly vas (CH2) and vs 

(CH2) stretching 

CH3 and CH2 stretching of 

lipids and proteins 

2809-3012 [29]  ≃2850-2950 [30]  

1640.05 1636.90 1638.28 1648.65 

Protein amide I band 

Mainly ν (C=O) stretching 

C=O stretching proteins 

1583-1709 [29]  ≃1650 [30]  

1541 1544.4 - 1551.3 

Protein amide II band mainly 

δ (NH) bending and ν (C-N) 

stretching 
N-H Amide of protein 

1481-1585 [29]  ≃1540 [30]  

1455.5 1459 - - 

Protein δas (CH2) and δas 

(CH3) bending of methyl, 

Lipid δas (CH2) bending of 

methyl 

CH3 and CH2 proteins 

1425-1477 [29]  ≃1455 [30] 

1404.2 1407.6 1414.5 1411 

Protein δs (CH2) and δs (CH3) 

bending of methyl Carboxylic 

Acid νs (C-O) of COO- 

groups of carboxylates Lipid 

δs (N(CH3)3) bending of 

methyl 

CH3 and CH2 proteins 

1357-1423 [29]  ≃1398 [30] 

1236.6 1243.4 1238.3 1240 

Nucleic Acid (other 

phosphate containing 

compounds) νas (>P=O) 

stretching of phosphodiesters 

C-O-H Carbohydrates, 

proteins, DNA, and RNA 

1191-1356 [29]  ≃1275 [30] 

- - 1080.94 1074.93 

Carbohydrate ν (C-O-C) of 

polysaccharides Nucleic Acid 

(and other phosphate-

containing compounds) νs 

(>P=O) stretching of 

phosphodiesters 

P=O of Phospholipids, DNA 

and RNA 

1072-1099 [29]  

1020-1085 [30] 

1062.2 1065.6 - - 
Carbohydrate ν (C-O-C) of 

polysaccharides 

P=O of Phospholipids, DNA 

and RNA 
980-1072 [29]  
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1020-1085 [30] 

 

 

3.5 Kinetic Parameter Analysis 

In order to get the optimum reaction mechanism to describe the thermal-chemical profile of microalgae, the corresponding 

fitted curve had been plotted by using Equation (11) with the highest correlation coefficient, r2 in which the value will 

approaching value 1 as an indication of the most possible reaction model. The temperature selected for kinetic analysis is within 

the temperature range 200°C to 400°C based on the main weight loss peak from DTG graphs. The fitted curves and correlation 

coefficients for different reaction mechanisms can be obtained by calculating the value of weight loss rate, α and g(α) function 
from the given formula in Table 1. 

From the data of kinetic parameter table, the value for activation energy, E that were calculated for the pyrolysis of Isochrysis 

sp. and Monoraphidium c. for both on flue gas and air showed lower activation energy compared to other algae biomass feedstock 

at the various heating rate. The comparison of activation energy between microalgae biomass feedstock has been compiled in 

Table 6. Having a low activation energy means the process is more reactive since it requires small amount of energy to make the 

material to react and vice versa for the higher activation. The small value of activation energy for biomass requires less energy 

to break down the chemical bonds between the atoms and it will exhibit faster reaction rate [24]. When the heating rate of the 

pyrolysis reaction is varied, the lowest activation energy from all those four different samples is obtained when the heating rate 

is at 20 °C/min. It is observed from Table 4 that, the activation energy for Isochrysis sp. on air and flue gas were 17.77 and 30.66 

kJ/mol, respectively while that for Monoraphidium c. on air and flue gas were of 32.83 and 34.41 kJ/mol, respectively. However, 

when comparing Monoraphidium c. on flue gas at 20 °C/min and 40 °C/min, the activation energy at heating rate 40 °C/min 

resulted in a slightly low value compared to the value at 20 °C/min heating rate which is 33.60 kJ/mol. Changing the heating 

rate, resulted in the variations in the pre-exponential factor value as reflected by our results.  

 

Table 3: Kinetic parameter for all microalgae sample at heating rate 10°C/min. 

Microalgae 

sample 

Reaction 

model 
Fitted equation r2 

Activation energy, 

E (kJ/mol) 

Pre-exponential factor, A 

(min -1) 

Isochrysis sp.  

(on air) 

D2 y = – 5153.7790x – 5.8388 0.995 42.85 4247.69 

Isochrysis sp.  

(on flue gas) 

D1 y = – 4920.60x – 5.8141 0.985 40.91 4156.92 

Monoraphidium c. 

(on air) 
D2 y = – 5059.5484x – 5.9802 0.999 42.07 3620.18 

Monoraphidium c. 

(on flue gas) 
D2 y = – 5289.4679x – 5.6117 0.999 43.98 5471.02 
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Table 4: Kinetic parameter for all microalgae sample at heating rate 20°C/min. 

Microalgae 

sample 

Reaction 

model 
Fitted equation r2 

Activation energy, 

E (kJ/mol) 

Pre-exponential factor, 

A (min -1) 

Isochrysis sp. (on 

air) 
D1 

y = – 2136.9839x – 

10.1424 
0.985 17.77 24.65 

Isochrysis sp. (on 

flue gas) 
D1 y = –3687.2696x – 7.9015 0.977 30.66 27.29 

Monoraphidium 

c. (on air) 
D1 y = –3948.1864x – 7.4582 0.997 32.83 667.13 

Monoraphidium 

c. (on flue gas) 
D1 y = –4138.0528x – 7.1518 0.996 34.41 949.89 

 

Table 5: Kinetic parameter for all microalgae sample at heating rate 40°C/min. 

Microalgae 

sample 

Reaction 

model 
Fitted equation r2 

Activation energy, 

E (kJ/mol) 

Pre-exponential factor, 

A (min -1) 

Isochrysis sp.  

(on air) 

D1 y = –4635.3862x –6.4482 0.991 38.54 2297.27 

Isochrysis sp.  

(on flue gas) 

D1 y = –4846.5435x – 6.4864 0.980 40.29 2311.89 

Monoraphidium c.  

(on air) 

D1 y = –4468.3711x – 6.8134 0.998 37.15 1536.99 

Monoraphidium c.  

(on flue gas) 

D1 y = –4041.5541x – 7.5009 0.992 33.60 699.03 

From the kinetic parameter table data, the value for activation energy, E that were calculated for the pyrolysis of Isochrysis 

sp. and Monoraphidium c. for both on flue gas and air indicated lower activation energy compared to other microalgae biomass 

feedstock at the various heating rate (Table 6).  

From Table 4, it is clear that, low activation energy gives a low value of pre-exponential factor. From our finding, the lowest 

activation energy (17.8 kJ/mol) was obtained from Isochrysis sp. (on air). If the two species of microalgae that were culture in 

flue gas medium are compared, the Isochrysis sp. (30.7 kJ/mol) give low activation energy compared to Monoraphidium c. with 

34.4 kJ/mol. This result showed that, marine species (Isochrysis sp.) have better thermal performance than freshwater species 

(Monoraphidium c.), even when it is cultured in flue gas medium. This gives an advantage to the marine species whereby it can 

be used to absorb the carbon dioxide and at the same time can be utilize for the bio-product production by using low energy.  
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Table 6: Activation energy of different microalgae of TGA-pyrolysis at heating rate 20 °C/min for active temperature. 

Feedstock 
Temperature 

range (°C) 

E 

(kJ/mol) 

Enteromorpha prolifera [31]  238-271 238 

Dunaliella tertiolecta [32] 165-342 146 

Chlorella vulgaris [11] 210-310 208 

Isochrysis sp. (air) * 227–352 17.8 

Isochrysis sp. (flue gas) * 227–352 30.7 

Monoraphidium c. (air) * 227–352 32.8 

Monoraphidium c. (flue gas) 

* 
227–352 34.4 

*Data from experiment 

4. Conclusions 

Algae applications for fuel have been widely investigated and hence utilization of algae after capturing CO2 from power plant 

is considered an extra bonus. The FTIR analysis have shown that lipid, protein and carbohydrate were still intact and upon CO2 

capture, the intensity varies as well as a significant appearance change of other components (acid groups). Throughout the kinetic 

analysis, the best reaction mechanisms could be D2, two-dimensional diffusion for Isochrysis sp. (on air) and Monoraphidium 

c. (on air and flue gas) at heating rate 10 °C/min since the r2 value is closed to 1 and the activation energy for Isochrysis sp. (on 

air) and Monoraphidium c. (on air and flue gas) were 42.85, 42.07 and 43.98 kJ/mol, respectively. While, for Isochrysis sp. (on 

flue gas), the best reaction mechanism for combustion of microalgae can be represented by one-dimensional diffusion (D1) 

reaction model which give the value of activation energy of 40.91 kJ/mol. The kinetic parameter analysis had shown, the 

activation energy, E for all four samples of microalgae were lower compared to other biomass at heating rate 20 °C/min. This 

result shows that, the microalgae Isochrysis sp. and Monoraphidium c. used lower energy for the reaction to occur compared to 

other biomass and it is concluded that pyrolysis process can be used to extract the bio-products from microalgae species since it 

requires low energy for the reaction. The potential of marine and freshwater CO2 fixed microalgae to yield bioenergy have made 

them become attractive feedstock of biomass for further research. This justified our ongoing project on utilization of CO2 fixed 

microalgae of different production scale to serve the carbon capture storage and utilization purpose.  
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Figures

Figure 1

Pyrolysis bio-oil yields of Isochrysis sp. and Monoraphidium c. by air and �ue gas treatments.

Figure 2

Pyrolysis bio-char yields of Isochrysis sp. and Monoraphidium c. by air and �ue gas treatments.



Figure 3

Spectra of raw samples from (a) Isochrysis sp. on air and �ue gas; (b) Monoraphidium c. on air and �ue
gas.

Figure 4

TGA-DTG curves of pyrolysis, (a) Isochrysis sp. and (b) Monoraphidium c. at heating rate 10°C/min.

Figure 5



TGA curves with heating rate 10, 20, 40°C/min: (a) Isochrysis sp. on �ue gas, (b) Isochrysis sp. on air (c)
Monoraphidium c. on �ue gas and (d) Monoraphidium c. on air.

Figure 6

(a) DTG curves for Isochrysis sp. on air for 10, 20, 40°C/min. (b) DTG curves for Isochrysis sp. on �ue gas
for 10, 20, 40°C/min. (c) DTG curves for Monoraphidium c. on air for 10, 20, 40°C/min. and (d) DTG
curves for Monoraphidium c. on �ue gas for 10, 20, 40°C/min.


