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A B S T R A C T   

Catalytic pyrolysis of Sulcis low-rank coal over naturally occurring olivine, and home-made 15 wt%Ni/γ-Al2O3 
catalyst was conducted for the upgrading of coal pyrolysis volatile gases in the temperature range ambient- 
900 ◦C under atmospheric pressure. Raw coal and mixtures of coal-additive (90:10 wt%) were slowly heated in 
temperature programmed mode using a laboratory-scale quartz furnace coupled in parallel to Fourier transform 
infrared (FTIR) spectrometer and GC chromatograph for quantitative analysis of flue gas. Coal pyrolysis with and 
without additives was also conducted by TG/DTG/DSC analysis at different heating rate (β = 15, 20, 30 
◦Cmin− 1). DSC results clearly indicated some extra exothermic events during catalytic coal pyrolysis. Quanti-
tative gaseous products distribution with temperature showed yields significantly and selectively improved with 
additives. Generally, more CO and CO2 were emitted under catalytic coal pyrolysis. Meanwhile, nickel catalyst 
exerted a marked positive effect on H2 yield overall in the temperature range 400–500 ◦C. The light hydro-
carbons such as methane, ethane, propane and n-hexane substantially remaining unchanged, whereas a 
remarkable increase of emitted ethene was originated from catalytic pyrolysis. A deeper SO2 evolution was 
observed over olivine, whereas the N-containing compounds (NH3, NOx) were also modified in catalytic pyrol-
ysis. Formaldehyde was also monitored, which represents a fragment originating from polycyclic aromatic side 
chains. Reaction kinetic study by a model-free isoconversional method indicated a complex multiple-step 
mechanism of coal pyrolysis, exception made for conversion values between 5% and 50% where a single-step 
reaction path was operating. The calculated average Ea and the pre-exponential factor were markedly reduced 
by the presence of additives. Meanwhile the compensation effect was also existing.   

1. Introduction 

Pyrolysis is a well-known efficient and environmentally benign 
technology, which allows to transform organic carbonaceous matter into 
permanent gases and valuable liquid fuels by means of heating at rela-
tively low temperature under oxygen-free atmosphere, whereas a valid 
solid feedstock (char) is produced. Pyrolysis is the initial stage common 
to all the thermo-chemical conversion processes of coal (combustion, 
gasification, and/or oxy-combustion) for energy production [1]. It is 
well-established that coal pyrolysis process can be sketchily divided into 
two stages: the first stage is devolatilization during which fragmentation 
of organic macromolecules, referred as TAR, and primary reactions take 
place; and the second one is reforming of volatiles and secondary re-
actions [2]. However, to upgrade TAR into lighter one and available 
gaseous products (mainly H2 and CO) for commercial applications, more 
deeply identification of thermal degradation reactions and product 
distribution taking place during coal pyrolysis should be made from both 

a qualitative and quantitative point of view [3]. 
Because the pyrolysis process is greatly affected by the type of coal 

rank, particle size, heating rate, residence time, catalysts and so on, a 
relevant influence on subsequent steps of thermal processing is recog-
nized [4]. Specifically, to obtain a good quality of pyrolytic gases proper 
catalysts are employed in coal pyrolysis both in-situ for TAR cracking 
and in series for the upgrading of generated volatiles and gasification 
reactions of char [5,6]. 

In catalytic coal pyrolysis a wide number of catalysts has been 
employed from naturally occurring minerals such as olivine (mixed iron, 
magnesium, and silicon oxides) and dolomite (double magnesium cal-
cium oxide) to nickel-based catalyst. It is well established that coal 
contains inherent inorganic materials having catalytic effect on the 
conversion of organic matter during low temperature thermo-chemical 
processes [7]. Iron oxides and CaO can act as catalysts notably 
enhancing methane production [8,9]. Olivine and dolomite have been 
used as catalyst/bed material for TAR cracking-reforming/heat carrier 
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[10,11]. Although the olivine catalytic activity towards TAR decompo-
sition is lower than dolomite, it presents superior mechanical strength 
over dolomite, which generates owing to elutriation more fines and 
particulates in the flue gas [12]. Moreover, olivine has been used as 
catalyst in methane and tar steam reforming [13], and tar cracking [14]. 
The superior catalytic capability of metallic iron over iron oxides was 
stated in various investigation on crack tar in biomass [15]. Iron as metal 
is more effective to crack C-C and C-O bonds in tar biomass compared to 
iron oxides [16,17]. 

Nickel-based catalysts have excellent metallic species for steam 
gasification/reforming reactions and are preferred as catalytic active 
sites, even at low temperatures of 450− 500 ◦C, compared to precious 
metal such as Pt, Ru, and Rh, because of the low cost and abundance 
[18–20]. Nickel-based catalysts are often used in pyrolysis and catalytic 
up grading of low rank coal [21–23]. In particular, the nickel catalysts 
supported over Al2O3 have been extensively employed in reforming and 
cracking of light hydrocarbons for producing H2-rich gas [24,25]. 
Moreover, the Al2O3 support are often used in catalytic cracking process 
owing to its good thermal/hydrothermal stability and high mechanical 
strength [26,27]. However, nickel catalyst deactivation by excessive 
coke deposition or sulphur inhibition can limit its use. These drawbacks 
could be overcome by catalytic cracking with steam, which is a milder 
and more favourable condition to avoid deactivation of the catalyst 
[28]. Moreover, the in situ catalytic coal pyrolysis over nickel-based 
catalysts presents some unique advantages in the conversion of TAR 
owing to their strong catalytic activity [29–32]. Indeed, the use of nickel 
catalyst during the coal pyrolysis could improve the yield of emitted 
gases such as light hydrocarbons and H2 via decomposition of macro-
molecules and polydecondensation of aromatics in low rank coal [33]. 
After gasification/combustion, spent olivine can be used as bed material, 
while spent NiALO along with residual ash can be regenerated because 
the ash contains inherent inorganic oxides such as Al2O3, Fe2O3 etc., 
which have good catalytic activity or can be used as a carrier for the Ni 
catalyst. 

In previous works [34,35], the pyrolysis of low rank coal from Sulcis 
area (Sardinia, Italy) was investigated in thermogravimetric analyser 
and in fixed-bed reactor type coupled to FTIR technique for the analysis 
of evolved gases in a qualitative manner. In the present work the 
non-catalytic and catalytic pyrolysis of low rank Sulcis coal over natu-
rally occurring olivine and a home-made 15 wt%Ni/γ-Al2O3 catalyst was 
investigated in a fixed-bed reactor-type heated up to 900 ◦C under 
N2-atmospheric pressure and simultaneously coupled to FTIR spectro-
metric and GC chromatographic analysers. The distribution patterns of 
gaseous products were evaluated in a quantitative manner. The kinetic 
parameters for non-catalytic and catalytic coal pyrolysis were also 
evaluated by a model-free isoconversional method from TG data. The 
gathered results will shed some new insights over the primary volatile 
compositions and formation mechanisms during catalytic coal pyrolysis. 

2. Experimental 

2.1. Samples 

The low-rank coal sample was collected from Sulcis field, Sardinia, 
Italy. The bulk coal sample was crushed by means of a jaw crusher and 
ground in a ball mill to give fractions of mean particle size lower than 
100 µm as measured by scanning electronic microscopy. Proximate 
analysis of raw coal was carried out according to the ASTM E1131 Test 
method by instrumental procedures. Ultimate analyses of raw coal and 
chars were conducted by a C/H/N/and sulfur elemental analyzer (LECO 
TruSpec) according to ASTM D 5373–08 and ASTM D 4239–08 Test 
method. All the results are given in Table 1. 

Natural mineral olivine was from quarry of Biella (Italy), a locality in 
the foothills of Alps. Olivine had a mean particle size of 500⋅10− 6 m and 
apparent density of 2300 kg⋅m− 3. XRD analysis (not showed here) 
confirmed the composition of pristine olivine as a solid solution of 

magnesium and iron silicate. Owing to the difficult in detecting free-iron 
oxides on olivine’s surface by XRD, temperature programmed reduction 
(H2-TPR) was conducted on olivine as described in [31]. The H2-TPR 
profile of olivine shown in Fig. 1 displayed several reduction peaks be-
tween 150 and 800 ◦C attributable to reduction of free-iron oxides in 
olivine (FeOOH→Fe2O3→Fe3O4→FeO→Fe) in accordance with litera-
ture data [36,37]. 

Home-made 15 wt%Ni/γ-Al2O3 catalyst, denoted as NiALO, was 
prepared and characterized as detailed described elsewhere [38]. 
Thermal stability of additives was investigated by TGA from room 
temperature to 900 ◦C under the pyrolysis conditions. No significant 
weight loss was founded for both olivine and NiALO, indicating that they 
possess high stability. 

2.2. Preparation of mixtures of coal/ additive 

Raw coal powder and additive (olivine and NiALO) in the weight 
ratio 9:1 was mixed with 2-propanol by wet-mixing method for 5 h. 
Then, the slurries were dried at 120 ◦C for 2 h. The obtained mixtures 
were then stored in dessicator before use. 

2.3. Thermogravimetric analysis 

Thermogravimetric(TG)/derivative theromagravimetric(DTG/dif-
ferential scanning calorimetry (DSC) analyses were accomplished in a 
TGA/DSC1 STARe System (Mettler-Toledo, Switzerland). The sample 
mass was placed in open cylindrical alumina crucibles (30⋅10− 6 L). Ni-
trogen (99.99%, Air Liquid, France) was used as the purge gas at 
0.030 L min− 1 to protect the balance. Typical sample mass of 0.015 g 
was heated from room temperature to 900 ◦C at 15, 20, and 30 ◦C min− 1 

heating rates under N2 atmospheres at 0.17 L min− 1 flow rate. The total 
flow rate was 0.20 Lmin− 1. Blank correction runs were carried out to 
minimize the Buoyancy effect. The TG runs were repeated at least twice. 

2.4. Temperature-programmed pyrolysis test 

Non-catalytic and catalytic pyrolysis of Sulcis coal was conducted by 
the bench scale setup schematically illustrated in Fig. 2. Briefly, 5 g of 

Table 1 
Proximate and ultimate analysis results of raw Sulcis coal.  

Proximate Moisture Volatile Matter Fixed Carbon Ash  

wt% 5 39 43 13  
Ultimate C H N S Oa 

wt% (dry basis) 58 4.6 1.6 6.0 16.8  

a Oxygen content calculated by difference method: [O]= 100-[C]-[H]-[N]-[S]- 
[ash]. 

Fig. 1. H2-TPR profile (¡) and deconvoluted peaks (- -) of natural olivine.  
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mixture of coal/inert quartz wool, coal/olivine and coal/Ni catalyst 
were loaded on an open-alumina boat hanging from a stainless steel rod 
and placed in the middle of a quartz tube reactor (30 mm in diameter 
and 250 mm in length), which was located in an horizontal electric 
furnace. A K-type thermocouple was inserted for online monitoring 
sample temperature. The N2 carrier gas (99.99% purity, Air Liquid) was 
regulated at 0.2 Lmin− 1 flow rate trough a mass flow controller (EL- 
FLOW, Bronkhorst High Tech®). Before the start of each pyrolysis run 
the quartz-tube reactor was purged with N2 for 30 min to ensure an inert 
atmosphere. The sample was heated from room temperature to 900 ◦C at 
15 ◦Cmin− 1 heating rate. The liquid product (TAR+water) was trapped 
in a quartz flask containing cotton wool, which was immersed in a ni-
trogen liquid-2-propanol azeotropic mixture (− 30 ◦C). The pure volatile 
gas was continuously sent both to the Gasmet DX-4000 FTIR through a 
heated transfer line and the GC, which were set in parallel to the cold 
trap for the online gas analysis as described in the below sections. 
Triplicates runs were conducted to verify the reproducibility of entire 
set-up. The results were given as dry-free (df) basis. TAR yield was 
calculated as reported in [29]. The TAR yields were 14.0, 13.1, and 12.7 
for non catalytic and catalytic coal pyrolysis over olivine and Ni/ALO, 
respectively. 

2.5. Analytical instrumentation for the analysis of gases 

Agilent 6850 gas chromatograph-TCD detector equipped with two 
columns connected in series, namely, Molesieve 5 A for permanent gases 
(H2, N2, O2, CO, and CH4) and Hayesep Q for CO2 was used was used. 
Quantification was made by GC Chemstation software (Agilent) ac-
cording to the predefined method. The GC was calibrated with reference 
gas (Air Liquid, France) supplied by high pressure cylinders before the 
start and after the end of carbonation test. The ratio between sample 
peak area and the bracketing reference peaks is used to calculate gas 
volume %. 

Gasmet DX-4000 portable multicomponent gas analyser, incorpo-
rating a low-resolution (4 cm− 1) Fourier transform infrared spectrom-
eter and a ZrO2 sensor for accurate O2 measurements, was used to 
determine gaseous components of coal pyrolysis gas. It was equipped 
with a temperature-controlled gas cell, heated transfer line, and gas 
sampling unit for gas sampling and cleaning. CALCMET software was 
used, which analyzes the acquired sample spectrum using a sophisti-
cated algorithm. The software can simultaneously detect, identify, and 
quantify of up to 50 different gas components from a single sample. 
Cross-interference effects are compensated for and the analysis accuracy 

is maintained even when analyzing complex gas mixtures where gases 
have overlapping absorption spectra [39]. The precise band assignments 
are given in Table 2. The DX4000 instrument was factory calibrated and 
typically was set up to measure evolved gases such as CO2 (0–80% v/v), 
CO (0–2000 mgN− 1m− 3), CH4 (methane, 0–1000 mgN− 1m− 3), C2H6 
(ethane, 0–1000 mgN− 1m− 3), C3H8 (propane, 0–1000 mgN− 1m− 3), and 
C6H14 (n-hexane, 0–1000mgN− 1m− 3), C2H4 (ethene) (0–200 
mgN− 1m− 3), SO2 (0–2000 mgN− 1m− 3), NO2 (0–200 mgN− 1m− 3), NO 
(0–50 mgN− 1m− 3), NH3 (0–100 mgN− 1m− 3), and CH2O (formaldehyde, 
0–50 mgN− 1m− 3) with 2% error. FTIR spectra were also collected and 
stored on the hard disk of analyser along with the concentration infor-
mation to check possible spectral overlapping. The obtained spectra and 
the concentrations of the gases were handled and further determined 
with Calcmet Software. The dynamic evolution of the emitted gases from 
coal pyrolysis were constructed as concentration measured at a given 
characteristic band of each gaseous species versus temperature. Other-
wise stated, the curves were also deconvoluted by Gaussian-type func-
tion and peak fitting (Origin Pro 8 software). 

3. Results and discussion 

3.1. Qualitative and quantitative analysis of volatiles gases 

The typical FTIR spectra of gaseous products taken at different 
temperatures during non-catalytic and catalytic N2-pyrolysis of Sulcis 
coal in programmed temperature quartz fixed-bed reactor are depicted 
in Fig. 3. As can be seen from Fig. 3 Sulcis coal pyrolysis with and 
without additives generates predominantly gaseous products including 
CO2, CO, light hydrocarbons, SO2, NH3, NOx, and CH2O (formaldehyde). 
This latter was monitored as example of generated fragment from 
organic matter. Among the light hydrocarbons CH4, C2H6, C3H8, C6H14, 
and C2H4 were chosen for the analysis because depending on pyrolysis 

Fig. 2. Schematic diagram of apparatus for non-catalytic/catalytic coal pyrolysis. (1) N2 gas cylinder. (2) Mass flow controller. (3) Temperature controller. (4) 
Thermocouple. (5) Reactor. (6) Alumina boat. (7) Electric furnace. (8) Cotton wool. (9) Cold bath. (10) Heated transfer line. (11) Gas sampling unit. (12) FTIR. (13) 
Gas drier. (14) Sampling pump. (15) GC. (16) PC. 

Table 2 
Band Assignment of FTIR Spectra during non-catalytic and catalytic coal 
pyrolysis.  

Wavenumber (cm− 1) Assignment Wavenumber (cm− 1) Assignment 

2076 CO2 2941 C6H14 

2177 CO 1165 SO2 

3018 CH4 964 NH3 

2981 C2H6 1629 NO2 

950 C2H4 1914 NO 
1340 C3H8 2802 CH2O  
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conditions, the coal pyrolytic gas is mainly rich in these organic gases. 
The quantitative results of yielded pyrolytic gas composition are re-
ported in Table 3. Meanwhile the H2 results (not IR active) obtained by 
GC are also reported in Table 3. Interestingly, CO2, CO, and CH4 were 
also analyzed in parallel by GC and the results largely agreed with those 
obtained by FTIR analysis. Generally, the presence of both the mineral 
olivine and NiALO catalyst during coal pyrolysis induces a beneficial 

effect in producing higher content of gaseous products compared to non- 
catalytic coal pyrolysis. The dynamic temperature-concentration pro-
files of each gaseous species produced during the non-catalytic and 
catalytic pyrolysis of coal will be discussed below. 

3.2. Evolution distribution of gases 

3.2.1. CO2, CO, and H2 
The temperature-concentration profiles of dominant gaseous prod-

ucts of CO2, CO, and H2 from non-catalytic and catalytic coal N2-py-
rolysis over olivine and NiALO catalyst are showed in Fig. 4(A-C). As can 
be seen from Fig. 4(A,a) the release of CO2 was already observed in the 
initial stage of Sulcis low rank coal pyrolysis due to the thermal 
decomposition of oxygen-containing functional groups and/or CO2 
desorption from porous structure of coal [40,41]. With the temperature 
rising, various deconvoluted peaks of CO2 emission appeared of up to 
300 ◦C. Subsequently, a highly intense double CO2 peak between 400 
and 650 ◦C was emerged. Generally, the CO2 evolution in the range 
500–800 ◦C is influenced by the presence and content of oxocarbon 
(esters and quinones) and inherent inorganic carbonates [42]. In cata-
lytic coal pyrolysis some extra CO2 evolution peaks were identified 
(Fig. 4A,b-c). However, the catalytic effect of olivine on pyrolytic gas 
production was less effective than that of NiALO catalyst, exception for a 
peak around 700 ◦C, probably due to the reduction of Fe3O4/FeO 
through the nascent formed CO [8,43]. Coal pyrolysis over NiALO 
catalyst presented a remarkable enhancement of CO2 emission in the 
entire range of temperature 50–400 ◦C. Usually, a significant increase of 
CO2 volatilization catalysed by Fe and Ni metallic was often reported in 
literature, which was ascribed to cracking reactions of carboxylic groups 
in primary pyrolysis [44,45]. 

The representative temperature-concentration profiles of CO evolved 
from non-catalytic and catalytic pyrolysis are depicted in Fig. 4(B). The 
CO emissions were observed into two distinctly temperature zone: the 
first stage at low temperature between 150 and 500 ◦C was due to 
desorption of CO and/or breakage of weak bonds of oxygen-bearing 
heterocycles, ethers, ketones, and carboxyl group from aliphatic and 
aromatic carboxyl and carboxylate [46]. The second stage at high 
temperature between 500 and 900 ◦C produced a very large peak of CO 
evolution composed of two overlapping deconvolved peaks originating 
from secondary reactions of tar compounds. But for low rank coals the 
CO emission in this temperature range is also ascribed to in situ gasifi-
cation (Boudouard’s reaction) of the nascent char exposed to freshly 
formed CO2 during coal pyrolysis as indicated by the concomitant rapid 
rate decay of CO2 emissions [35]. Similar distribution pattern of CO 
evolution was observed for coal pyrolysis over olivine (Fig. 4Bb). 
Conversely, the addition of NiALO catalyst to raw coal induced a larger 
effect on coal thermal degradation at low temperature as CO release 
during pyrolysis continuously increased with the increasing of temper-
ature, whereas solely one large CO emission peak was evolved in the 
second stage (Fig. 4Bc). It is supposed that nickel-based catalyst might 
catalyse cracking reaction of oxygen heterocycles [47]. 

The temperature-concentration curve of H2 from non-catalytic coal 
pyrolysis (Fig. 4Ca) shows the beginning of evolution at about 500 ◦C 
with the maximum release rate at 700 − 800 ◦C, whose deconvolution 
peaks were at 578, 650 and 788 ◦C in agreement with literature data 
[48,49]. The molecular H2 is originated at least from two reactions 
types: i) the predominantly maximum release of H2 was attributed to 
radical polycondensation of aromatic ring, and ii) dehydrogenation re-
actions at high temperature [50,51]. In coals, owing to their high con-
tent of aromatic structures, aromatization and condensation reactions 
could be the preferential mechanism path for H2 evolution [52]. Usually, 
H2 release was accompanied by CO evolution due to secondary pyrolysis 
reactions at high temperature [53]. It is worthy to note that H2 can also 
be generated through gasification of nascent char during pyrolysis by in 
situ formed steam gasification agent [54]. In coal carbonization with 
added olivine a similar evolution behaviour was observed (Fig.4Cb). 

Fig. 3. FTIR spectra of evolution at different temperatures from non-catalytic 
pyrolysis (a) and catalytic pyrolysis of Sulcis coal over olivine (b) and NiALO 
catalyst (c). 
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Differently, in presence of NiALO catalyst the appearance of H2 evolu-
tion begins at temperature as low as 300 ◦C and proceeded up to 900 ◦C 
(Fig 0.4 Cc). Deconvolution of H2 emission curve showed four decon-
volved peaks centred at 450, 500, 650, and 750 ◦C. The first smaller H2 
evolved peak might derivate from catalytic cracking of aliphatic. How-
ever, at temperature below 500 ◦C some secondary reactions such as 
char gasification and water gas shift reactions, which are catalysed by 
both the metallic nickel and iron, might also take place through CO2 and 
pyrolytic water consumption as described below [55,56]:  

Ni+ CO2↔NiO+CO                                                                        (1)  

Ni+H2O↔NiO+H2                                                                         (2)  

3.2.2. Alkanes (C1-C3, C6), alkene (C2=) and formaldehyde (CH2O) 
The overall distributions of light gaseous hydrocarbons, including 

both alkanes (methane, ethane, propane, and hexane) and alkene 
(ethene), as a function of the temperature during non-catalytic and 
catalytic coal pyrolysis are depicted in Fig. 5. Methane was the most 
abundant product yield among all the aliphatic carbon, which appear-
ance temperature occurred at approximately 270 ◦C and ended at 
800 ◦C with maximum release rate around 540 ◦C (Fig. 5A). Generally, it 
is recognized that methane formation under coal pyrolysis occurs 
through the breakage of aryl/alkyl-ether bonds and methyl side chains 
that subsequently are hydrogenated [2,57]. All other alkanes presented 
similar nearly Gaussian distribution, which was extending in a narrower 
range of temperature between 300 and 700 ◦C (Fig. 5A). However, the 
addition of both olivine and NiALO catalyst to coal during pyrolysis has 
little effect on the yield and emissions of saturated hydrocarbons. Small 
molecules of hydrocarbons could be trapped in raw coal and volatilize 
on heating depending on coal rank and operating conditions [58]. 
Meanwhile it is supposed that light hydrocarbons C2+ can derive from 
thermal cracking reactions of aliphatic side chains of coal matrix and/or 
liquid hydrocarbons [59,60]. On the contrary, the pyrolytic evolution of 
the n-alkene such as ethene was remarkably enhanced under catalytic 
pyrolysis of coal (Fig. 5B). It was reported that n-alkenes are predomi-
nantly derived by thermolysis of long alkyl-aryl structures [61]. Nickel 
catalysts was able to catalyze cracking reactions of light hydrocarbons 
with formation of small hydrocarbons such as ethene and H2 [62]. 
Meanwhile the CH4 originating from scissions of long-chain alkanes 
bonds can be activated to form CH3

• free-radicals, which dimerize to 
form alkene compounds with H2 by-products [63]. However, the pres-
ence of Fe2O3 additive favors the production of alkenes with short chains 
through cracking reactions of polycondensate matter [43,64]. 

The temperature-concentration curves along with the deconvoluted 
curves of formaldehyde (CH2O) during the whole process of non- 
catalytic and catalytic Sulcis coal pyrolysis are showed in Fig. 5(C). 
The formaldehyde compound can be considered as a volatile fragment 
generated through the cleavage of C-C bonds in alkyl side chains con-
taining –CH2OH or carboxylic groups in primary thermal degradation 
[65,66]. The CH2O emitted distribution was over the temperature range 
200–800 ◦C, which presented three main deconvoluted peaks at 298, 
420, and 490 ◦C. Except is made for the catalytic pyrolysis over natural 
olivine, which showed two extra peaks of emission at 240 and 620 ◦C. 
This indicates that the presence olivine has a significant influence on 
degradation of macromolecules into small molecules as volatiles. It is 

Table 3 
Yield (mgN− 1m− 3) of non-condensable gases evolved from non-catalytic and catalytic Sulcis coal N2-pyrolysis.   

CO2 CO H2 CH4 C2H6 C3H8 C6H14 C2H4 CH2O SO2 NH3 NO2 NO 

Sample                           
Coal  1418  900  1248  413  255  123  218  24  4  776  52  195  29 
Coal/olivine  2365  1229  1347  389  226  109  163  52  8  1260  15  155  9 
Coal/NiALO  2481  1060  1900  403  241  109  180  59  5  1260  19  135  22  

Fig. 4. CO2 (A), CO (B), and H2 (C) evolution/deconvoluted curves during non- 
catalytic pyrolysis (a) and catalytic pyrolysis of Sulcis coal over olivine (b) and 
NiALO catalyst (c). 
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probably that metallic iron mostly produced by reaction of free-iron 
oxides in olivine surface with reducing coal pyrolysis gases have a 
more effect on tar degradation [67]. 

Fig. 5. Alkanes (A), alkene (B), and CH2O (C) evolution/deconvolved curves 
during non-catalytic (-) and catalytic pyrolysis of Sulcis coal over olivine (–) 
and NiALO (⋅⋅). 

Fig. 6. SO2 (A), NH3 (B), NO2 (C), and NO (D) evolution curves during non- 
catalytic pyrolysis (a) and catalytic pyrolysis of Sulcis coal over olivine (b) 
and NiALO catalyst (c). 
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3.2.3. SO2, NH3, NO2, and NO 
The SO2 temperature-evolved profiles exhibited during the whole 

process of non-catalytic and catalytic Sulcis coal pyrolysis are shown in  
Fig. 6(A). The evolution profiles were substantially similar, even though 
the yield was significantly larger when using natural olivine additive 
(Table4). Deconvolution of temperature-emission curves showed three 
main peaks at approximately temperature of 300, 500 and 600 ◦C 
(Fig.6Aa). It was well established in the literature that SO2 evolution 
from coal N2-pyrolysis has different sulphur origins, although the 
mechanisms of formation were not yet well understood. The inherent 
inorganic matter in coal can play a key factor in organic/inorganic 
sulphur retention in char structure [68]. Sulphur dioxide starts to emit at 
low temperature (250–350 ◦C) owing to displacement of labile organic 
sulfonic acid group decomposition [69]. In coal-containing pyrite the 
SO2 evolution can come from iron sulphate decomposition [70]. In 
combustion conditions FeS2 decomposes to SO2 and Fe2O3 at 500 ◦C, 
whereas in oxygen-free atmosphere can be formed FeS and S, the latter 
undergoing to oxidation by O-char to SO2 [71]. Secondary reaction of 
•SH radical formed during pyrolysis at higher temperature with nascent 
char was also responsible of SO2 [72]. The enhanced catalytic effect of 
natural olivine on tar cracking was overall ascribed to the presence of 
iron oxides/metallic iron dispersed onto the surface of olivine (Fig.6Ab). 
Owing to the oxygen-carrier properties of olivine more SO2 can be 
formed from FeS2 or/and F2S at temperature below 500 ◦C in concom-
itance with the reduction of iron oxides to FeO, which is a better catalyst 
for tar removal [10]. Fig.6Ac shows as the enhanced evolution of SO2 at 
low temperature may be related to the concomitant increasing of CO2 
emission in presence of nickel catalyst. It was reported the coal sulphur 
conversion into gaseous sulphur in tar and volatile is favoured in CO2 
atmosphere, whereas the decomposition of sulphates at high tempera-
tures is also promoted [73]. 

The temperature-concentration profiles of NH3, which is a precursor 
of NOx species under oxidation conditions, from non-catalytic and cat-
alytic coal pyrolysis is depicted in Fig. 6(B). From Fig. 6(B) it can be seen 
the emission profile of NH3 from coal pyrolysis without additive showed 
two overlapped peaks at around 500 and 650 ◦C. The formation of NH3 
from coal pyrolysis is supposed of coming from NH3 group liberation of 
N-containing tar or secondary reactions between nascent free H• radical 
and N-containing char [74]. Catalytic coal pyrolysis over both natural 
olivine and NiALO catalyst displayed a notably reduction of NH3 emis-
sions. These results are is in accordance with the statement that iron and 
nickel catalyzes the decomposition of NH3 into N2 and H2 [75,76]. 
Nickel-based catalysts were found available for NH3 abatement in pro-
duced coal syngas at high temperature and pressures [77,78]. So, 
decreasing NH3 evolution by decomposition will allowed to lower the 
NOx emissions in subsequently combustion/gasification stage. 

The temperature-concentration curves of NOx, specifically NO2 and 
NO, respectively, under non catalytic and catalytic coal pyrolysis is 
shown in Figs. 6C and 6(D). The formation of NO2 and NO under inert 
atmosphere were already observed in coals pyrolysis [79]. It is known 
that nitrogen in coal is basically found as nitrogen oxides, quaternary 
(N–Q), pyridinic (N-6) and pyrrolic (N-5) groups that are converted to 
gaseous compounds like HCN and NH3 under pyrolysis conditions [80]. 
The NO2 evolution from coal alone appeared between 300 and 700 ◦C 
through two overlapping peaks, which were quite diminished in cata-
lytic coal pyrolysis (Fig. 6C). The NO emission from coal pyrolysis in the 
presence of additives has been observed at very low temperatures, un-
like coal pyrolysis alone (Fig. 6D). The formation of NO during coal 
pyrolysis come from the combination of nitrogen and oxygen functional 
group [81], which can be catalysed by both iron and nickel metals. 

3.3. TG/DTG/DSC analysis 

In Fig. 7(a) and (b) are showed the TG/DTG curves simulating the 
whole N2 -pyrolysis process of raw coal, mixture of coal/olivine, and 
mixture of coal/NiALO catalyst from room temperature to 900 ◦C at 

different heating rates (β = 15, 20, and 30 ◦C•min− 1). The correspond-
ing heat flows (DSC curves) at β = 15 ◦C•min− 1 were reported in Fig. 8. 
The TG curves of all the samples presented the same profiles and the 
curves were slightly shifted at higher temperature with increasing of 
heating rate. Thermal decomposition of raw coal with additives yielded 
larger mass losses, typically around 3% of the starting raw sample mass. 
As previously reported in [35], the three principal regions of mass losses 
recognized on the TG curves were simplistically ascribed to: i) dehy-
dration, ii) devolatilization of more labile/stable volatiles, and iii) char 

Fig. 7. TG (a) and DTG (b) curves of N2-pyrolysis of Sulcis coal and mixture of 
Sulcis coal with olivine and NiALO catalyst at 15(− ), 20(- -), and 30(⋅⋅) ◦Cmin− 1 

heating rate. 

Fig. 8. DSC curves of N2-pyrolysis of Sulcis coal (-) and mixture of Sulcis coal 
with olivine (- -) and NiALO catalyst (⋅⋅) at 15◦Cmin− 1 heating rate. 
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formation. Meanwhile, four maximum peaks on the DTG curves were 
distinctly observed at about 60, 300, 450, and 700 ◦C. The corre-
sponding DSC curves at β = 15 ◦C•min− 1 displayed both endothermi-
c/exothermic effects. Previously DSC studies on coal pyrolysis with 
different rank from anthracite to lignite showed that the net heat events 
occurring during coal pyrolysis were mainly endothermic in nature [82]. 
In the present study, the first large endothermic peak between room 
temperature to 200 ◦C was due to removal of moisture, followed by a 
second very small endothermic peak at about 290 ◦C. It was reported 
that in the temperature region 200–350 ◦C coals start to lose small 
amounts of pyrolysis water from decomposing phenolic structures, and 
oxides of carbon from carboxylic and carbonyl groups, which are 
endothermic events [83]. The exothermic event at temperature above 
300 ◦C was associated with the primary carbonization process and 
development of plastic phase prior to char formation [83,84]. Mean-
while for coal/NiALO mixture an extra endothermic peak around 400 ◦C 
appeared just after the exothermic heat of primary pyrolysis, which 
would be due to catalyzed volatilization of organic matter. An 
exothermic event was often reported at 430 ◦C for high volatile sub 
bituminous coal [84]. For the coal/olivine mixture an extra sharp 
endothermic peak at 550 ◦C was observed, which may be attributable to 
the transformation of pyrite present in Sulcis coal to pyrrhotite [85]. A 
further small endothermic peak at about 630 ◦C might be ascribed to 
gasification of char with CO evolution, which is endothermic in nature 
[82]. The strong exothermic peak near 750 ◦C was due to con-
densation/polymerization of aromatic structures in char to yield H2 
[86]. 

3.3.1. Kinetic analysis 
The kinetic parameters were derived from non-isothermal TG data 

using an isoconversional model-free method to derive the activation 
energy (Ea) and pre-exponential factor of non-catalytic and catalytic 
coal pyrolysis as recommended by the ICTAC Kinetic Committee [87]. 
The isoconversional principle affirms that the reaction rate at a fixed 
extent of conversion α depends only on temperature. Thus, the Ea on 
conversion (α) dependence is evaluated by using multiple temperature 
programs under different temperature heating rates [88]. The rate of 
kinetic process can be defined by the Arrhenius type equation under 
linear heating rate (β = dT/dt) as follows [87]: 

dα
dt

= β
dα
dT

= Ae− E/RT f (α) (3)  

where dα
dt or β dα

dT is the rate of process, T(K) is the absolute temperature, E 
(kJ mol− 1) is the activation energy, A (min− 1) is the pre-exponential 
factor, R (8.3143 kJ K− 1 mol− 1) is the universal gas constant, β (K 
min− 1) is the heating rate, f(α) is a function of the reaction mechanism 
and α is the thermochemical conversion expressed in terms of mass 
change of solids as follows: 

α =
m0 − mt

m0 − mf
(4)  

where m0, is the initial sample mass, mt is the sample mass at time t, and 
mf is the sample mass at the end of each non-isothermal TG run. The m0 
was taken at temperature around 350 ◦C in order to eliminate the mass 
loss due to absorbed water and more labile compounds volatilization. 
The integration of Eq. (1) after separation of variables lead to the 
following expression: 

g(α) =
∫ α

0

dα
f (α) =

∫ T

T0

e− E/RT dT ≅
AE
βR

p(x) (5)  

where g(α) is the integral form of f(α) and p(x) of temperature integral. 
However, p(x) does not allow an analytical solution but several ap-
proximations can be found in the literature [89–91]. According to the 
most temperature integral approximations of the Starink method [92, 

93], a linear equation of the general form can be written below [87]: 

Ln(
βi

T1.92
α,i

) = const − 1.0008
Eα

RTα
(6) 

For a given conversion (α) value the activation energy can be 
calculated from the slope of the Ln( βi

T1.92
α,i

)− 1/T curves obtained at 

different heating rates. In Fig. 9 are depicted the isoconvertional lines of 
coal pyrolysis with and without additives, which presented correlation 
coefficients R2 better than 0.99. It is worth to note that the fit to a 
straight line was only possible in a narrow range of conversion, namely 
0–0.3, 0–0.5, and 0–0.5 for coal alone, coal-olivine, and coal-NiALO, 
respectively, because little o no correlation of the obtained results was 
existing for high conversion values. In Fig. 10 the variation of activation 
energies and the pre-exponential factors as a function of conversion (α) 
was compared for coal pyrolysis with and without additives. All the 
samples showed similar behavior. At low conversion values the initial 
activation energy values were low due to loss of volatile substances with 
the breaking of weak bonds in coal. With the progress of conversion the 
activation energy values increased and then remained almost constant 
within a certain conversion range, which was wider for coal-additive 
mixtures.These results indicate that a single-step reaction process was 
operative, with the evident beneficial effect of the additives on coal 
pyrolysis. As expected, for higher conversion values a sharply increasing 
of activation energy occurred, probably associated with the initial pro-
cess of char formation [53], which is accompanied by a complex rela-
tionship between E and α due to multi-step reactions. The average value 
of activation energy calculated by isoconversional method for coal py-
rolysis alone was 179 kJ mol− 1 in accordance with the value found at 
higher heating rates [35,94]. The average Ea values for coal-olivine 
pyrolysis and coal-NiALO pyrolysis were 147 and 143 kJ mol− 1, 
respectively. The lowering of activation energy by 40% with addition of 
olivine and Ni-based catalyst to raw coal was in accordance with re-
ported investigation that the presence of catalyst diminishes the amount 
of energy required to degrade the organic matter of coal during pyrolysis 
[95]. The pre-exponential factors were also decreased. 

3.3.2. Kinetic compensation effect 
The Arrhenius parameters of energy of activation and pre- 

exponential factor could have strong correlation each other such that 
the increase of one leads to a compensatory effect on the other, the so- 
called kinetic compensation effect [96]. Specifically, with the varia-
tion of the heating rate, a linear relationship between the logarithm of 
the pre-exponential factor (lnA) and the activation energy exists ac-
cording to the following equation:  

LnA=a+bE                                                                                    (7) 

Fig. 9. Isoconversional lines at different conversion α values for non-catalytic 
and catalytic coal pyrolysis. 
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where the constants a and b were referred to compensation param-
eters and founded by linear regression. Fig. 11 shows the linear corre-
lation between E and LnA according to the Eq. (7) with R2 better than 
0.99 at different conversion values. The occurrence of kinetic compen-
sation effect has proven the kinetic model adopted well represents the 
coal pyrolysis with and without catalyst. The average pre-exponential 
factor was calculated from Eq. (7) using the average energy of activa-
tion found by the model-free method. It was found values of pre- 
exponential factor A0 = 5.3 × 108, 1.8 × 106, and 5.7 × 105 min− 1 for 
raw coal, mixture of coal/olivine and coal/NiALO, respectively. 

4. Conclusions 

Natural olivine and home-made 15 wt%Ni/γ-Al2O3 catalyst showed 
beneficial catalytic effect on N2-pyrolysis of Sulcis low-rank coal at low 
temperature by enhancing the pyrolysis gas yield. Nickel-based catalyst 
mainly enhanced the content of CO2, CO, and H2 in gas effluent, which is 
advisable for syngas production. Conversely, little impact was seen in 
the gaseous production of CH4 and C2-C6 hydrocarbons, exception made 
for ethene yield. Olivine had good impact in sulphur removal through 
enhanced SO2 emission during N2-pyrolysis, as well N-containing com-
pounds (NH3, NOx) were also modified in catalytic pyrolysis. Kinetic 
studies of catalytic pyrolysis testify that in the conversion range 
0.05–0.5 a single-step mechanism of thermal degradation is operative 
and the presence of additives was able to decrease the activation energy 

of coal pyrolysis. 

Declaration of Competing Interest 

The author declares that she has no known competing financial in-
terest or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

The authors do not have permission to share data. 

References 

[1] F. Mushtaq, R. Mat, F.N. Ani, A review on microwave assisted pyrolysis of coal and 
biomass for fuel production, Renew. Sustain. Energy Rev. 39 (2014) 555–574, 
https://doi.org/10.1016/j.rser.2014.07.073. 

[2] K.H. Van Heek, W. Hodek, Structure and pyrolysis behaviour of different coals and 
relevant model substances, Fuel 73 (1994) 886–896, https://doi.org/10.1016/ 
0016-2361(94)90283-6. 

[3] P.R. Solomon, T.H. Fletcher, R.J. Pugmire, Progress in coal pyrolysis, Fuel 72 
(1993) 587–597, https://doi.org/10.1016/0016-2361(93)90570-R. 

[4] A. Arenillas, F. Rubiera, C. Pevida, J.J. Pis, A comparison of different methods for 
predicting coal devolatilisation kinetics, J. Anal. Appl. Pyrolysis 58 (2001) 
685–701, https://doi.org/10.1016/S0165-2370(00)00183-2. 

[5] B. Dou, J. Gao, X. Sha, S.W. Baek, Catalytic cracking of tar component from high- 
temperature fuel gas, Appl. Therm. Eng. 23 (2003) 2229–2239, https://doi.org/ 
10.1016/S1359-4311(03)00185-6. 

[6] A. Tomita, O. Yasuo, T. Yasukatsu, Low temperature gasification of brown coals 
catalysed by nickel, Fuel 62 (1983) 150–154, https://doi.org/10.1016/0016-2361 
(83)90187-4. 

[7] Q. Liu, H. Hu, Q. Zhou, S. Zhu, G. Chen, Effect of inorganic matter on reactivity and 
kinetics of coal pyrolysis, Fuel 83 (2004) 713–718, https://doi.org/10.1016/j. 
fuel.2003.08.017. 

[8] R. Cypres, C. Soudan-Moinet, Pyrolysis of coal and iron oxides mixtures. 1. 
Influence of iron oxides on the pyrolysis of coal, Fuel 59 (1980) 48–54, https://doi. 
org/10.1016/0016-2361(80)90010-1. 

[9] S. Lin, M. Harada, Y. Suzuki, H. Hatano, Comparison of pyrolysis products between 
coal, coal/CaO, and coal/Ca(OH)2 materials, Energy Fuels 17 (2003) 602–607, 
https://doi.org/10.1021/ef020204w. 

[10] L. Devi, M. Craje, P. Thüne, K.J. Ptasinski, F.J. Janssen, Olivine as tar removal 
catalyst for biomass gasifiers: catalyst characterization, Appl. Catal. A: Gen. 294 
(2005) 68–79, https://doi.org/10.1016/j.apcata.2005.07.044. 

[11] M.W. Islam, A review of dolomite catalyst for biomass gasification tar removal, 
Fuel 267 (2020), 117095, https://doi.org/10.1016/j.fuel.2020.117095. 

[12] X. Ma, X. Zhao, J. Gu, J. Shi, Co-gasification of coal and biomass blends using 
dolomite and olivine as catalysts, Renew. Energy 132 (2019) 509–514, https://doi. 
org/10.1016/j.renene.2018.07.077. 

[13] J.N. Kuhn, Z. Zhao, L.G. Felix, R.B. Slimane, C.W. Choi, U.S. Ozkan, Olivine 
catalysts for methane-and tar-steam reforming, Appl. Catal. B: Environ. 81 (2008) 
14–26, https://doi.org/10.1016/j.apcatb.2007.11.040. 
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