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Abstract: Enteromorpha is a species of algae biomass that is spread widely and has resulted in green
tides in China in recent years. It was urgent to explore an appropriate method for taking advantage
of the ocean waste as an energy supply in the current sustainable development. Pyrolysis, as the first
step of thermochemical conversion in energy utilization, was given attention in order to study its
behavior based on thermogravimetric experiments over a wide heating-rate range from 5 to 60 K/min.
The whole pyrolysis process was divided into three stages: water evaporation, the main components
decomposition, and carbonate decomposition. To estimate the detailed kinetic parameters (activation
energy, the pre-exponential factor, and reaction order etc.), the Kissinger method was used to establish
the original kinetic parameters at different stages and provide the parameter search range for the next
heuristic algorithm, and then the Shuffled Complex Evolution optimization algorithm was coupled
and first applied to the algae biomass pyrolysis. Eventually, the predicted results of mass loss rate
based on the optimized kinetic parameters agreed well with the thermogravimetric experimental
data, with the R? value being up to 0.92 for all the heating rates.

Keywords: green tide; parameter optimization; pyrolysis kinetics; Shuffled Complex Evolution;
Kissinger method

1. Introduction

Many countries are surrounded by wide coastal areas and territorial seas. There are a lot of algae
biomass species living along 32 thousand kilometers of coastline in China. With a short life cycle and
fast breeding, they are easy to breed [1,2]. However, due to global climate change and water body
eutrophication, the accumulating of massive amounts of Enteromorpha occurs, named “green tide”,
which has become one of the major marine environmental problems all over the world, resulting in the
damage of marine ecosystems, waterways, biodiversity, and even the coastal aquaculture, fishery, and
tourism industry [3]. For example, green tide broke out in Qingdao (China’s yellow sea) in the summer
of the 2008 Beijing Olympics, and more than 60 million tons of two green algae species (Enteromorpha
clathrata and Enteromorpha compressa) grew very rapidly [4]. Thirty percent of the sailing competition
area was covered by Enteromorpha with a direct economic loss of 1.322 billion RMB [3]. Such green tide
is not accidental and it continues to thrive today. Green tide appears frequently along coastlines and
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has caused extensive ocean pollution and big economic losses over the years [3]. Therefore, it is very
urgent to explore how to solve this problem.

Energy supply is one of the greatest challenges for the sustainable development of the current
society [5]. The exploration and development of safe and sustainable alternatives to fossil fuels are
given important global priorities [6]. Accordingly, renewable energy has gained more attention to
address this problem. Algae biomass which lives in the largest aquatic environment area of the earth,
as an important kind of renewable energy, shows several main advantages compared with terrestrial
biomass, including no competition for arable land, cultivation in fresh or saltwater, no need for fertilizer
or pesticide application, year-round production capability, high photosynthetic capacity, and high
CO; capture efficiency. Moreover, it also reveals other benefits, such as sequestering environmental
contaminants [7,8]. Therefore, algae biomass, categorized as a third-generation biofuel resource, is
not only ocean waste but also one of renewable energy [3,9]. Furthermore, it has become the biomass
resource with most potential and is currently cultivated on an industrial scale for energy utilization [10].
Namely, a practical and feasible technology to solve the problem of green tide is to take advantage of
these algae wastes for energy supply. At present, thermal-chemical conversion processes are regarded
as an important energy utilization approach to algal biomass, especially pyrolysis [11-14]. Pyrolysis is
not only a direct pathway for biomass thermal conversion, but also the first step in combustion and
gasification reactions [7,15-18]. Thus, an improved understanding of this process would be helpful for
thermochemical system design. Following this, an evaluation of the pyrolysis behaviors and kinetic
characteristics of algae biomasses is needed.

Thermogravimetric analysis (TGA) is a technology widely used to explore the thermal conversion
of biomass pyrolysis as a function of temperature and/or time in a controlled atmosphere [7,12], which
will be applied here. Moreover, various reactions might be involved in the pyrolysis process with
lots of kinetic parameters (activation energy, pre-exponential factor, reaction order etc.) need to be
calculated. It is difficult for traditional kinetic methods to estimate so many parameters, therefore
heuristic algorithms have to be considered to solve this problem. The Shuffled Complex Evolution
(SCE) optimization algorithm, as a classic heuristic algorithm, is proposed by Duan et al. [19,20]. Its
applicability and effectiveness to terrestrial lignocellulosic biomass pyrolysis have been verified in our
previous study [21,22]. However, the optimization algorithm has not been applied to algae biomass
pyrolysis. In order to fill the gaps in knowledge, Enteromorpha clathrate, as a typical algae biomass in
green tide, is used in our current study. Thermogravimetric analysis is conducted at various heating
rates to explore its pyrolysis behaviors, and its kinetic parameters are estimated by coupling the
Kissinger method and the SCE optimization algorithm.

2. Materials and Methods

2.1. Thermogravimetric Measurements

Enteromorpha clathrate was collected from the Qingdao coast and sun dried for 10 days. The detailed
properties of this sample, including ultimate analysis and biochemical composition are listed in Table 1.
To conduct thermogravimetric experiments, all the samples were milled to powder with a size of less
than 0.01 mm. A SDT Q600 thermal analyzer (TA Instruments, New Castle, DE, USA) was applied in the
pyrolysis process with five heating rates (5-60 K/min) from 300 to 1200 K. All the samples were evenly
placed in an Alumina cup without a lid, and a high purity nitrogen flow (100 mL/min) was used for all
the experimental runs.
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Table 1. Properties of Enteromorpha clathrate ! (% mass, dry basis).

Ultimate Analysis Value Biochemical Composition Value
C 22.74 Lipids 1.28
H 6.27 Proteins 23.99
N 3.14 Carbohydrates 40.00
S 1.27
(@) 7.89

! Information from Wang et al. [4].

2.2. Pyrolysis Kinetics

A pyrolysis kinetic equation can be expressed based on conversion rate o as follows:

da
= K(T)f(a) @

where k(T) and f(a) are the reaction rate constant and reaction mechanism function, respectively.
Whereby, a and k(T) can be further calculated via the following equations:
moy — ny

A ?

k(T)=A exp(%) ®3)

where my, m;, and mq, represent the sample mass at the initial time, time ¢, and the end, respectively. A
and E are the pre-exponential factor and activation energy of the reaction, respectively.
Then Equation (1) can be written as

da A -E,
T Ef(a) exp(ﬁ) 4)

where the linear heating rate § = dT/dt.

Based on the basic pyrolysis kinetic equation, the Kissinger method was applied to calculate the
activation energy and pre-exponential factor at the peak locations, as a reference of the parameter
search range of the SCE algorithm.

2.2.1. Kissinger Method

Assuming that the reaction-order model should be responsible for our current reaction, the reaction
mechanism function was defined as f(«) = (1 — a)", and then the time derivative of Equation (4) at
peak locations could be expressed as

E dT n-1 —-E
R_T;E = An(l - ap) EXP(R—TP) (5)

Kissinger regarded that n(1 — a,)" ~ ! was independent of the heating rate §, with the value being
approximately equal to 1. Then the Kissinger kinetic equation was obtained by taking the logarithm of
the following equation:

ﬁ] AR E 1
In=|=h—-=— (6)
[Tg E RT,

The plot of In(f/T?,) versus 1/T gave a straight line, whose slope and intercept could be used to
determine the activation energy E and pre-exponential factor A.
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2.2.2. SCE Optimization Algorithm

The SCE global optimization algorithm is an effective method for optimizing the pyrolysis kinetic
parameters of biomass pyrolysis. This has been proved in our previous study [21-23]. There are
four concepts for this algorithm: the combination of probabilistic and deterministic approaches,
clustering, the systematic evolution of a complex of points spanning the space in the direction of
global improvement, and competitive evolution [19]. In the optimization process, an initial population
composed of parameters that need to be optimized is generated. Next, these parameters (called
individuals) are ranked and partitioned into multiple complexes. Then each complex is evolved
independently according to the Competitive Complex Evolution algorithm and the second generation
is produced by combining all the individuals in each complex. For each generation, the fittest
individuals can be survived based on the objective function until convergence is achieved. The more
detailed optimization process can be referred to Duan and Chaos et al. [19,20,24]. For the current
thermogravimetric experiment, the objective function ¢,,;, was the least error of mass loss rate (MLR)
between the predicted results and experimental data:

A 2
N kzl (MLRpred,k - MLRexp,k)
Puir = )| — - 5 @)
i=1
j kzl(MLRexp,k -1 21 MLRexp p
= p=

where N and A are the number of experiments and experimental data points for each
experiment, respectively.

3. Results and Discussion

3.1. Thermogravimetric Analysis

The thermogravimetric experimental data, including the conversion rate and mass loss rate
of Enteromorpha clathrate pyrolysis at various heating rates, are shown in Figure 1. Ross et al. [25]
found that there were significant differences in the pyrolysis properties between algae biomass and
terrestrial lignocellulosic biomass. Different from lignocellulosic biomass, whose main components
are hemicellulose, cellulose, and lignin [26,27], the main components of algal biomass are protein,
carbohydrate, and lipid.
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Figure 1. Pyrolysis behaviors at different heating rates: (a) conversion rate and (b) mass loss rate.

Figure 1 shows that the main pyrolysis process was divided into three parts: Stage I in the
temperature range of 300460 K, Stage II in the temperature range of 460-800 K, and Stage III in
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the temperature range of 800-1100 K, which is marked in the figure. In Stage I, a dehydration
process—namely, the evaporation of water happens—which was also observed by Wang, Kim and
Zhao et al. [4,28,29] in a similar temperature range. The total conversion rate in this stage was about
20%. In Stage II, the main components of Enteromorpha clathrate started to decompose. Namely, protein,
carbohydrate, and lipid should have been responsible for the pyrolysis in this stage with about a 50%
total conversion rate. The obvious peaks were observed within the temperature range of 520-570 K.
The higher the heating rate was, the greater the mass loss rate of peak was. In Stage III, the reaction
occurred at a high temperature, which might be attributed to the carbonate decomposition or volatile
metal loss [4]. The total conversion rate in this stage was about 30% and the peak location was between
930 and 1030 K. Differently from the change trend of the peak in Stage II, the higher the heating rate
was, the smaller the mass lose rate of peak was in Stage III.

In the whole pyrolysis process, the main decomposition reactions of Enteromorpha clathrate
happened in Stage II and III, which can be expressed as

Component — varesidue + (1 —v4)volatiles

®)

Componentg — vgresidue + (1 — vg)volatiles

where v is the residue yield, Component 4 and Componentp are the hypothetical reactants that should
have been responsible for Stages II and 111, respectively.

3.2. Kinetic Analysis Based on the Kissinger Method

To calculate the activation energy and pre-exponent factor, the peak location should first be
established, then the second derivative of m/mg (DTG) is used here [23,30,31]:
d?(m / mo dzal

IDDTG| = =P

> )

Li et al. [30] stressed that if a major component was near the maximum decomposition rate, then
the value of [DDTG| would be likely to drop rapidly to a local minimum (LM). The curve of [DDTG| in
Stages Il and III at 40 and 60 K/min is shown in Figure 2 and the local minimum locations (LM) are still
marked. By coupling the DTG and |DDTG] curves, it was convenient to establish the peak temperature,
namely 533.97 and 1006.57 K at 40 K/min, and 540.79 and 1023.11 K at 60 K/min. The detailed peak
temperature for all the heating rates is listed in Table 2.

35T T T T T T 0.30 35T T T T T T 0.30
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Figure 2. Estimation of peak locations based on second derivative of m/my (IDDTG]).
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Table 2. Peak temperatures at different heating rate.

Temperature (K) Heating Rate (K/min)

5 10 20 40 60
Tp1 507.59 517.46 525.09 533.97 540.79
T2 935.46 957.10 980.27 1006.57  1023.11

Based on the established peak locations and Equation (6), the slope and intercept were obtained in
Figure 3, and the activation energy and pre-exponent factor were calculated by the Kissinger method:
E,1 =166.45 kJ/mol, Ejp = 209.34 kJ/mol, A,; = 8.50 X 101 s71, and Ap =121 % 106571, respectively.
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Figure 3. Kissinger plots for peak locations.

3.3. Estimation of Kinetic Parameters by SCE

The obtained activation energy and pre-factor were defined as the original value V, and the
parameter search range of the SCE was set to 0.5-1.5V)y, as listed in Table 3.

Table 3. Optimized parameters by Shuffled Complex Evolution at multiple heating rates.

Parameters Initial Values Search Range Optimized Values
Yao 0.50 [0.25,0.75] 0.38
In(Az/s™) 27.47 [13.73, 41.20] 41.19
E4 (kJ/mol) 166.45 [83.22,249.67] 199.85
na 1.00 [0.00, 10.00] 9.14
() 0.50 [0.00, 1.00] 0.19
Yg,0 1-Yap [0.00, 1.00] 0.62
In(Ap/s™) 14.00 [7.00, 21.00] 20.95
Eg (kJ/mol) 209.34 [104.67, 314.01] 208.91
np 1.00 [0.00, 10.00] 0.66

vp 0.50 [0.00, 1.00] 0.85
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For Equation (8), the reaction rates of the hypothetical reactants and produced residue could be
represented by the nth order reaction-order model

in_ ' Y; i ' ( Ei)._
Tl Yl'o(yi,o) Ajexp RT (i=1,2) (10)

2
AY residue _ 'in
S ()

Then the predicted value of total mass loss rate was expressed as

- d(m/m()) o 1 2 dYi | AYresidue
MIR==ar “pl&a " a

=

(12)

The above predicted results were compared with thermogravimetric experimental data by the
object function of Equation (7). There were 9 kinetic parameters that needed to be optimized at
the same time. Eventually, the optimized results were obtained by SCE based on all five heating
rates, as shown in Figure 4, taking the results of 5-40 K/min, for example. The mass loss rates of
separate component are further displayed in Figure 5, taking the results of 5 and 10 K/min, for example.
Moreover, the optimized parameters are listed in Table 3.
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Figure 4. Predicted mass loss rates based on the optimized parameters (lines) compared with
experimental data (symbols).
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Figure 5. Predicted mass loss rates of separated components.

This shows that the predicted results agreed well with the experiment data with R? being up to
0.92, especially the peak locations, which were captured exactly in both Stages II and III. The activation
energy and pre-exponent factor in Stages Il and IIl were E;; = 199.85 k]/mol, Ay; =7.75 X 1017 571, Ep
=208.91 kJ/mol, and A, = 1.25 X 10° s71, respectively. The optimized parameters could be used in the
pyrolysis reactor design and numerical simulation. Our previous study proved the applicability of
optimized parameters in the pyrolysis model coupled with mass and heat transfer [32] and even the
complicated direct combustion process in the field of numerical simulation [33].

4. Conclusions

A series of thermogravimetric experiments from 5 to 60 K/min was conducted to explore the
pyrolysis behaviors of the typical algae biomass Enteromorpha clathrate, which results in green tide in
China. The whole pyrolysis behavior was composed of three stages, including water evaporation,
main-component (protein, carbohydrate, and lipid) decomposition and carbonate decomposition.
To explore the kinetic parameters (such as the activation energy, pre-exponential factor, and reaction
order etc.) in the main reaction stages, the second derivative of mass loss rate was used to establish
the peak locations. Then a traditional kinetic method called Kissinger was used to calculate the
original kinetic parameters according to the above peak locations. Furthermore, the Shuffled Complex
Evolution algorithm was coupled and first applied to the algae biomass pyrolysis. Eventually, the
optimized kinetic parameters were obtained based on all the heating rates. The predicted mass loss
rates agreed well with the thermogravimetric experimental data, with R? being up to 0.92.
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