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Abstract 20 

In this work, the co-pyrolysis and co-gasification of Nannochloropsis sp. microalgae (NM) and 21 

Colombian bituminous coal (CC) were performed in order to evaluate potential synergistic 22 

effects and the kinetic parameters, which are essential for advancing the co-utilization. The 23 

effect of the share of feedstock, microalgae and coal, on the co-pyrolysis and co-gasification 24 

behaviour was studied under different heating rates and temperatures. There were synergistic 25 

effects between the two fuels during their co-pyrolysis process, especially for that mixture 26 

containing 50 wt% of microalgae. At conversion levels < 25 wt%, the activation energy (Ea) 27 

was found to be lower than the individual microalgae, 143 and 170 kJ/mol, respectively. 28 

Despite the acid leaching pre-treatment (NM-ac) showed a positive effect on the microalgae 29 

pyrolysis kinetics for conversion values < 60 wt%, the trend was inverted at higher conversions, 30 

due to the removal of alkali species form microalgae ash, which also slowed the CC/NM 31 

gasification. However, ash removal can potentially reduce operational issues related to 32 

presence of Cl and Na. Both synergistic and inhibiting effects were observed in the co-33 

gasification experiments. Synergistic effect at temperatures higher than 800°C was due to the 34 

microalgae high Na content that promoted coal char gasification, resulting in an Ea decrease 35 

for the coal from 189.9 to 146.1 kJ/mol. This reduction was higher to that expected if both fuels 36 



3 

 

would behave according to the mixtures additive law (159.1 kJ/mol), Inhibiting effect at 750-37 

800°C can be linked to lower presence of Na on char surface and lower transformation of NaCl 38 

in gasification active species. 39 

Keywords: pyrolysis; gasification; kinetics; coal; microalgae; pre-treatment 40 

1. Introduction 41 

Due to the challenge of greenhouse gas emission, renewable energy has gained increasing 42 

attention. Among all the renewable energy resources, biomass is the only renewable energy 43 

that can replace fossil fuel in all energy utilization areas [1]. In the same time, coal is still the 44 

major energy resource in many countries, and its co-utilisation with biomass could provide 45 

many advantages, such as the reduction of CO2 and other gaseous pollutants emissions and 46 

improve the overall efficiency via synergistic effects [2–4]. The recent use microalgae for 47 

energy production has received great attention due to their high production yield per area, high 48 

efficiency in CO2 capture and solar energy conversion and absence of competition for land 49 

with food crops [5,6]. Conversion of algal biomass to a wide spectrum of biofuels such as 50 

ethanol, hydrogen, diesel and biogas is possible via biochemical (e.g. anaerobic digestion), 51 

chemical (e.g. transesterification) and thermochemical routes (e.g. gasification). Despite the 52 

fact that most of the R&D effort so far has been dedicated to the conversion of algae to biodiesel 53 

through transesterification, thermochemical routes are considered better than the former on 54 

account of short reaction times, high conversion efficiencies and comparatively low costs [7]. 55 

This can be ascribed to the transesterification of algae constraints such as (i) the use only of a 56 

fraction of the whole algae, (ii) the need for effective lipids extraction methods (currently not 57 

available) and (iii), the presence of abundant “non-storage lipids” (e.g. glyco- and phospho-58 

lipids), which cannot be used in biodiesel and require costly and difficult extraction processes 59 

[8].  60 



4 

 

In recent years, a number of studies have arisen dealing with co-processing of coal and 61 

microalgae, in particular co-pyrolysis and co-gasification [3,5,6,9–12]. Pyrolysis is a 62 

thermochemical decomposition process that, depending on the reaction conditions, can be used 63 

to transform a solid fuel directly into liquid, solid or gaseous fuels [13]. Pyrolysis is also the 64 

first stage of gasification, in which a solid fuel is converted into a combustible syngas [14]. In 65 

this respect, a systematic understanding of pyrolysis kinetics is a key factor for the assessment 66 

of feasibility, design, and scale-up of such fuel conversion processes for energy applications 67 

[15]. However, it is the second stage (char gasification) that really controls the overall 68 

gasification process due to being much slower than the devolatilization step [16]. For this 69 

reason, knowledge about the reactivity of chars, and their variation as reaction progresses, is 70 

fundamental for the design of gasification reactors and the optimisation of the plant operating 71 

procedures, as char gasification determines the final conversion achieved in the process [17]. 72 

Thermogravimetric analysis (TGA) is the most commonly used technique to study the solid-73 

phase thermal decomposition reactions [18]. Even though it operates in a different form in 74 

comparison to a real reactor (pyrolyser or gasifier), it provides an understanding of thermal 75 

degradation processes occurring during the fuel conversion. The thermal decomposition of all 76 

biomass samples proceeds via a very complex set of competitive and concurrent reactions and 77 

thus, the exact mechanism for biomass pyrolysis remains unknown. Each step likely has its 78 

own single apparent activation energy, and thus the use of an average, global apparent 79 

activation energy to define the kinetics of such processes could be interpreted as an inadequate 80 

simplification at best [19]. The so-called “model-free” dynamic kinetic methods, such as: 81 

Kissinger-Akahira-Sunose (KAS) and Flynn-Wall-Ozawa (FWO), founded on an iso-82 

conversional basis do not require previous knowledge of the reaction mechanism for biomass 83 

thermal degradation [9]. There is also a recent modification of these methods developed by 84 

Campbell et al. [20] that involves the minimisation of a function. Since solid-state processes, 85 
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such as biomass pyrolysis, frequently proceed via a complex suite of concurrent and 86 

consecutive reactions, each step likely has its own unique apparent activation energy, and thus 87 

the use of an average, global apparent activation energy to describe the kinetics of such 88 

processes could be construed as an inadequate oversimplification [18]. Instead, isoconversional 89 

(model-free) kinetic models (such as KAS and FWO) can be used to compute kinetic 90 

parameters during conversion without model-based assumptions, such as an a priori first order 91 

reaction. In these methods the activation energies are calculated at fixed conversions, taking 92 

advantage of the fact that the reaction rate depends exclusively on the reaction temperature 93 

[21]. Regarding the char gasification kinetics, there are different gas-solid reaction kinetic 94 

models in the literature that have been used to predict the behaviour of coal and biomass during 95 

the gasification and calculate the kinetic parameters of the gasification reaction. The random 96 

pore model (RPM) proposed by Bhatia and Perlmutter [22] has been widely applied to the 97 

experimental data obtained from the gasification of individual or mixed carbonaceous materials 98 

[16,23–26]. 99 

The high thermochemical reactivity of microalgae and its high volatile matter content suggest 100 

that some synergistic effects can be expected in the simultaneous thermochemical treatment 101 

(pyrolysis or gasification) of coal and microalgae. Whether such effects will occur is dependent 102 

upon certain pyrolysis/gasification conditions such as feedstock type, direct particle contact, 103 

pressure, temperature, reactor type, etc. [27]. This synergy during the co-processing is likely 104 

to be caused by the higher hydrogen and carbon molar ratio (H/C) of biomass compared with 105 

coal, which could facilitate coal decomposition [9,28], but also due to the high Alkali and 106 

Alkaline Earth Metals (AAEM), and especially Sodium and Potassium contained in biomass 107 

ash [3,16,29,30]. However, there are also some studies in the literature in which inhibiting [31] 108 

effects, or just no synergistic effect [32] during co-pyrolysis were observed that point out the 109 

importance of the biomass type and its ash content and composition among other factors [33]. 110 
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Despite several studies are available on the co-pyrolysis and co-gasification of terrestrial 111 

biomasses and coal, to our knowledge, only three studies have been published on 112 

microalgae/coal mixtures on the same topic [3,34,35].  In light of the unique properties of 113 

microalgae, especially its high ash content, this research targets to clarify for the first time the 114 

feasibility of co-processing of algae with coal, both through co-pyrolysis and co-gasification. 115 

Therefore, the main objectives of this research are to investigate the possible synergistic 116 

(inhibiting or catalytic) effects of the addition of Nannochloropsis sp. to a high reactive 117 

Colombian bituminous coal on the co-pyrolysis and co-gasification and to understand the 118 

reaction kinetics of both processes.  119 

Previous works have indicated that K and Na alkali species can promote dehydration reactions 120 

leading to coke/char during gasification and pyrolysis [36]. It is also known that he rigid cell 121 

wall of microalgae can be disrupted by acid or alkali pre-treatment leading to the removal of 122 

the alkali species [37]. Therefore, the effect of the partial removal of the catalytically active 123 

elements contained in ash of microalgae, by an acid leaching pre-treatment, was also 124 

investigated to establish its effect on microalgae pyrolysis and gasification kinetics.  125 

2. Materials and methods 126 

2.1. Fuel samples 127 

In this study, Colombian bituminous coal (CC) and Nannochloropsis sp. microalgae (NM) have 128 

been selected as fuels to be mixed for their co-utilisation under pyrolysis and gasification 129 

conditions. The samples were ground and sieved to obtain a particle size lower than 100 μm. 130 

The blended ratios of coal (CC) and microalgae (NM) used during the co-pyrolysis and co-131 

gasification experiments were 80%CC – 20%NM, and 50%CC – 50%NM. 132 

The Nannochloropsis sp. microalgae (NM) was also subjected to a acid leaching pre-treatment 133 

with a sulfuric acid (H2SO4) solution (1 vol.%), by mixing the dried microalgae with the acid 134 

solution at a ratio of 100 g/L for 30 min at mixing speed of 350 rpm and temperature of 25 °C 135 
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[37]. The acid concentration was selected based on a previous study, where 1-3% H2SO4 136 

resulted the best in disrupting the microalgae cell walls [37]. After the treatment, the mixture 137 

was rinsed with deionized water to achieve a pH of 7 and centrifuged for 3 hours to separate 138 

out the leached microalgae. The residual solid was then oven dried at 60 °C to obtain constant 139 

weight. The acid-leached microalgae was named as NM-ac. This pre-treatment was carried out 140 

to investigate the effect of the partial removal of catalytically active elements contained in the 141 

microalgae ash, like Alkali and Alkaline Earth Metals (AAEM), on the pyrolysis and 142 

gasification processes. 143 

2.2. Analytical techniques 144 

The moisture content and the proximate analyses in dry basis (volatile matter (VM) and ash 145 

content (A)) of fuel samples were conducted according to ASTM standards: D2016, E872-82, 146 

D1102-84, respectively. Then, the fixed carbon, FC, was determined by difference according 147 

to the equation: FC = 100 – VM – A. Therefore, the term (FC) refers to the organic solid matter 148 

(i.e., without ash) that remains after the total volatiles of a solid fuel are thermally released 149 

under inert atmosphere. A thermogravimetric analyser, TGA (TA Q500) equipped with 150 

automatic sample handling was employed to assess the moisture, volatile matter and the ash 151 

contents of the coal and microalgae samples.  152 

Thermogravimetric analysis is a well-established thermo-analytical technique for thermal 153 

degradation and conversion studies of solid materials, such as pyrolysis and gasification [18].  154 

As mentioned above, the results of the TGA analysis are essential for feeding the design and 155 

the optimization of pyrolysis and gasification process in pilot scale. First of all, a detailed 156 

knowledge on the fuel behaviour at different temperatures allows to optimize the geometry and 157 

the thermal profiles, as well as the operation criteria of gasification reactors, to maximize fuel 158 

conversion and reduce tar formation. In addition, the analysis allows to identify, with just few 159 

quick and cheap tests, possible interactions between fuels during co-gasification, thus allowing 160 
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a process optimization in terms of fuel blend.  Thus, the pyrolysis experiments were carried out 161 

by placing 25 mg of fuel sample in a Platinum crucible under non-isothermal conditions at 162 

heating rates of 10, 20, 40 and 80 °C/min up to 900 °C. The homogeneity of the samples 163 

mixtures was ensured by weighing the required amount of each sample (depending on their 164 

percentage in the mixture up to a total of 25 mg), in a microbalance (±0.1 mg) placing them 165 

directly in a small agate mortar. Then, they were carefully mixed with a pestle. Finally, the 166 

entire prepared sample was loaded in the Pt crucible for the TGA experiment. A N2 flow rate 167 

of 100 ml/min was used as reaction atmosphere. On the other hand, the gasification 168 

experiments of fuel chars were conducted isothermally at temperatures of 750, 800, 850 and 169 

900 °C. Firstly, the sample was pre-heated up to the gasification temperature under N2 flow. 170 

Once the temperature was stabilized, the reaction atmosphere was switched to CO2 at a flow 171 

rate of 100 ml/min until the char gasification was completed. All the pyrolysis and gasification 172 

experiments were carried out with 25 mg of fuel sample by triplicates to measure the 173 

experimental error, which was assessed to be lower than 2.5%. 174 

The analysis of the ash composition of NM and NM-ac samples was carried out using an 175 

AGILENT 720 analyzer through the inductively coupled plasma optical emission spectroscopy 176 

(ICP-OES) method, on the basis of the EPA 6010D 2014 standard. Before the analysis, the 177 

samples were prepared according to the EPA 3051A 2007 method: samples were acidified with 178 

nitric and chloride acids and mineralized into an ETHOS Touchcontrol microwave provided 179 

by Milestone. The chlorine analysis, carried out through a Ion chromatograph DIONEX ICS90 180 

according to the EPA 9056 standard. 181 

The Powder X-Ray Diffraction (XRD) analysis of ash gasification chars were carried out on a 182 

Bruker Nonius X8-Apex2 CCD diffractometer equipped with an Oxford Cryosystems 183 

Cryostream, typically operating at 100 K. 184 

2.3. Char preparation 185 
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The coal (CC) and microalgae (NM) chars for the gasification and co-gasification experiments 186 

were produced by devolatilization in a fixed-bed reactor. The char samples were obtained in a 187 

fixed-bed reactor instead of in the TGA to produce a larger amount and more homogeneous 188 

char sample for each fuel. Thus, even when the properties of chars produced in the fixed-bed 189 

reactor might be different from those obtained in the TGA, those coal and microalgae chars 190 

were homogeneous in composition, so their reactivity was only affected by the gasification 191 

temperature and the % of each fuel, in case of the mixtures. Details of the experimental device 192 

are given elsewhere [38]. Briefly, it consisted of a stainless-steel SS310 reactor (i.d., 10 mm; 193 

length, 200 mm) with a porous plate in which the fuel sample (≈ 2 g) was installed previous to 194 

the pyrolysis. A thermocouple was in contact with the sample bed to control the reaction 195 

temperature. The devolatilization experiments were carried out at atmospheric pressure and at 196 

a heating rate of 50°C/min up to 900°C, which was hold for 10 min. A total N2 flow rate of 300 197 

ml/min was used. Once the devolatilization finished, the char particles were collected from the 198 

reactor porous plate.  199 

2.4. Kinetic models  200 

The fundamental rate of transformation from solid-state to volatiles is generally described by 201 

the following expression: 202 

𝑑𝑋

𝑑𝑡
= 𝑘(𝑃𝑔, 𝑇)𝑓(𝑋)     (1) 203 

where X is the degree of conversion of the fuel, t is the reaction time, k(Pg, T) is the reaction 204 

rate constant, which includes the effect of temperature (T) and gas partial pressure (Pg); and 205 

f(X) is a function that represents the reaction model.  206 

The degree of conversion, X, is calculated as its relative weight loss as follows:  207 

𝑋 =
𝑚0−𝑚𝑡

𝑚0−𝑚𝑓
      (2) 208 
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where m0, mt and mf represent the initial mass, the mass at time t and the final residual mass of 209 

the sample, respectively. 210 

Then, the first derivative curve with time of the degree of conversion (DTG) can be calculated 211 

from the expression:  212 

 𝐷𝑇𝐺 =  
𝑑𝑋

𝑑𝑡
=

𝑋𝑖−𝑋𝑖−1

𝑡𝑖−𝑡𝑖−1
      (3) 213 

Assuming that the partial pressure of the reaction gas remains constant during the process, the 214 

reaction rate constant, k, is temperature dependent, and it obeys the fundamental Arrhenius rate 215 

expression:  216 

𝑘 = 𝐴 ∙ 𝑒
−𝐸𝑎
𝑅𝑇       (4) 217 

where A is the pre-exponential factor (min-1), Ea is the apparent activation energy (kJ/mol), T 218 

is the absolute temperature (K) and R is the gas constant (8.314 J/mol·K). 219 

2.4.1. Pyrolysis (model-free methods) 220 

For the pyrolysis process, the one-step global model assumes that the devolatilization 221 

phenomena proceeds as a single reaction. 222 

𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑐𝑒𝑜𝑢𝑠 𝑓𝑢𝑒𝑙 
𝑘
→ 𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 + 𝐶ℎ𝑎𝑟    (5) 223 

where Volatiles represents the volatile matter of the solid fuel that is released from the sample 224 

under inert atmosphere during a heating program, while char is the remaining unreacted solid 225 

fraction. 226 

Non-isothermal methods employ a heating rate (), normally linear, to raise the temperature. 227 

A linear heating program follows:  228 

𝑇 = 𝑇0 + 𝑡      (6) 229 

 =
𝑑𝑇

𝑑𝑡
       (7) 230 

where T0 is the starting temperature,  the constant heating rate (K/min), and T the temperature 231 

at time t. Then, substituting equations (4) and (7) in equation (1) gives: 232 
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𝑑𝑋

𝑑𝑇
=

𝐴


∙ 𝑒

−𝐸𝑎
𝑅𝑇 𝑓(𝑋)      (8) 233 

Equation (8) represents the differential form of the non-isothermal rate law. 234 

Kinetics analysis is conventionally expected to produce a suitable kinetic description of the 235 

process in terms of the reaction model and the Arrhenius parameters. These three components, 236 

f(X), Ea, and A, are sometimes called the “kinetic triplet”. There are many methods for 237 

analysing solid-state kinetic data [39]. These methods can be classified according to the 238 

experimental conditions and the mathematical analysis implemented. The mathematical 239 

approaches employed can be divided into model-fitting and isoconversional (model-free) 240 

methods. In this work only the isoconversional model-free dynamic methods were used to 241 

calculate the kinetic parameters for the individual fuels and mixtures pyrolysis, which require 242 

a set of experimental tests at different heating rates. These methods are the Kissinger-Akahira-243 

Sunose (KAS) and Flynn-Wall-Ozawa (FWO) methods. The advantages of the model-free 244 

analysis are: its simplicity and the avoidance of errors associated to choices of a kinetic model 245 

[40]. 246 

Flynn-Wall-Ozawa method (FWO)  247 

The FWO method [41,42] is one of the most commonly accepted methods for the computation 248 

of kinetic parameters. It allows for the apparent activation energy to be obtained for each degree 249 

of conversion from the equation:  250 

𝐿𝑛(𝛽) = 𝐿𝑛 (
𝐴𝑋·𝐸𝑎𝑋

𝑅·𝑔(𝑋)
) − 5.331 − 1.052

𝐸𝑎𝑋

𝑅·𝑇𝑋
    (9) 251 

where EaX is the apparent activation energy for a fix degree of conversion X, and is calculated 252 

from the slope of the straight line obtained by plotting logarithm of heating rates, Ln, versus 253 

1/TX, where TX is the reaction temperature at which this grade of conversion X is reached. 254 

Kissinger-Akahira-Sunose method (KAS)  255 
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The KAS method [43,44] is an integral isoconversional technique based on the following 256 

expression: 257 

𝐿𝑛 (
𝛽

𝑇𝑋
2) = 𝐿𝑛 (

𝐴𝑋·𝑅

𝐸𝑎𝑋
·𝑔(𝑋)

) −
𝐸𝑎𝑋

𝑅·𝑇𝑋
     (10) 258 

where EaX is the apparent activation energy for a fix degree of conversion X, and is calculated 259 

from the slope of the straight line obtained by plotting Ln(/TX
2), versus 1/TX, where TX is the 260 

reaction temperature at which this grade of conversion X is reached. 261 

2.4.2. Char gasification 262 

Gasification of carbonaceous materials is a gas-solid heterogeneous reaction and the rate of 263 

conversion (reactivity or reaction rate) can be expressed as following equation: 264 

𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑐𝑒𝑜𝑢𝑠 𝑓𝑢𝑒𝑙 𝐶𝐻𝐴𝑅 + 𝐶𝑂2

𝑘
→ 𝐻2 + 𝐶𝑂   (11) 265 

Two types of models, an nth-order one-step approximation to this rate equation and rate 266 

equations based on the stepwise reaction mechanism, can be used to describe the variations in 267 

char-carbon dioxide gasification rates with temperature. In this case, one nth-order model, the 268 

random pore model (RPM), which was described in previous works [17,22,45], was applied in 269 

order to calculate the activation energy and the pre-exponential factor.   270 

The nth-order model used in this work, RPM, provide a formulation of the term f(X) of equation 271 

(1) expressed by: 272 

𝑑𝑋

𝑑𝑡
= 𝑘𝑅𝑃𝑀 ∙ (1 − 𝑋) ∙ √1 − 𝜓 ∙ ln (1 − 𝑋)   (12) 273 

where ψ is a parameter related to the pore structure of the unreacted sample. After the 274 

separation of variables and integration the equation (12) was linearized and the result is: 275 

 (2
𝜓⁄ )(√1 − 𝜓 ∙ ln(1 − 𝑋) − 1) = 𝑘𝑅𝑃𝑀 ∙ 𝑡    (13) 276 

The reaction rate constant (kRPM) is calculated from the slope of the plot of equation (13). 277 

The theoretical values for degree of conversion of coal and microalgae mixtures, XMix, for the 278 

co-pyrolysis and co-gasification experiments were calculated according to the blends additive 279 
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law taking into account their individual conversion at any time, Xi, and their percentage in the 280 

fuel mixture according to the following expression:  281 

𝑋𝑀𝑖𝑥 = 𝑋𝐶𝐶 ∙ %𝐶𝐶 + 𝑋𝑁𝑀 ∙ %𝑁𝑀     (14) 282 

where XCC and XNM represent the conversion of coal and microalgae at any time, respectively; 283 

while %CC and %NM are their weight percentages in the mixture.  284 

3. Results and discussion 285 

3.1. Fuel analysis 286 

The proximate and ultimate analyses (on a dry basis) of the fossil and renewable fuels selected 287 

in this work to be co-utilised to determine the pyrolysis and gasification kinetic parameters are 288 

summarized in Table 1. Colombian coal was chosen because is a high-volatile bituminous coal 289 

that presents a high content of volatile matter (43.2 wt%), which was required to study its 290 

interactions with microalgae volatile matter and also due to its low ash content (0.7 wt%), 291 

which resulted adequate to study the effect of the mineral matter contained in the microalgae 292 

on the co-gasification kinetics, without significant interferences. On the other hand, the 293 

proximate analysis of microalgae shows that Nannochloropsis sp. contains 66.6 wt% of volatile 294 

matter content, which is similar to other species such as Chlorella vulgaris (68.2 wt%). But 295 

also, it presents a high ash content of 14.9 wt%, comparable to other microalgae, like Isochrysis 296 

sp. (16.3 wt%) and   Chlorella (15.1 wt%).  297 

Table 1. Proximate and ultimate analysis of fuels.  298 

Analysis Colombian coal (CC) Nannochloropsis sp. (NM) 

Proximate analysis, db (wt%) 

Ash 0.7 14.9 

Volatile Matter 43.2 66.6 

Fixed Carbon 56.1 18.5 

Ultimate analysis, db (wt%)   

C 79.5 38.3 

H 5.0 5.6 

N 1.6 6.1 

O 13.2 35.1 
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HHV (MJ kgdb
-1) 32.2 15.9 

Chemical composition (wt%) 

Carbohydrates  - 9.0 

Proteins - 62.0 

Lipids - 18.0 
db: dry basis 299 

The biochemical composition of Nannochloropsis sp. (Table 1) indicates that the protein 300 

content is significantly higher than that of other microalgae species reported in literature, such 301 

as Chlorella vulgaris, Thalasisosira weisfolgi and Isochrysis sp. (42 – 44 wt%) [38,46,47]. 302 

While microalgae containing higher lipid contents, such as Chlorella, are suitable to produce 303 

bio-diesel; microalgae less-rich in lipids and richer in proteins, like Nannochloropsis sp. are 304 

more suitable to full conversion technologies, such as gasification. 305 

Table 2 summarizes the ash composition expressed as wt% of raw sample for the microalgae 306 

before (NM) and after the acid leaching pre-treatment (NM-ac). Here can be appreciated how 307 

the alkali and alkaline earth metals (AAEM), especially Na and K, constitutes the highest share 308 

of metals in NM with 8.3 and 1.2 wt%, respectively. As a result of the acid pre-treatment the 309 

presence of those elements in the NM-ac sample was reduced in more than 97 %, until 0.21 310 

and 2.6·10-2 wt%, respectively. Moreover, chlorine content (1.9 wt%) represents an important 311 

contaminant in the raw NM, which was satisfactorily reduced of 87 % thanks to the pre-312 

treatment, decreasing its content in NM-ac to only 0.24 wt%. Therefore, a pre-treatment with 313 

a mild acid solution (1%) would greatly benefit the potential co-utilisation of microalgae in 314 

gasification.  315 

Table 2. Ash composition of the raw NM (dry) and acid-leached microalgae (NM-ac) samples 316 

 Element (wt%) 

Element NM NM-ac 

Cl 1.90 0.24 

Al 9.8·10-4 1.4·10-3 

Ca 8.7·10-2 7.8·10-3 

Fe 7.2·10-2 4.6·10-2 

Mg 0.21 6.2·10-3 
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Mn 8.9·10-3 3.8·10-4 

K 1.2 2.6·10-2 

Si 5.7·10-2 7.3·10-2 

Na 8.30 0.21 

Ti 1.1·10-4 1.2·10-2 

P 0.70 0.22 

3.2. Pyrolysis  317 

3.2.1. Pyrolysis profiles 318 

Fig. 1 shows both the conversion curves as weight loss in wt% (A), and their first derivative 319 

curves with time (DTG) as wt%/min (B) of the thermochemical decomposition of coal (CC) 320 

and microalgae (NM), as well as those experimental and calculated for their physical mixtures 321 

as a function of reaction temperature under nitrogen atmosphere at 20 °C/min and 900 ºC.  322 

From Fig. 1(A) can be observed that coal (CC) mass loss mostly occurred in a single step at 323 

temperatures ranging from 350 to 600 ºC, with a maximum devolatilization rate at 469 ºC as 324 

shows Fig .1(B). However, the pyrolysis process of a microalgae sample is usually described 325 

by two main stages, devolatilization of the sample and the slow transformation of the char 326 

formed during the first stage [11]. In this case, the whole process comprises up to four clear 327 

steps that are more visually appreciated from the DTG curve depicted in Fig. 1(B). According 328 

to the experimental results, the microalgae devolatilization mostly occurs between 130 and 510 329 

°C (weight loss of 60.1 wt%). In this temperatures interval, three decomposition peaks can be 330 

appreciated, which involve a very complex set or reactions linked to the devolatilization of 331 

carbohydrates, proteins and lipids at temperature ranges of: 130 – 180 °C, 180 – 410 °C and 332 

410 – 510 °C, respectively, with maximum decomposition rates at 165, 277, 450 °C, 333 

respectively. The second step (510 – 900 °C) corresponds to the slow transformation of 334 

remaining solid residue (char) formed in the first devolatilization event and sublimation of 335 

some inorganic species. Therefore, after 510 °C, where the rate of decomposition was 336 

minimum, it slowly increases up to 800 °C indicating release of small volatiles from charred 337 
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material. Besides, from 800 to 900 °C the reaction rate suddenly increased, which might be 338 

related to the volatilization of some ash constituents [48]. Some minerals, such as potassium 339 

compounds, and chlorine are more volatile at higher temperatures compared to other minerals, 340 

such as Ca and Mg [12]. According to Table 2, Nannochloropsis sp contents of Ca, Na, K, Mg 341 

and Cl are 0.09, 8.30, 1.20, 0.21and 1.90 wt%, respectively. 342 

 343 

Fig. 1. Experimental and calculated (from the blends additive law) conversion (A) and DTG 344 

(B) profiles for the pyrolysis and co-pyrolysis of CC coal and NM microalgae at 20 °C/min 345 

and maximum temperature of 900 °C. 346 

The experimental results corresponding to the thermal decomposition of coal and microalgae 347 

mixtures displayed in Fig. 1(A) apparently seem to obey relatively well the blends additive 348 

law, especially that of 80% CC – 20% N. However, from Fig. 1(B) can be observed some 349 

different trend deviations corresponding to the microalgae peaks decomposition. Thus, 350 

carbohydrates, which firstly decomposes at 165 °C were negatively affected with a slightly 351 

lower decomposition rate than that expected because of its mixture with coal. However, 352 

proteins that devolatilises at higher temperatures (200 and 465 °C) were positively affected by 353 

the volatiles released from coal, with a to some extent larger experimental decomposition rate 354 

in comparison with that theoretically calculated, especially for that mixture containing higher 355 

microalgae share (50 wt%). There is also a final positive deviation in CC coal devolatilization 356 
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that occurs at 400 – 500 °C, clearly enhanced by the lipids decomposition contained in 357 

microalgae. Thus, it could be stated from these results that there are synergistic effects between 358 

these two fuels during their co-pyrolysis process. In the literature can be found divergent results 359 

regarding the synergistic effects between coal and microalgae during co-pyrolysis. Thus, Wu 360 

et al. observed a positive effect of mixing a low rank coal with different microalgae: Spirulina 361 

[49], Nannochloropsis sp. and Chlorella [10], in which the more amount of algae in the mixture 362 

the more positive the synergy. On the contrary, Chen et al. [9], found an inhibition effect 363 

between a semi-anthracite coal and Chlorella vulgaris during their co-pyrolysis, especially 364 

above 550 °C, where the volatiles released by microalgae leave residues that could polymerize 365 

and condense on the coal surface forming carbon deposits, which blocks coal pores through 366 

which coal volatiles are released.  367 

The acid washed Nannochloropsis sp. microalgae (NM-ac) showed a considerable 368 

differentiated thermal decomposition profile in comparison with that of the raw microalgae as 369 

displays Fig. 1. Thus, NM-ac sample presents a narrower decomposition temperature range, 370 

starting at higher temperature (150 °C), and with a much higher maximum decomposition rate. 371 

This is likely to be attributed to the microalgae cells disruption and decreased polymeric degree 372 

of microalgae components (lipid, protein and carbohydrate) with a “softening” of the 373 

microalgae cell structure after acid pre-treatment [48]. But also, the acid leaching pre-treatment 374 

removed most of the microalgae ash components as was previously discussed in Section 3.1, 375 

with some of them volatilised at high temperatures (> 800 °C), as it is appreciated from the 376 

DTG profiles corresponding to NM and NM-ac microalgae samples (Fig. 1). The removal of 377 

Na, K and Cl from the microalgae would improve the co-gasification operations, since it is well 378 

known that K and Na lead to slagging and agglomeration in furnaces and fouling in fluidised 379 

beds and Cl can lead to corrosion and catalyst poisoning. 380 
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Fig. 2(A) depicts the temperatures of maximum decomposition rate of individual and mixed 381 

fuels during pyrolysis as a function of the heating rate. Here, it can be observed that these peak 382 

temperatures increase with the heating rate for all of them; which reflects that the 383 

decomposition of these fuels shift to the right, meaning higher decomposition temperatures, 384 

with increasing heating rate.  385 

 386 

Fig. 2. Values of temperature for the maximum DTG (A) and DTGmax (B) corresponding to the 387 

thermochemical decomposition of coal (CC) and microalgae (NM), and those for their physical 388 

mixtures under N2 atmosphere at 900 ºC and at different heating rates (10 – 80 ºC/min). 389 

On the other hand, Fig. 2(B) shows that the maximum decomposition rate increased linearly 390 

with heating rate for the all the individual and mixed fuels. In addition, the observed difference 391 

in the slope of these lines suggests that the heating rate affected diverse fuels differently; thus, 392 

the more reactive the material, in terms of reaction rate, the higher the slope (NM-ac >> CC > 393 

NM ≈ 50% CC-50% NM > 80% CC-20% NM). However, as coal is the most stable fuel 394 

comprising the studied blends, regarding decomposition temperatures, its amount is assumed 395 

to be the main rate limiting factor in the pyrolysis process. 396 

3.2.2. Pyrolysis kinetics 397 

The TGA pyrolysis experimental results were analysed in order to obtain the kinetic parameters 398 

using two isoconversional model-free methods previously described. To avoid any influence 399 
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of the physically bound moisture desorption from fuels samples, the conversion (in wt%) was 400 

calculated from the experimental data collected at different heating rates and temperatures 401 

between 105 and 900 ºC. FWO and KAS methods calculate the kinetic parameters based on 402 

fixed values of conversion, from 10 wt% up to a maximum of 75 w% (depending on their 403 

volatiles content), with a 5 wt% step, which implies that the kinetic parameters for the 404 

devolatilization of individual fuels and their mixtures may be estimated. Then, according to 405 

equations (8) and (9) for the FWO and KAS methods, respectively, the linear fit at different 406 

conversion levels have fairly high linear correlation coefficients (> 0.900). This suggests that 407 

the values of Ea and A calculated from these equations, and summarized in Table 3, satisfy 408 

accuracy requirements. Moreover, deviations values of Ea between the two methods are within 409 

2% or lower value. The estimated values for Ea, summarized in Table 3 for the individual and 410 

fuel mixtures, were displayed versus the conversion level in Fig. 3. Colombian coal (CC) 411 

showed a relatively constant apparent activation energy with the conversion level (average 412 

value 226.7 kJ/mol), with a maximum of 242.3 kJ/mol at a conversion grade of 25 wt%, which 413 

correspond to the maximum devolatilization rate (450 – 490 °C). On the other hand, the 414 

microalgae (NM) is more reactive than CC showing Ea values in all the conversions range 415 

lower than those for the CC, with an average of 172.1 kJ/mol. It presented different trends at 416 

different conversion intervals, which proves that there is more than a single reaction 417 

mechanism for the microalgae thermal decomposition process, which may be related to the 418 

different reactivity of microalgae major constituents: carbohydrates, proteins and lipids 419 

[50,51]. 420 
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 421 
Fig. 3. Apparent activation energy (Ea) calculated at different grade of conversion by FWO (A) 422 

and KAS (B) kinetic methods for the pyrolysis of CC, NM and their physical mixtures from 423 

105 to 900 ºC and at different heating rates (10 – 80 ºC/min). 424 

Table 3. Kinetic parameters for the pyrolysis of CC, NM and their mixtures obtained from the 425 

KAS and FWO isoconversional models. 426 

Fuel 

 KAS FWO 

Conversion 

(wt%) 

Ea  

(kJ mol-1) 

A  

(min-1) 
R2 

Ea  

(kJ mol-1) 

A  

(min-1) 
R2 

100% CC 

10 218.1 5.83E+15 0.925 218.8 6.80E+15 0.932 

15 217.3 2.00E+15 0.948 218.3 2.47E+15 0.953 

20 226.1 3.21E+15 0.962 227.0 3.87E+15 0.966 

25 241.9 6.15E+15 0.902 242.7 7.17E+15 0.908 

30 227.0 1.97E+13 0.900 229.9 3.17E+13 0.900 

Average 226.1 3.44E+15  227.3 4.07E+15  

80% CC-20%NM 

10 245.9 2.25E+20 0.996 243.9 1.63E+20 0.997 

15 250.7 6.05E+18 0.992 249.5 5.10E+18 0.992 

20 246.9 5.96E+17 0.991 246.4 5.59E+17 0.992 

25 256.9 9.97E+17 0.985 256.2 9.12E+17 0.987 

30 296.4 1.08E+20 0.951 294.1 8.01E+19 0.955 

35 304.0 5.83E+18 0.927 302.5 4.92E+18 0.911 

Average 266.8 5.77E+19  265.4 4.24E+19  

50% CC-50%NM 

10 139.8 3.04E+13 0.999 141.6 4.90E+13 0.999 

15 139.7 4.01E+12 1.000 142.1 7.32E+12 1.000 

20 146.5 1.85E+12 0.997 149.3 3.55E+12 0.998 

25 164.9 6.10E+12 0.994 167.4 1.08E+13 0.995 

30 202.8 7.52E+14 0.992 204.1 9.93E+14 0.993 

35 223.2 6.58E+15 0.994 224.0 7.71E+15 0.995 

40 240.3 2.66E+16 0.994 240.6 2.89E+16 0.995 

45 302.6 3.73E+18 0.986 301.2 3.18E+18 0.987 

Average 195.0 4.71E+17  196.3 4.02E+17  

100% NM 

10 176.5 1.15E+19 0.972 175.6 9.56E+18 0.975 

15 170.9 1.76E+17 0.994 170.8 1.78E+17 0.995 

20 162.0 4.92E+15 0.998 162.7 5.94E+15 0.998 

25 158.5 6.80E+14 0.997 159.6 9.12E+14 0.997 
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30 161.8 4.11E+14 0.991 163.1 5.65E+14 0.992 

35 166.5 2.84E+14 0.976 167.9 3.98E+14 0.979 

40 170.5 1.45E+14 0.950 172.1 2.11E+14 0.955 

45 176.4 9.46E+13 0.927 178.2 1.41E+14 0.935 

50 186.8 1.27E+14 0.928 188.6 1.85E+14 0.936 

55 202.4 4.56E+14 0.940 203.9 6.16E+14 0.946 

65 172.5 9.86E+08 0.903 179.5 3.23E+09 0.900 

70 146.8 4.33E+06 0.996 156.8 2.37E+07 0.996 

Average 171.0 9.72E+17  173.2 8.12E+17  

100% NM-ac 

10 120.0 4.07E+12 1.000 122.1 7.50E+12 1.000 

15 118.4 9.16E+11 1.000 120.8 1.86E+12 1.000 

20 129.3 4.27E+12 0.998 131.5 7.82E+12 0.998 

25 146.8 7.73E+13 0.995 148.4 1.18E+14 0.996 

30 155.2 1.74E+14 0.995 156.7 2.53E+14 0.995 

35 152.8 4.28E+13 0.996 154.6 6.76E+13 0.997 

40 149.5 1.05E+13 0.997 151.7 1.80E+13 0.998 

45 149.5 5.67E+12 0.998 151.9 1.01E+13 0.998 

50 153.7 7.12E+12 0.998 156.1 1.25E+13 0.999 

55 165.9 3.76E+13 0.999 167.9 5.94E+13 0.999 

60 190.5 1.55E+15 0.999 191.5 1.97E+15 0.999 

65 225.0 2.53E+17 0.999 224.6 2.47E+17 0.999 

70 264.2 5.47E+19 0.997 262.3 4.18E+19 0.998 

Average 163.1 4.23E+18  164.6 3.23E+18   

Surprisingly, CC and NM blends behaved differently depending on their percentages in the 427 

mixture. Thus, the mix containing 20 wt% N showed higher Ea values than the CC in all the 428 

conversions range, especially from conversions > 25 wt% (with an average value of 266.1 429 

kJ/mol), which reflects an inhibition effect of the volatiles released by the N that could hinder 430 

the coal devolatilization. However, when the N share reaches 50 wt%, a positive synergy is 431 

observed, especially at conversion levels < 25 wt%, where the Ea is even lower than the 432 

individual microalgae. After this point the activation energy increases due to the 433 

devolatilization of the coal share, presenting an average value of 195.6 kJ/mol, slightly lower 434 

than that theoretically calculated according to the additive law (199.4 kJ/mol). 435 

The acid leaching pre-treatment showed a positive effect on the microalgae pyrolysis kinetics, 436 

as NM-ac presented lower activation energy than raw microalgae for conversion values lower 437 

than 60 wt%, and an average value of 163.9 kJ/mol. Then, from this conversion value the trend 438 

was inverted, possibly due to the vaporization of some elements in the mineral matter of 439 

Nannochloropsis sp. that could catalyse the process decreasing significantly the energy 440 

requirements, and therefore the Ea. 441 
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So, the average values for the apparent activation energy of both methods were calculated for 442 

the complete conversion ranges evaluated with decreasing values following the trend: 80%CC-443 

20% NM > 100%CC > 50%CC-50% NM > 100% NM > 100% NM-ac. From these data could 444 

be stated that the percentage of NM microalgae in the CC – NM mixture had a crucial role for 445 

their co-utilisation, as it can increase or decrease the energy requirements for their co-pyrolysis.  446 

Gasification  447 

3.2.3. Gasification profiles 448 

Once the interactions between Colombian coal (CC) and Nannochloropsis sp. (NM) 449 

microalgae under pyrolysis conditions were studied, the possible interactions between their 450 

chars during the co-gasification process were also investigated.  451 

Firstly, the acid washed Nannochloropsis sp. microalgae (NM-ac) char was also tested under 452 

gasification reaction conditions for comparison purposes with the parent material (NM). Thus, 453 

in Fig. 4 are depicted the carbon conversion yields (for the NM-ac char in comparison with 454 

those for the N char, which was fully converted between 1 and 15 min (900 and 750 °C, 455 

respectively). 456 

 457 
Fig. 4. Conversion of Nannochloropsis sp. (NM) and acid-washed Nannochloropsis sp. (NM-458 

ac) during the CO2 gasification at different temperatures and reaction times. 459 
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However, as can be appreciated in this figure, NM-ac experienced a much slower reaction rate, 460 

getting a full conversion at 850 °C after 60 min of reaction time in comparison with less than 461 

5 min needed in case of N char. Therefore, these results demonstrate that the acid leaching 462 

biomass pre-treatment resulted not adequate for gasification purposes since the removal of 463 

AAEM from microalgae ash significantly modified its reactivity by removing those 464 

catalytically active elements, as Na and K (See Table 2). For that reason, this NM-ac was not 465 

further investigated for the co-gasification tests with the Colombian coal (CC) char.  466 

Fig. 5 shows the conversion profiles for the CO2 gasification of the individual fuels (CC and 467 

NM) and those, experimental and calculated according to the additive law, for their blends (20 468 

and 50 wt% N) at 750 – 900 °C.  469 

 470 
Fig. 5. Experimental and calculated (from the blends additive law) conversion profiles for the 471 

gasification and co-gasification of CC coal char and NM microalgae char at different 472 

temperatures: A) 750°C, B) 800°C, C) 850°C and D) 900°C. 473 
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Nannochloropsis sp. char showed a much faster gasification rate than CC char and their blends, 474 

with reaction times between 1 and 15 min at temperatures of 900 and 750 °C, respectively. 475 

Some interesting phenomena are shown in Fig. 5(A), in which the gasification temperature was 476 

750 °C, and the gasification reactivity of CC was lower than that of the blends containing 20 477 

and 50 wt% N until the conversion reached 55 and 77 wt%, respectively, when the pattern was 478 

reversed until completion. Moreover, the calculated conversion of these blends was much 479 

higher than the experimental results in the whole conversion range, especially at high presence 480 

of N in the blend, which indicate an obvious inhibiting effect occurring during the co-481 

gasification of these fuels at 750 °C. The origin of this inhibition could be due to the prominent 482 

presence of chlorides specie (NaCl), which is observed in the ash from the raw 50/50% CC/NM 483 

mixture and in the remaining ash at 750°C, as shown in Figure 6.  484 

 485 
Fig. 6. XRD patterns of the raw fuels mixture 50%CC-50NM (A, C) and those corresponding 486 

to the remaining ash after the CO2 gasification at 750°C (B, C). 487 
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While NaCl as such in char is not an active catalyst, NaCl can be transformed into active 488 

catalysts following the preferential release of Cl during pyrolysis [52]. Therefore, it appears 489 

that 750°C is not enough to “activate” the Na in NaCl. A similar behaviour to that obtained at 490 

750 °C, but attenuated, was observed at 800 °C, with CC being more reactive than the blends, 491 

at conversion levels above 90 wt%, which might not be representative due to the samples being 492 

almost fully reacted. These results imply that the inhibiting effect was reduced when the 493 

gasification temperature was raised. The same phenomenon was observed by other authors 494 

from the literature for the gasification of blends containing coal and biomass chars [16,29]. 495 

What is more interesting, is that the values for the experimental conversion of the 80% CC – 496 

20% N blend, eventually became higher than that calculated when the conversion reached 30 497 

wt% and until completion, which reveals a synergistic effect between these two fuels during 498 

their co-gasification as shows Fig. 5(B). This synergistic effect was entirely confirmed when 499 

the gasification temperature was further raised up to 850 – 900 °C, at which the conversion 500 

profiles significantly changed, and the reactivity of CC – N blends were higher than that of the 501 

individual CC in the whole conversion range, according to the percentage of N in the fuel blend. 502 

However, it seems that these behaviours do not obey the blends additive law, changing from 503 

inhibiting to accelerating during the course of the gasification reaction. Thus, in Fig. 5(C) can 504 

be observed that the experimental conversion values at 850 °C were slightly smaller than the 505 

calculated ones below 25 and 58 wt%, for blends containing 20 and 50 wt% N, respectively, 506 

while above them the conversion was obviously accelerated in comparison with the calculated 507 

ones. Due to the significant discrepancy of gasification rate of NM and coal CC chars, when 508 

the gasification of NM was complete, its ash would remain in contact to the coal char, which 509 

might catalyse the gasification of the remaining coal char, which might explain why these 510 

blends were catalytically gasified. Chlorides such as NaCl have been shown to act as inhibitors 511 

during the early stages of gasification, although accelerating the rate later [33]. This behaviour 512 
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resulted comparable to what has been observed in this work with gasification temperatures > 513 

800°C. Moreover, during gasification, the AAEM species (especially Na) could also 514 

progressively transfer from the inner char structure to the surface of the char leading to an 515 

increase in the reactivity at higher char conversion level [53]. This would well explain the 516 

acceleration of the gasification reaction at higher char conversion level. Comparable catalytic 517 

behaviours attributed to the potassium content of biomass ash, have been observed in the 518 

literature by other authors during biomass gasification [17] and co-gasification of coal and 519 

biomass [16,29]. So, the effects of blending ratio on co-gasification reactivity indicate that the 520 

strongest synergistic effects were observed blending 50 wt% of each fuel as microalgae 521 

presents higher ash content than coal (14.9 and 0.7 wt%, respectively). Analogous trend, but 522 

much more magnified, were observed in Fig. 5(D) where mixtures were gasified at 900 °C, 523 

especially regarding the first inhibiting period. A part the presence of NaCl, this inhibiting 524 

period might be related to the intimate contact of microalgae and coal chars (physical effect), 525 

which could modify the flow pathway of CO2 through the samples, so the gasification rate of 526 

microalgae might decrease. 527 

3.2.4. Gasification kinetics 528 

Kinetic parameters for the gasification and co-gasification of Colombian coal (CC) and 529 

Nannochloropsis sp. microalgae (NM) are the basic but necessary data for an appropriate 530 

design and operation of gasification plants. Thus, in order to calculate the kinetic parameters, 531 

the Arrhenius law shown in equation (3) was implemented. The relationship between the 532 

absolute reciprocal temperature (1/T) and the logarithm of the rate constant (Lnk) was obtained 533 

in the studied temperature range, in which a reasonable linear relationship was observed as 534 

shown in Fig. 7.  535 
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 536 
Fig. 7. Arrhenius plots for the RPM model of the individual and mixed fuels chars studied 537 

during CO2 gasification. 538 

There was a noticeable change in the line slope observed in the studied temperature range in 539 

case of the samples 50%CC–50%NM and 100%NM, when the reaction temperature was 540 

increased above 850 °C. This means that the gasification reaction of these samples is 541 

considered under the chemical reaction control between 750 and 850 °C, while there exist a 542 

change between the chemical and diffusional controlled regime detected from the change in 543 

the slope on the Arrhenius plot, similarly to that observed by other authors in case of CO2 544 

gasification of biomass chars [24,54] or blends of coal/biomass chars [16]. However, in case 545 

of the other two samples, 100%CC and 80%CC–20%NM, the char gasification reaction is 546 

under the chemical reaction control in the whole temperature range studied (750 – 900 °C). On 547 

the basis of the slope and the intersection values, the two kinetic parameters, the activation 548 

energy (Ea) and the frequency factor (A) were obtained and summarized in Table 4.  549 
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Table 4. Kinetic parameters of the RPM model for the CO2 char gasification of CC, NM and 552 

their mixtures. 553 

Sample Ea (kJ/mol) A (s-1) ψ R2 

100%CC 189.0 5.545E+05 13.8 0.9986 

80% CC-20%NM 174.1 1.760E+05 3.5 0.9950 

50% CC-50%NM 146.1 1.262E+04 3.4 0.9952 

100%NM 129.2 9.197E+03 4.1 0.9953 

As shown in Table 4 by adding 20 and 50 wt% of microalgae char to coal char the Ea of the 554 

mixture was decreased from 189.9 kJ/mol (for 100 wt% CC char) to 174.1 and 146.1 kJ/mol, 555 

respectively. This reduction in the activation energy was even higher to that expected if both 556 

fuels would behave according to the mixtures additive law, in whose case the Ea would be 557 

177.0 and 159.1 kJ/mol for mixtures containing 20 and 50 wt% N, respectively. Such a 558 

reduction of activation energy further confirms the synergistic effect derived from mixing both 559 

chars, especially in the case of the mixture containing 50 wt% of each fuel, and the catalytic 560 

effect that Nannochloropsis sp. char exerted during the co-gasification experiments. Similar 561 

results were obtained by Qadi et al. [3] during the co-gasification of an Australian coal with 562 

Spirulina microalgae, who observed synergetic effects for all ratios, while the 5:5 blend 563 

revealed the best performance, which was attributed to the high potassium content in the algae 564 

ash that in turn promoted the catalytic effect. Other researchers also got analogous results 565 

during the co-gasification of different biomass with coal chars [16,28,29]. Thus, Ding et al. 566 

[16] observed synergistic effects during the co-gasification of a bituminous coal char with corn 567 

stalk char caused by the high potassium content of biomass char and the significant difference 568 

between their reaction rates.  569 

Conclusions  570 

In this work, the potential synergistic effects between a Colombian bituminous coal (CC) and 571 

Nannochloropsis sp. (NM) microalgae during their co-utilisation on pyrolysis and gasification 572 



29 

 

processes were investigated, and kinetic parameters derived from these processes were also 573 

evaluated. During the co-pyrolysis tests, some synergistic effects were observed at different 574 

temperatures, enhancing the devolatilization profile of the mixture components above 250 °C, 575 

especially for that mixture containing higher microalgae share (50 wt%), with respect to that 576 

expected according to the blends additive law. However, regarding the kinetics, CC – N blends 577 

behaved differently depending on their percentages in the mixture. Thus, average value for Ea 578 

of CC was 172.1 kJ/mol, when those for the mixtures containing 20 and 50 wt% of N showed 579 

values of 266.1 and 195.6 kJ/mol, respectively, evidencing inhibition and catalytic effects, 580 

respectively.  581 

Acid leached microalgae decomposed under pyrolysis conditions much faster than the raw 582 

algae, principally caused by a “softening” of the microalgae cells structure, which was reflected 583 

in a significant reduction of the activation energy at all conversion levels, with average values 584 

of 172.1 and 163.9 kJ/mol for NM and NM-ac, respectively. However, that acid pre-treatment 585 

did not improve the gasification as it also removed part of the AAEM from microalgae ash 586 

resulting in a much slower gasification rate.  587 

In the co-gasification experiments, an inhibiting effect occurred in the conversion profiles at 588 

low temperatures (mainly at 750 °C) and particularly at high microalgae share. Nevertheless, 589 

at higher temperature, trends were reversed after an initial inhibition period, evidencing an 590 

overall catalytic effect caused by the microalgae high alkali metals content that promoted coal 591 

char gasification, mainly at high microalgae share. Thus, the resulting Ea of CC was decreased 592 

from 189.9 to 146.1 kJ/mol, when microalgae portion was incremented up to 50 wt%. This 593 

reduction in the activation energy was even higher to that expected if both fuels would behave 594 

according to the mixtures additive law (159.1 kJ/mol). Such a reduction of activation energy 595 

further confirms the synergistic effect derived from mixing both chars. 596 

 597 
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