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Abstract: The potential of Caulerpa lentillifera, Gracilaria coronopifolia and Chaetomorpha linum,
as biomass feedstock was investigated in this study. It was concluded that seaweed is more
suitable for bio-based products synthesis, i.e., bioplastic and bio-lubricants, instead of biofuels due
to its relatively low calorific value (~12 MJ/kg). Since seaweed has high moisture content (~80%),
hydrothermal liquefaction is recommended, and its efficiency can be further enhanced through
microwave technology. Besides, it is found that the thermal degradation of seaweed was best
described with the reaction order of 1. The kinetic results also indicated that seaweed consists of
lower activation energy (<30 kJ/mol) in comparison with terrestrial biomass (50–170 kJ/mol). Hence,
seaweed has a high potential to be used as biomass feedstock, particularly Chaetomorpha linum, as it
has no conflict with other interests. Lastly, acetic-acid pre-treatment was suggested to be an optional
process in order to increase the algal conversion efficiency as it can reduce up to 25% of ash content.

Keywords: Caulerpa lentillifera; Gracilaria coronopifolia; Chaetomorpha linum; kinetic analysis;
calorific value

1. Introduction

Biomass is considered as one of the most favourable renewable resources to produce biofuels, i.e.,
a clean, sustainable and renewable alternative energy source. It is reported by Renewable Fuel Standard
(RFS) of United States that by the year of 2022, 36 billion gallons of renewable fuels will be blended
with petroleum-based fuels [1]. Algal biomass is one of the reliable biomasses for renewable resources,
with a high growth rate and high carbon dioxide (CO2) fixation. Hence, algal biomass is considered
to have a greater potential compared with terrestrial lignocellulosic biomass, specifically for biofuels
production. Hence, algae biomass are described as the most suitable feedstocks for next-generation
biofuels production and chemicals synthesis [2,3]. Generally, algae are categorised into two types,
which are microalgae and macroalgae. It has been renowned that microalgae are widely used in the
production of biofuels as they have high lipid contents. Thermochemical conversion of microalgae has
also been broadly explored, including direct combustion, pyrolysis, direct liquefaction, hydrothermal
liquefaction and gasification [4]. Microalgae have relatively gained more attention in the research field.
However, macroalgae also have indisputable potential to be developed and improved for bio-based
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substance production [2]. Nevertheless, there is still a lack of research works related to the conversion
of these low-lipid algae, especially macroalgae (usually called seaweed) into crude bio-oil production.
Besides that, there are huge macroalgae resources in Malaysia due to its strategic coastal location
and tropical weather, and hence, Malaysia has the potential to become one of the leading countries
in seaweed cultivation. In Malaysia, Sabah, or more specifically Semporna, is the major seaweed
production area. The development of seaweed production has been enhanced from time to time, and
eventually, seaweed has become an important natural resource for Malaysia in term of economic
development [2]. Hence, the algae supply in Malaysia is reliable and remains to have a huge potential
for utilisation.

Thermochemical processing of algae involves complicated physicochemical processes. It is
important to gain understanding of the solid-state decomposition kinetics of the feedstock to provide
insight into the mechanism of these heterogeneous reactions, which is normally investigated by
performing thermogravimetric analysis (TGA) [5]. TGA is one of the most prevailing practices
for preliminary estimation of the pyrolysis behaviour of biomass feedstock, which is chemically
complex as it involves simultaneous chemical reaction processes. TGA comprises two main categories,
which are the isothermal and non-isothermal processes. In past decades, the non-isothermal method
has been more extensive and widely implemented compared to the isothermal method due to the high
sensitivity to experimental noise [6]. There is a large number of studies adopting different approaches
to describe the thermal degradation using non-isothermal TGA [7]. Non-isothermal TGA is essential
for analysing the kinetics of pyrolysis at lower heating rates. Besides, through the non-isothermal TGA
at a temperature up to 900 ◦C, the kinetics of biomass devolatilization and its physical and chemical
properties as a function of temperature can be determined. The kinetic parameters, including apparent
activation energy and pre-exponential factor, can be calculated via TGA using the characteristic
parameters extrapolated from the thermogravimetric (TG) and differential thermogravimetric (DTG)
curves obtained [8]. There are several mathematical approaches that have been used to determine
the kinetic parameters, such as Coats & Redfern, Freeman–Carroll, Ozawa-Flynn-Wall, Kissinger,
Kissinger-Akahira-Sunose, and Friedman model [9]. The solid-state decomposition of kinetic study
provides essential information on the behaviour of biomass and the mechanism of heterogeneous
reaction in thermochemical processes. Several researchers have studied the thermal degradation
behaviour of different biomass materials under different conditions [10,11].

To the authors’ best knowledge, there is a lack of information in exploring the potential of seaweed
as biomass feedstock, especially to produce bio-oil and other bio-based materials. Another reason
seaweed is selected as the studied biomass feedstock is because of the high potential of seaweed
production in Malaysia, especially in the east of Malaysia (Sabah). As mentioned previously, due to the
tropical weather in Malaysia, Malaysia has provided a suitable living environment for various kinds of
algal species. Hence, Malaysia has huge algae resources and should be continuously discovered [2].
In this paper, the potentiality of macroalgae/seaweed (Caulerpa lentillifera, Gracilaria coronopifolia, and
Chaetomorpha linum) to be used as renewable biomass feedstock was investigated. Thermogravimetric
analysis (TGA) was used to analyse the thermal behaviour of these macroalgae at a temperature
range between room temperature and 500 ◦C with three different heating rates (10 ◦C/min, 20 ◦C/min
and 30 ◦C/min) under nitrogen atmosphere. Based on the TGA results, the kinetic parameters were
then determined according to the Coat-Redfern method [12]. Besides, the elemental analysis for
Carbon, Hydrogen, Nitrogen, Oxygen, and Sulphur (CHNOS) was conducted to identify the elemental
composition of the sample biomass [13], and then its calorific value was calculated using modified
Dulong’s equation [14,15]. Moreover, proximate analysis, ultimate analysis, and Fourier transform
infrared (FTIR) spectroscopy analysis were also conducted for further seaweed characterization.
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2. Materials and Methods

2.1. Biomass Feedstocks

The algae biomass feedstocks Caulerpa lentillifera, Gracilaria coronopifolia and Chaetomorpha linum
used in this study, were obtained from the Institute International Aquaculture & Aquatic Sciences,
Universiti Putra Malaysia (I-AQUAS UPM), Port Dickson, Malaysia. The algae were harvested at
Blue Lagoon, Port Dickson (63.8804◦ N, 22.4495◦ W) between November 2018 to January 2019. Then,
the algae were grown under pure culture technique at this institute and were provided through the
courtesy of the I-AQUAS UPM for this work.

i. Caulerpa lentillifera is one of the species used for food production. Hence, it will cause slight
competition in the food industry. This species is one of the major species that has been grown
and produced in Sabah.

ii. Gracilaria coronopifolia is another established species which is categorised under red algae species.
It is a tough species that can withstand various condition.

iii. Chaetomorpha linum is a general species which can also be cultivated in a reef tank. This species is
normally used in aquariums and has not been used for food or another pharmateutical benefit.
Chaetomorpha have a considerably high growth rate. The cultivation of Chaetomorpha species
also has the potential to give a continuous supply without competing with the other industry
of seaweed.

2.2. Elemental Analysis and Calorific Value Determination

The elemental composition (Carbon, Hydrogen, Nitrogen, Oxygen, and Sulphur) of each algae
biomass sample was determined using a TruSpec-Micro CHNS/O elemental analyser (Leco). The Carbon,
Hydrogen, Nitrogen & Sulphur (CHNS) concentration were determined by undergoing complete
combustion, and the combustion gases including CO2, H2O, N2 and SO2, were measured. For the
determination of the Oxygen (O) composition percentage, however, the sample underwent instant
pyrolysis. Once the composition percentage of C, H, N, O, and S was determined, the calorific value
for each sample was calculated using a modified Dulong equation. The similar modified Dulong
equation has been used by Refs. [14,15] for the determination of HHV for seaweed, which is represented
as below:

HCV = (34.1×C + 102 ×H + 6.3 ×N + 19.1 × S− 9.85 ×O)/100 MJ/kg (1)

2.3. Thermogravimetric Analysis (TGA) of Algal Biomass

Thermogravimetric experiments were conducted on a thermogravimetric analyser (Perkin Elmer,
Pyris Diamond model). Approximately 20 mg of algal biomass sample was placed in an alumina
crucible in each experiment. Pure nitrogen (purity of 99.99%), with a flow rate of 80 mL min−1,
was used as carrier gas during all the experiments to extinguish the mass transfer effect to a minimum
level. Each macroalgae sample was heated from room temperature (~27 ◦C) to 500 ◦C at three different
heating rates: 10 ◦C/min, 20 ◦C/min and 30 ◦C/min. After each test of the heating rate, a separate
blank run was conducted for baseline correction, using an empty pan. Lastly, the weight loss relative
to the temperature increment was automatically recorded, and its thermogram (TG) and derivative
thermogram (DTG) were then plotted.

2.4. Kinetic Model

By assuming pressure has no consequential effect on the kinetics, the thermal conversion rate of
the algae biomass sample is defined as:

dα
dt

= k(T)(1− α)n (2)



Energies 2019, 12, 3509 4 of 14

where n is the reaction order, α indicates the fractional weight loss (see Equation (3)) and k(T) represents
the reaction rate constant (see Equation (4)).

α =
mi −mo

mi −m f
(3)

where mi, mo and mf are the initial mass, the current mass at time ‘t’, and the final mass of the algae
biomass sample, respectively.

k(T) = Ae−
E

RT (4)

where A symbolizes the pre-exponential factor (min−1). On the other hand, E indicates the activation
energy of the decomposition reaction (kJ/mol), R is the universal gas constant (8.314 J/mol·K) and T is
the absolute temperature with a unit of K.

By substituting Equation (4) into Equation (2), the kinetic/Arrhenius equation for the sample
degradation is described as below:

dα
dt

= Ae−
E

RT (1− α)n (5)

For the non-isothermal case (at a constant heating rate, β), the above equation can be further
modified to:

dα
dT

=
dT
dt

= Ae−
E

RT (1− α)n (6)

As β = dT
dt , the final kinetic equation in the non-isothermal TG experiments is

dα
dT

=
A
β

e−
E

RT (1− α)n (7)

Currently, there are numerous techniques available to calculate the kinetic parameters, including
activation energy (E), pre-exponential factor (A) and order of reaction (n) for the thermal conversion of
the samples [9,16]. These kinetic triplets can be determined by solving Equation (7) analytically and
then applying mathematical approximation for the exponential term.

In this study, Coats and Redfern model was applied to determine the kinetic parameters for
the main thermal degradation stage of the algae biomass sample. In this model, Equation (7) was
rearranged, integrated and finally expressed as:

ln

1− (1− α)1−n

T2(1− n)

= [(
AR
βE

)(
1−

2RT
E

)]
−

[ E
RT

]
, for n , 1 (8)

ln
[
−

ln(1− α)
T2

]
=

[(
AR
βE

)(
1−

2RT
E

)]
−

[ E
RT

]
, for n = 1 (9)

Then, the Y against X plotting was produced for different reaction order (n), where

Y = ln

1− (1− α)1−n

T2(1− n)

 and X =
1
T

, f or n , 1

Y = ln
{
− ln(1− α)

T2

}
and X =

1
T

, f or n = 1

Among the plotting, the regression line with the highest R2 value was chosen as the suitable
reaction order value [16,17]. By assuming 2RT

Ea
� 1, ln

[(
AR
βE

)(
1− 2RT

E

)]
≈ ln AR

βE . Hence, the activation

energy can be calculated from the slope, − E
R of the graph, and the pre-exponential factor, A, can be

determined from the Y-intercept value, ln AR
βEa

.
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2.5. Spectroscopic Analysis by Fourier Transform Infrared Spectroscopy (FTIR)

For spectroscopic analysis, the algae biomass sample was analysed using FTIR KBr (Potassium
bromide) pellet method via Shimadzu IRPrestige-21 Fourier Transform Infrared Spectroscopy. The algae
sample was first dried at 80 ◦C for 24 h. Then, the dried sample was grounded and sieved into a
particle size of <200 µm. Next, the KBr pellet (act as control) and the sample pellet, in a ratio of 1:100
(sample: KBr) were prepared. After that, the sample pellet was measured in the frequency range of
4000–600 cm−1 for 100 scans at a resolution of 4 cm−1. The spectrums obtained were further baseline
corrected for ease of comparison. Three runs were conducted for every sample, and the average results
were reported.

2.6. Demineralization/Ash Content Determination by Proximate Analysis

The determination of ash content is based on the ASTM D2974-87 method [18] using proximate
analysis. The algae were first pre-treated with 1% and 2% concentration of acetic acid. Then,
an appropriate amount of the sample (untreated and acid-treated algae) in a tared porcelain crucible
was weighed and recorded. The crucible with the sample was then placed in a preheated oven at
105 ◦C and its weight was recorded for every hour until it became constant. The moisture content was
then calculated using Equation (10). Next, the oven-dried sample was placed in a preheated muffle
furnace at 550 ◦C for about 12 h. The crucible was then taken out from the furnace, allowed to cool
slightly, and then placed into a desiccator and left to cool to room temperature. The final weight of the
sample obtained in this experiment was considered as ash content, which can be determined using
Equation (11) and expressed on dry basis.

Moisture content % =
(B−C) × 100

B
(10)

Ash content % =
D × 100

C
(11)

where B and C represent the mass (g) of the “as-received” and oven-dried test specimen respectively.
D, however, is the final mass (g) of the sample which remained in the crucible at the end of this
proximate analysis.

3. Results and Discussion

3.1. Physiochemical Properties of Algae Biomass

The calorific value of a biomass sample normally represents a significant aspect for evaluating
the biomass potential as a fuel. Table 1 presents the results of the elemental analysis of the algae
biomass samples.

Table 1. Elemental composition and high calorific values of algal biomass samples.

Sample Composition (%) Calorific Value (MJ/kg)
Carbon Hydrogen Nitrogen Sulphur Oxygen

Caulerpa lentifilla 35.76 3.63 2.71 1.32 30.11 13.3538
Gracillaria coronopifolia 23.08 4.01 1.76 7.82 29.43 10.6661

Chaetomorpha linum 27.81 5.69 3.19 0.85 29.67 12.7278

In comparison with other renewable biomass feedstocks and conventional fossil fuel, the calorific
value of the seaweed (this study) is amongst the lowest. Overall, the calorific value of the biomass is
lower than that of fossil fuel. In other words, much less energy (per same mass) is produced using
renewable biomass feedstock in comparison to fossil fuel. However, there are advantages of biomass
over fossil fuel, which are its sustainability and lower level of CO2 emissions. From previous studies,
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it can be observed that macroalgae/seaweed have the smallest calorific value among some of the
biomass feedstocks including palm oil residue [19], sugarcane trash [20], rice husk [21], coffee husk [22],
bamboo [23] and wood [24]. This might be due to the lower carbon content in the seaweed (marine
biomass) as compared to the terrestrial plant biomass. There were also several studies on the
conversion of macroalgae into bio-oil. The studies showed a comparable average heat value and
elemental composition in this study, which then suggests that the macroalgae present as a good
bio-oil feedstock applicant [25,26]. In terms of bio-oil yields, several studies show that macro gave a
comparable percentage of bio-oil yields which is in the range of 40–50% [26,27]. Hence, it is not a good
candidate for direct combustion, such as co-firing in the thermal power plant. Nevertheless, it could be
suitable as feedstock for the production of a bio-based substance, like bio-polymer.

Besides that, seaweed usually consists of relatively high moisture content (~80%) and an average
specific heat capacity of 1.5 kJ/(kg·K) [28]. Hence, almost 2000 kJ of energy is required to remove the
moisture content in 1 kg of seaweed biomass. This eventually decreases its utilization efficiency as
the energy input is increased to dry the biomass. So, the results suggested that the best technique to
convert algae biomass are the wet techniques, such as the hydrothermal liquefaction (HTL) method.
Moreover, it is recommended that a further increase of HTL efficiency can be done through the
implementation of microwave green processing technology. Microwave is well known due to its ability
to dramatically reduce the reaction time, decrease the energy consumption, provide volumetric heating
and produce higher quality yield [29,30]. In the HTL method, the presence of water is an essential
criterion. Similarly, water plays an important role in microwave processing technology since it has
high microwave absorbability [30,31].

3.2. Thermogravimetric Analysis (TGA) of Algae Biomass

In this study, three species of seaweed have been used as a feedstock. The effect of heating rate on
the thermal behaviour of three different seaweed samples was investigated using TGA. Three different
heating rates of 10, 20 and 30 ◦C/min were implemented during this investigation. TGA and DTG
thermograms of Caulerpa lentillifera, Gracilaria coronopifolia, and Chaetomorpha linum are shown in
Figures 1 and 2, respectively.

The TG graphs (Figure 1a–c) show the relation between the temperature and the weight percentage
of the sample along with the process. From the DTG graph (Figure 2a–c), however, the thermal
decomposition can be effectively differentiated, and the individual mass change steps can also be
clearly identified. For this analysis, the experiment has been conducted up to 800 ◦C. However,
the graphs were only plotted up to 500 ◦C, because the weight of the samples was constant after
this point. Besides, the error bar was eliminated in the thermogram since negligible experimental
deviations were observed.

Based on the results, the thermal degradation of three algae samples happened in a two-step
reaction. At the first stage, there was a weight loss from 70 ◦C up to ~100 ◦C, which can be explained
by the evaporation of the water content in the sample [32] or some light volatile matters [33,34].
The second stage, however, took place from ~100 ◦C to a temperature up to 400 ◦C. At this stage, a
major weight loss, resulting from the main degradation process, was noticed. This loss is ascribed to
the decomposition and/or depolymerization of the algae organic constituents, such as carbohydrates,
protein, and lipids. The mass loss of algae between the ranges of 180–270 ◦C is attributed to the
decomposition of carbohydrate, while the degradation of proteins takes place between 320–450 ◦C [11].

Moreover, it is observed that the increase in the heating rate has shifted the decomposition of
volatiles to the marginally higher temperature, based on the thermogram. A similar pattern has been
reported in the literature [35,36], and this lateral shift was substantially due to the limitations of heat
transfer at higher heating rates. At the higher heating rate, the reaction time became shorter and hence,
the higher temperature was needed for the volatiles evolution from the biomass samples, whereas at a
low heating rate, longer residence time along with larger instantaneous energy was available for the
volatiles to evolve from biomass [37].
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3.3. Kinetic Analysis of Algal Biomass

Thermogravimetric analysis (TGA) is an ordinary technique used to assess the thermal degradation
behaviour of biomass. As mentioned in Section 3.2, the thermal degradation of algae biomass sample
involves two stages. It is concluded that the first stage degradation is the process of water evaporation,
while the second stage involves the major thermal decomposition of volatile components, such as
carbohydrates and protein. Hence, the kinetic study on the second stage was performed, and the Coat
& Redfern kinetic model was used to determine the kinetic parameters, such as activation energy and
pre-exponential factor, for this major degradation stage. A summary of kinetic results with the linear
regression (R2 and slope) for the major thermal decomposition of algal biomass samples is presented
in Table 2.

Based on Table 2, it can be observed that the kinetic parameters were affected by the heating
rates. The variation of activation energy and pre-exponential factor showed similar trends for all
biomass samples. The activation energy decreases as the heating rate increases. However, the data
of activation energy for Caulerpa lentillifera slightly deviates from the trend, which might be due to
some experimental error. In contrast, the pre-exponential factor increases along with the heating rate.
Furthermore, it can also be concluded that the thermal degradation of the algae biomass is a first-order
reaction (n = 1) as the coefficient of determination, R2, for three heating rates are higher than 0.95 and
the values are nearest to 1. Hence, this indicates that the thermal degradation of algae biomass is a
first-order reaction according to Coat and Redfern method. So, the data from the first order using
Coat Redfern methods give the most acceptable value for kinetic parameters determination. The Coat
Redfern plots for the first order (n = 1) are shown in Figure 3.Energies 2019, 12, × FOR PEER REVIEW 9 of 14 
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Table 2. Summary of kinetic results for three different algae biomass samples.

Samples Heating Rates
(◦C/min) Temperature Range (◦C) R2 Activation Energy, E

(kJ/mol)
Average E
(kJ/mol)

Pre-Exponential Factor,
A (min−1) Average A (min−1)

n = 1

Caulerpa lentillifera
10 100–220 0.9584 18.565

18.8707 ± 0.3735
6.00 × 107

(1.11 ± 1.61) × 10920 105–320 0.9830 19.287 2.96 × 108

30 110–390 0.9504 18.760 2.96 × 109

Gracilaria coronopifolia
10 100–180 0.9938 29.929

22.3727 ± 6.6656
2.00 × 106

(1.85 ± 2.17) × 10820 105–240 0.9982 19.862 1.28 × 108

30 110–280 0.9600 17.327 4.25 × 108

Chaetomorpha linum
10 100–180 0.9975 27.809

20.1583 ± 6.6632
6.00 × 106

(3.48 ± 3.73) × 10820 105–260 0.9719 17.039 2.93 × 108

30 110–300 0.9882 15.627 7.45 × 108

n = 2

Caulerpa lentillifera
10 100–220 0.9953 40.313

33.1827 ± 6.7652
1.38 × 105

(1.92 ± 2.50) × 10720 105–320 0.9450 32.381 1.00 × 107

30 110–390 0.6883 26.854 4.76 × 107

Gracilaria coronopifolia
10 100–180 0.9426 69.248

48.6120 ±
17.9179

3.00 × 108

(1.01 ± 1.72) × 10820 105–240 0.9366 39.586 6.28 × 105

30 110–280 0.9776 37.002 2.75 × 106

Chaetomorpha linum
10 100–180 0.9834 45.503

37.7747 ± 6.7294
8.38 × 104

(3.15 ± 5.13) × 10620 105–260 0.8478 34.610 2.98 × 105

30 110–300 0.8761 33.211 9.07 × 106

n = 3

Caulerpa lentillifera
10 100–220 0.9740 18.565

18.8707 ± 0.3735
6.00× 107

(1.11 ± 1.61) × 10920 105–320 0.8998 19.287 2.96 × 108

30 110–390 0.6627 18.760 2.96 × 109

Gracilaria coronopifolia
10 100–180 0.8932 29.929

22.3727 ± 6.6656
2.00 × 106

(1.85 ± 2.17) × 10820 105–240 0.8914 19.862 1.28 × 108

30 110–280 0.9413 17.327 4.25 × 108

Chaetomorpha linum
10 100–180 0.9681 27.809

20.1583 ± 6.6632
6.00 × 106

(3.48 ± 3.73) × 10820 105–260 0.7883 17.039 2.93 × 108

30 110–300 0.8149 15.627 7.45 × 108
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In addition, Table 3 presents the comparison of kinetic parameters between macroalgae and other
biomass feedstocks. The activation energy of the macroalgae determined in the current work ranges
between 15–30 kJ/mol. Besides, it is found that the macroalgae have the lowest activation energy as
compared to terrestrial biomass feedstock. Theoretically, if the molecules in the reactants collide with
adequate kinetic energy and this energy is larger than the transition state energy, then the reaction
occurs and products form. In other words, the lower the activation energy, the easier the reaction
to occur. Hence, it can be concluded that the energy required for the macroalgae samples for the
conversion reaction is considered low and can react more easily. This inferred that the macroalgae
(seaweed) have an advantage in the conversion and reaction process. Also, macroalgae have huge
potential to be utilized as renewable biomass feedstock, especially Chaetomorpha linum because it is
able to provide continuous supply due to its considerable high growth rate. Caulerpa lentillifera and
Gracilaria coronopifolia, however, are usually used for food production and hence, there is a conflict
with food interest.

Table 3. Kinetic parameters of other biomass samples.

Biomass Heating Rates
(◦C/min)

Activation
Energy (kJ/mol)

Pre-Exponential
Factor (min−1)

Reference

Potato
10 81.3 5.77 × 103 [38]
20 81.5 9.97 × 103 [38]
30 80 9.57 × 103 [38]

Sawdust - 59.76 1.50 × 104 [39]

Bamboo - 65.96 5.81 × 104 [39]

EFB - 50.37 2.32 × 103 [39]

Beechwood - 167.14 4.90 × 1011 [40]

Walnut shell

5 69.11 1.87 × 105 [41]
10 79.73 2.62 × 106 [41]
15 61.00 4.91 × 104 [41]
20 67.03 2.19 × 105 [41]
50 69.71 6.48 × 105 [41]

Chlorella vulgaris
(microalgae) - 131.228 2.80 × 1010 [42]

Caulerpa lentillifera
10 18.565 6.0 × 107

This work

20 19.287 2.96 × 108

30 18.760 2.96 × 109

Gracilaria coronopifolia
10 29.929 2.0 × 106

20 19.862 1.28 × 108

30 17.327 4.25 × 108

Chaetomorpha linum
10 27.809 6.0 × 106

20 17.039 2.93 × 108

30 15.627 7.45 × 108

3.4. Spectroscopic Analysis by FTIR

In this study, FTIR was performed to discover more information of the chemical characteristics
of the algal biomass, including Caulerpa lentillifera, Gracilaria coronopifolia, and Chaetomorpha linum.
As shown in Figure 4, there is a peak in the range of 3200–3700 cm−1 for all the samples. This peak
might be assigned to the O–H stretching vibrations of the hydroxyl functional groups in carboxylic,
phenolic and alcoholic compounds. The band at 2800–3000 cm−1 was related to =C–H and C–H
stretching vibrations due to the lipid and carbohydrate content in the algae. Besides, the peaks which
fall within this range can also be attributed to the N–H stretching of the protein. Another significant
band that appeared at a frequency of 1709–1583 cm−1 is attributed to the C=O stretching vibration
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of free carboxyl groups present in lipids and some polysaccharides, such as alginate, laminarin,
and fucoidan. Moreover, the breakdown and leaching of polysaccharides can also be observed through
the presence of the peak at the wavenumber range of 1099–1356 cm−1. Lastly, the C–O–C stretching
of polysaccharides is suggested at 980–1072 cm−1. The typical band assignment to the main peaks
observed in the spectra is presented in Table 4.
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Table 4. Typical band assignment of major peaks of algae biomass.

Wavenumber
Range (cm−1) *

Typical Band Assignment *
Main Peak (cm−1)

Caulerpa
lentillifera

Gracilaria
coronopifolia

Chaetomorpha
linum

3700–3200 O–H stretching of hydroxyl functional group 3630.03 3481.51 3444.87

3000–2800 N–H stretching (protein) or =C-H and C–H
stretching (lipid carbohydrate) 2916.37 2926.01 2906.73

1709–1583 C=O stretching (protein amide I band) 1662.64 1643.35 1647.21

1585–1481 N–H bending and C–N stretching 1544.98 1533.41 1550.77

1440–1395 O–H bending of carboxylic acid 1419.61 1411.89 1440.83

1356–1191
P=O stretching of phosphodiesters

(Nucleic Acid and other
phosphate-containing compounds)

1242.16 - 1251.80

1072–1099
Carbohydrate C–O–C of polysaccharides

(Nucleic Acid) or P=O stretching
of phosphodiesters

1166.93 - -

1072–980 Carbohydrate C–O–C of polysaccharides 1029.99 1037.70 1041.56

* Sources from Refs. [43–45].

3.5. Demineralization and Ash Content Determination by Proximate Analysis

Thermochemical conversion of biomass consists of a high amount of ash, which has a negative
impact on equipment, the efficiency of the conversion process and the quality of products. Previous
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research reported that the acid-treated algae will lower the ash content [8]. Hence, in this study,
acetic-acid treatment was applied to Chaetomorpha linum alone as it has the highest potential to be used
as the future generation renewable biomass feedstock due to its low activation energy in comparison
with other terrestrial biomass feedstock and it has no conflict with other interests.

Our results in Table 5 showed that there is a decrease in ash content after the acetic-acid treatment.
However, the ash removal efficiency is less than 25%. Hence, it can be concluded that the acetic-acid
treatment can be included as optional pre-treatment for future consideration.

Table 5. The results of demineralization through acetic-acid treatment.

Sample Moisture Content (%) Ash (%) Ash (%dw) Ash Removal Efficiency (%)

Chaetomorpha linum 78.95 9.87 46.864 -
Chaetomorpha linum with 1% acetic acid 79.72 8.87 43.733 6.681
Chaetomorpha linum with 2% acetic acid 80.52 6.83 35.045 25.220

4. Conclusions

In summary, this paper investigated the potentiality of three different macroalgae
(Caulerpha lentillifera, Gracilaria coronopifolia and Chaetomorpha linum) as a renewable biomass feedstock.
There are several studies which suggested that macroalgae are good applicants for bio-oil production,
as stated in the discussion. The low calorific value of 10–13 MJ/kg suggested that the macroalgae species
are less viable in fuel application but might be one of the best options for biochemical application.
Also, hydrothermal liquefaction integrated with microwave processing technique is suggested to be
the best wet algae conversion technique. Our results concluded that seaweed has high potential as
biomass feedstock, particularly Chaetomorpha linum. Lastly, this study also reported that acetic-acid
pre-treatment can be an optional process for future consideration to increase algae conversion efficiency.
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