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A B S T R A C T  

In present work, Fe- ignin composites were prepared by chemica  coprecipitation of meta  sa ts and kraft  ignin; 
the therma  stabi ity of the Fe- ignin mixture was then investigated at temperatures up to 300 °C using ther-
mogravimetric ana ysis (TGA) −1 and diferentia  scanning ca orimetry (DSC) at a heating rate of 5 °C min  under 
nitrogen atmosphere. The structura  characteristics of Fe- ignin therma  treated under diferent temperatures 
were identifed by Fourier transform infrared (FTIR) spectrometry. The temperature-programmed therma  de-
composition (TPD) of Fe- ignin samp es was carried out in a fxed-bed reactor; the gaseous products were 
ana yzed qua itative y and quantitative y by an on- ine quantitative gas ana ysis system. The temperature and 
pressure of the reactor were monitored and recorded during the therma  decomposition process. It was observed, 
the therma  decomposition of Fe- ignin samp es is a strong exothermic process, and a signifcant amount of heat 
is re eased from the reaction, which triggers a therma  runaway situation. 

1. Intr ducti n 

A nove  process has been deve oped for massive production of  ow-
priced few- ayer graphene materia s from kraft  ignin [1]. This mo e-
cu ar cracking and we ding (MCW) method inc udes two stages: gra-
phene-encapsu ated transitiona  meta  nanostructures are frst pro-
duced by heating the mixtures of meta  cata yst and  ignin under an 
inert atmosphere. Then in the second stage, graphene-encapsu ated 
transitiona  meta  structures are cracked by ‘scissoring mo ecu es’, and 
the cracked few- ayer graphene she  s are pee ed of the meta  cores. 
The cracked carbon she  s wi   serve as bui ding b ock units for se f-
we ding and reconstruction into high qua ity few- ayer graphene ma-
teria s uti izing se ect we ding reagent gases at over 1000 °C [1]. In the 
frst stage of the MCW process, a uniform meta  (M)- ignin mixture must 
be made to prepare graphene-encapsu ated core–she   nanopartic es 
[1,2]. Cata ytic graphitization of kraft  ignin to graphene-encapsu ated 
core–she   nanopartic es was investigated uti izing Ni, Cu, Fe and Mo 
[3]. The cata ytic activity increased with an order of Mo≅Cu < Ni≅Fe. 
Fe- ignin composites were prepared by disso ving  ignin with diferent 
so vents, inc uding water, methano , acetone, and tetrahydrofuran 
(THF) [4]. So vent efects on the cata ytic performance, size and mor-
pho ogy of graphene-based nanostructures were investigated. It was 
found that Fe- ignin (THF) had the highest iron dispersion and the 
sma  est iron partic e size. Another key factor in the production of 

graphene materia s from kraft  ignin is the amount of iron in Fe- ignin 
composites. Usua  y, higher meta   oading  eads to extensive contact 
degree. With increasing cata yst  oading in so id carbon resources, there 
is an increase in the graphitization degree of the carbon [2]. Appar-
ent y, Fe- ignin composite is the precursor to produce graphene from 
 ignin resources. To deve op a safe  ignin-to-graphene process for sca e-
up, study of properties, especia  y therma  stabi ity of M- ignin, shou d 
commence frst in the process deve opment  ifecyc e, such that high y 
energetic M- ignin composites can be identifed and hand ed accord-
ing y. Therma  stabi ity testing aims at co  ecting reaction rate data and 
app ying that data to assess whether a specifed quantity of materia  can 
be used in a way such that runaway reactions are avoided. This is im-
portant when considering processing,  ong-term storage, or shipping of 
a materia . Further studies to accurate y defne safe operating tem-
peratures shou d then be performed using equipment and methods 
specifca  y appropriate to the p ant or processing technique se ected or 
predicted. A simp ifed procedure for therma  stabi ity assessment of Fe-
 ignin is proposed which considers decomposition activity which are 
common y observed with therma  instabi ity substances. The fo  owing 
issues wi   be considered in re ation to a process safety hazard eva ua-
tion for Fe- ignin samp es: i) the therma -stabi ity characteristics of the 
Fe- ignin materia s. ii) the thermodynamics of the desired chemica  
process and possib e undesired reactions. iii) non-condensab e gases 
and vo ati es evo ved at each stage of the process or during materia -
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hand ing operations and the rate of gas or vapor generation during the 
therma  decomposition process. iv) determine the heat fow of the de-
composition reaction for the process. The factors afecting the therma  
stabi ity of Fe- ignin composites wi   a so be examined, the important 
factors inc ude Fe content, and so vents used for disso ution of kraft 
 ignin. Therma  stabi ity of Fe- ignin is a so compared to that of Cu-
 ignin, Ni- ignin and Mo- ignin. 

2. Experimental 

2.1. Materials and chemicals 

Kraft  ignin used in this study as a carbon source was BioChoice 
 ignin (BCL) provided by Domtar Inc. (USA), which is a pine kraft  ignin 
produced at its P ymouth, NC mi   by the LignoBoost process. The re-
ceived wet  ignin samp e (∼25−30 wt% moisture) was frst natura  y 
dried in air for three weeks, the moisture content was then decreased to 
about 7.0 wt%, and this samp e is denoted as raw kraft  ignin. The 
carbon, hydrogen, nitrogen, and su fur contents in  ignin samp es were 
measured by a PerkinE mer PE 2400 CHN E ementa  Ana yzer [4]. The 
oxygen content was eva uated by the diference. The composition of 
 ignin varied from species to species. Genera  y,  ignin contains ∼60–63 
% carbon, ∼5−7% hydrogen, ∼0.5−1% ash, and ∼30 % oxygen [5]. 
A   chemica s and so vents used were of certifed ACS reagent grade and 
purchased from Sigma-A drich Inc. (USA). 

2.2. Preparation of Fe-lignin composites 

Fe- ignin composites with their mass ratio of 1/9 (1 part iron and 9 
parts  ignin) were prepared at room temperature using a co-precipita-
tion technique as reported previous y [2]: 300 g of raw  ignin was frst 
added to each of four diferent so vents (500 mL each), i.e., de-ionized 
(DI) water, methano , acetone, and THF in a 2000 mL g ass beaker, 
respective y, and the mixture was stirred for 2 h to obtain the  ignin-
so vent b end. 246.0 g of iron (III) nitrate nonahydrate was added to 
100 mL DI water in a 500 mL g ass beaker, fo  owed by stirring the 
mixture unti  iron nitrate was disso ved comp ete y. The iron nitrate 
so ution was added to the  ignin-DI water mixture and the iron nitrate-
 ignin-so vent mixture was stirred for 2 h. The fna  mixture was kept at 
room temperature for 24 h and then oven-dried at 110 °C for 24 h. After 
the drying process, a so id Fe- ignin mixture as a composite was ob-
tained. The same mixing and drying procedure were performed for the 
other three  ignin-so vent mixtures,  ignin-methano ,  ignin-acetone, 
and  ignin-THF. The Fe- ignin samp es from 4 diferent so vents are 
denoted as Fe- ignin-W (water), Fe- ignin-M (methano ), Fe- ignin-A 
(acetone), and Fe- ignin-T (THF) [4]. Lignin-Ni,  ignin-Mo, and  ignin-
Cu were prepared as described in previous work [3]. THF was used as 
the so vent for the preparation of  ignin-Ni,  ignin-Mo, and  ignin-Cu 
samp es. 

2.3. Thermal decomposition analysis of Fe-lignin samples 

The therma  and cata ytic decomposition tests were performed on a 
bench-sca e fxed bed tubu ar reactor (1-in O.D., made of stain ess-stee ) 
(Fig. 1). A digita  pressure transducer (0−30 psig) was insta  ed in the 
reactor system to monitor the pressure change during TPD process. For 
each therma  decomposition run, 5 g of a Fe- ignin composite were 
packed in the midd e of the tubu ar reactor. A thermocoup e (type K) 
was fxed in the center of the samp e bed to measure the samp e tem-
perature during the temperature-programmed decomposition (TPD) 
process. High purity argon (99.99 %) was frst introduced into the re-
actor at a fow rate of 100 mL/min for 30 min. The reactor was heated 
at a rate of 5 °C /min to 300 °C and kept at 300 °C for 5 min. An on- ine 
Hiden QGA quantitative gas ana ysis system was used to measure gas-
eous products. The signa s from the mass spectra of 2, 15, 28, 34, 44, 78 
and 94 (m/z) were identifed as major contributors from evo ved gases 

and vo ati es  ike H2, CH4, CO, H2S, CO2, benzene, and pheno , re-
spective y. 

2.4. FTIR 

The FTIR spectra of the raw  ignin, and Fe- ignin samp es were re-
corded with the Perkin-E mer attenuated tota  refection (ATR) spec-
trometer (Perkin-E mer, Wa tham, MA, USA) at a reso ution of 2 cm−1 

for 64 scans in 450 to 4000 cm−1 range to determine structura  changes 
of kraft  ignin and Fe- ignin heated under diferent temperature. 

2.5. Thermogravimetric analysis (TGA) and diferential scanning 
calorimetry (DS ) analyses 

TGA ana yses of Fe- ignin samp es were carried out in a TGA in-
strument (Shimadzu TGA-50 H) through isotherma  ana yses. For each 
run, 10 mg of samp es were  oaded with argon (99.99 % purity, 50 mL/ 
min) gas fowing through the TGA at 50 mL/min as temperature was 
ramped at 5 °C/min. Three rep icates were eva uated for each of the 
samp es. 

DSC was carried out on  ignin samp es using a DSC Q2000 (TA 
Instruments) with coo ing system up to a temperature −80 °C, where 
an Indium standard was used for the ca ibration. The samp es (∼10 
mg) were p aced in the air-tight a uminum pan and heated at the rate 5 
°C/min in the range 25–300 °C under nitrogen atmosphere with a fow 
rate of 50 cm3/min. DSC measures the exothermic and endothermic 
responses of the samp es. 

3. Results and discussi n 

3.1. FTIR 

The FTIR spectra of raw  ignin and fresh Fe- ignin samp es are 
presented in Fig. 1. Assignment of representative peaks of raw  ignin 
was based on previous reported works [5]. A strong absorbance at 3368 
cm−1 assigned to −OH stretching vibrations was induced by the pre-
sence of a coho ic and pheno ic hydroxy  groups invo ved in hydrogen 
bonds. Peaks at 2933 and 2841 cm−1 are assigned to C–H asymmetric 
and symmetrica  vibrations of methy  and methy ene groups in side-
chains [6]. Weak to medium bands are found at 1710 cm−1 that can be 
associated to unconjugated C]O in unconjugated ketone, carboxy , and 
ester groups. A shou der absorption peak at 1665 cm−1 is re ated to 
ring conjugated C]O stretch of conifery /sinapy , and the weak 
shou der peak at 1643 cm−1 is assigned to the ring conjugated C]C 
stretch of conifery /sinapy  a coho  spectra. Bands  ocated at around 
1,594, 1,511, and 1426 cm−1 were assigned to vibrations of aromatic 
rings, suggesting they were  eft unbroken and that the aromatic struc-
ture of  ignin was not changed appreciab y during the pu ping process 
[7]. The peaks at 1265 and 1210 cm−1 were assigned to the ary  
breathing with C]O stretch, and CC, CO, and COee] stretches, re-
spective y [8]. The bands in 1141 and 1124 cm−1 were assigned to 
aromatic CeH in p ane deformation. The peak at 1078 cm−1is con-
tributed by CeO deformation in secondary a coho  and a iphatic ether. 
The strong band at 1031 cm−1 corresponds to the aromatic CHe in-
p ane deformation. The band at 866 cm−1 represented the deformation 
vibrations of CeH bonds in the aromatic rings [9]. The band at 815 
cm−1 is attributed to aromatic CHe out of p ane vibrations. 

FTIR spectrum of the fresh Fe- ignin samp e prepared with THF is 
compared to raw kraft  ignin in Fig. 2. It was found the signifcant 
changes in intensity and shift in position of the peaks were due to in-
troduction of iron nitrate. The frst observed change was the attenua-
tion of intensity and shift of peaks in the region of 3700−3300 cm−1 

and 1100−900 cm−1, indicating a decrease of the free hydroxy  group 
on the kraft  ignin. The new band at 3237 cm−1 might be due to the 
formation of Fe(OH)3 in fresh Fe- ignin [10]. The decrease of intensity 
and shift of peaks 1710, 1665, 1456, 1362, 1210, and 1078 cm−1 
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Fig. 1. Schematic of the experimenta  apparatus. 

suggests interaction between iron ions and the re ated C]O, and COe 
groups. These changes may be exp ained by iron ions associated with 
carboxy ate and hydroxy ate anions, revea ing that carbony , carboxy  
and hydroxy  groups are the main active sites to che ating Fe3+ [11]. 
No signifcant changes were observed for bands at 1,594, 1,511, 1426, 
1265, 1124, and 1031 cm−1 which are assigned to vibrations of aro-
matic rings, suggesting the aromatic ring structures of kraft  ignin were 
not changed in the fresh Fe- ignin samp e. There were a so a coup e of 
new bands at 1535 and 1330 cm−1 showing the presence of surface 
nitrate comp exes from iron nitrate [12–14]. 

Fig. 3 shows the FTIR spectra of Fe- ignin at various heating tem-
peratures i.e. 100 °C, 150 °C, 200 °C, 250 °C and 300 °C respective y. 
The frst observed change in Fig. 3a was the decrease of intensity of the 
peaks at 3368 and 3237 cm−1 which are re ated to OH stretching vi-
brations of a coho ic and pheno ic hydroxy  groups (invo ved in the 
hydrogen bonds) in  ignin and hydroxy  groups in Fe(OH)3, respec-
tive y. The band intensity of OH groups reduced signifcant y when the 
fresh Fe- ignin samp e was heated to 100 °C, indicating a decrease of the 
free hydroxy  group on the kraft  ignin and decomposition of Fe(OH)3 

by dehydration reactions. There is a sma   change on OH re ated groups 
at the band of 3237 cm−1 when the heating temperature increased to 
150 °C, meaning more Fe(OH)3 is decomposed in this temperature zone. 
Further increase of the temperature to 200 °C and 250 °C, produces 
more hydroxy  groups seeming y  ost from the samp e. There is no 
obvious change on OH re ated groups with heating temperature in-
crease to 300 °C. There are no noticeab e change for peaks at 2933 and 
2841 cm−1 after Fe- ignin is heated at 100 °C, 150 °C and 200 °C, and 
we can assume methy  and methy ene groups in side-chains are not 

broken when the Fe- ignin samp es are therma  treated at 200 °C or 
be ow. The intensity of these two bands reduces radica  y after heating 
the samp e at 250 °C and 300 °C, with the methy  and methy ene groups 
in side-chains  ike y to be most y decomposed. Simi ar y, bands at 
1,594, 1,511, 1426, 1265, 1124, and 1031cm−1 don’t change much for 
the samp es heated at 200 °C or be ow, but decrease great y in intensity 
after heating at 250 °C and 300 °C, indicating aromatic ring structures 
are stab e at 200 °C or be ow, but are partia  y damaged if therma  
treated at 250 °C or above. Peaks 1643, and 1078 cm−1 are re ated to 
the C]O, and COe groups which che ate iron ions; the intensity of 
these bands decreases s ow y when heating the samp e from 100 to 200 
°C and disappear for the samp es treated at 250 °C and 300 °C, whi e 
functiona  groups in side-chains are cata ytic decomposed by iron ions 
at heating temperature of 250 °C or above. Bands of nitrate group at 
1535 and 1330 cm−1 are observed to decrease gradua  y with heating 
temperature increases from 100 to 200 °C, and disappear comp ete y if 
the samp e is heated at 250 °C and 300 °C, therefore, nitrate groups are 
tota  y decomposed when heating at 250 °C or above. FTIR resu ts in 
Fig. 3 are in good agreement with TGA and TPD-MS resu ts pub ished 
previous y [3]. 

3.2. Thermal behaviors of Fe-lignin composites 

3.2.1. TGA 
TGA of Fe- ignin samp es with 0, 5 %, 10 %, 15 % and 20 % iron 

were performed between 50 and 300 °C. The therma  decomposition 
prof e of samp es, both as TG (weight %) and DTG (%/min) curves, is 
shown in Fig. 4. The TG curves obtained for kraft  ignin show three-

Fig. 2. FTIR spectra of raw kraft  ignin and fresh Fe- ignin in the ranges of 3800–1800 cm−1 (a) and 1800 to 800 cm−1 (b). 
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Fig. 3. FTIR spectra of fresh Fe- ignin therma treated at 100, 150, 200, 250 and −1 -1             300 °C in the ranges of 3800 to 1800 cm  (a) and 1800 to 800 cm  (b). 

stage decomposition in the study temperature range. The frst stage 
(50−115 °C) is characterized by a mass  oss due to evaporation of 
physica  adsorbed moisture, and the second stage (115−200 °C) is 
dehydrating chemica -bonded water and hydroxy  groups in  ignin, and 
the third stage (200−300 °C) is attributed to the partia  decomposition 
of carboxy ic and anhydride groups [15]. The TG curves obtained for 
Fe- ignin show two-stage decompositions in the study temperature 
range. The initia  mass  oss main y corresponded to the  oss of dehy-
dration of hydroxy  groups in  ignin and Fe(OH)3. This  oss occurred 
between 50 and 160 °C. The peak temperatures of the frst stage are 
102.3 °C, 112.7 °C, 114 °C, and 119 °C for 5 %, 10 %, 15 % and 20 % Fe-
 ignin samp es, respective y. Fig. 4a resu ts demonstrated the mass 
 osses of the frst stage were 1.52 %, 3.08 %, 3.63 % and 5.05 % for the 
respective samp es when iron  oading increased from 5 % to 20 %. 

The second stage of mass  oss was observed around 160–300 °C and 
corresponded to the cata ytic therma  decomposition of kraft  ignin and 
the decomposition of iron species. According to the FTIR resu ts 
(Fig. 3), most of functiona  groups in the a ky  side chains of the  ignin 
basic units were cata ytica  y decomposed, and the aromatic ring 
structures were partia  y decomposed; the mass decreased rapid y due 
to breakage of ether bonds and CeC bonds connected on the pheny  
propane units, and many non-condensab e gases and condensab e vo-
 ati es were simu taneous y generated [16]. The peak temperatures of 
the second stage were decreasing with increasing of iron content, i.e., 
240 °C, 237.5 °C, 232.5 °C, and 232.5 °C for 5 %, 10 %, 15 % and 20 % 
Fe- ignin samp es, respective y. The mass  oss of this stage increased 
with increasing of iron  oading from 5% to 15 %, but decreases from 15 
% to 20 %. The mass  osses in the second stage were 9.22 %, 13.71 %, 
20.04 % and 19.90 % for the respective samp es when iron  oading 
increased from 5 % to 20 %. 

3.2.2. DS  
DSC is considered as an exce  ent technique for understanding 

therma  behavior. Fig. 5 shows the therma  decomposition behavior of 

kraft  ignin and Fe- ignin samp es at the heating rate of 5 °C min−1 in 
the range of 110–300 °C. As temperature increases, the samp e even-
tua  y reaches its decomposition temperature. The therma  decom-
position process resu ts in an exothermic or endothermic peak in the 
DSC curve. No obvious y exothermic or endothermic peak observed for 
the raw kraft  ignin. The DSC resu ts of Fe- ignin samp es are compared 
in Fig. 5. The peak heat fow va ue is 0.078 mW/mg at 215.7 °C for the 
5 % Fe- ignin samp e; for the 10 % Fe- ignin samp e, the maximum heat 
fow va ue is 0.57 mW/mg at 210.4 °C; 15 % Fe- ignin shows a higher 
activity according to the DSC resu ts, exhibiting a maximum heat 
number of 0.83 mW/mg at 203.83 °C; the maximum heat fow va ue of 
20 % Fe- ignin is 0.58 mW/mg at 201.70 °C. 

3.3. Thermal decomposition of Fe-lignin samples 

3.3.1. Heat evolution and temperature overshoots 
To better understand the therma  stabi ity of Fe- ignin composites 

and the efects of their composition, Fe- ignin samp es (5 g per run) 
were heated under an argon fow (100 mL/min) with a heating rate of 5 
°C/min. The samp e temperature (Ts) of Fe- ignin was measured by a 
thermocoup e centered in the samp e bed. Samp e temperature vs 
heating time is p otted in Fig. 6. The temperature prof es reported in 
Fig. 6 prove that the samp e temperature overshoots during the heating 
process. Ts of 5 % Fe- ignin started to increase from 159 °C (Tf, 200 °C) 
to 279 °C (Tf, 265 °C) in 3 min, Ts of 10 % Fe- ignin increased from 160 
°C (Tf, 200 °C) to 296 °C (Tf, 207 °C) in 1.4 min, Ts of 15 % Fe- ignin 
overshoots from 165 °C (Tf, 198 °C) to 325.2 °C (Tf, 203 °C) in 1 min, 
and Ts of 20 % Fe- ignin increased from 162 °C (Tf, 193 °C) to 297 °C 
(Tf, 200 °C) in 1.4 min. DSC resu ts in Fig. 5 show Fe- ignin decom-
position is sufcient y exothermic; temperature overshoots are attrib-
uted to the cata ytic therma  decomposition of Fe- ignin samp e. Fig. 6 
resu ts demonstrate that the 15 % Fe- ignin samp e has the highest 
overshoot temperature, soaring by 160 °C in one minute; the samp e 
temperature overshoot rate is decreased by the order: 160 °C/min (15 % 

Fig. 4. TG (a) and DTG (b) curves of raw kraft  ignin and Fe- ignin samp es. 
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Fig. 5. DSC therma  decomposition experiments of kraft  ignin and Fe- ignin 
samp es, 110-300 °C, 50 mL/min N2, 5 °C/min. 

Fe- ignin) > 97.1 °C/min (10 %Fe- ignin) ≅ 96.4 °C/min (20 %Fe-
 ignin) > 40 °C/min (5 %Fe- ignin). This sequence is in agreement with 
the resu ts obtained from DSC ana ysis (Fig. 5). The samp e temperature 
overshoot resu ts indicate a positive heat feedback  oop is created in the 
reactor when heating the Fe- ignin samp e and resu ts in therma  run-
away and possib y a therma  exp osion. 

3.3.2. Gas evolution and pressure build-up 
To deve op a safe chemica  process, it is essentia  to verify whether 

gas is being produced, and what amount of gaseous products are gen-
erated under what circumstances; for examp e, in the case of dec-
arboxy ation process, CO2 is re eased as the main product, as expected. 
In other cases, some unexpected side-reaction or decomposition may 
occur; unpredicted gas evo ution can instant y resu t in over-pressur-
ization of the equipment, risking  oss of reactors, contents, or even 
reactor rupture within the p ant, and disastrous consequences. 
Unexpected re eases of toxic, reactive, or fammab e gases in processes 
invo ving high y hazardous chemica s have been reported for many 
years. Incidents continue to occur in various industries that use high y 
hazardous chemica s which may be toxic, reactive, fammab e, or ex-
p osive, and may exhibit a combination of these properties. Regard ess 
of the industry that uses these high y hazardous chemica s, there is 
potentia  for an accidenta  re ease any time they are not proper y 
contro  ed. This, in turn, creates the possibi ity of disaster. Therefore, 
measurement of gas evo ution is a crucia  part of process safety in-
vestigations at the  aboratory sca e. In current work, gaseous products 

Fig. 6. Samp e temperature, Ts, reached by the fxed bed, the furnace heating 
temperature, Tf, and corresponding heating time for the Fe- ignin samp es with 
diferent iron content. 

Fig. 7. Evo ution of gas products from therma  y treated raw kraft  ignin (a), 10 
% Fe- ignin-T (b) samp es and partia  y en arged view of b (c). 

from decomposition of  ignin and Fe- ignin samp es were subject to 
quantitative and qua itative ana ysis by an on- ine RGA (Hiden QGA 
with a mass range of 300 AMU). Fig. 7 shows the typica  trends of gases 
re eased during temperature-programmed therma  treatment of the 
 ignin (Fig. 7a) and Fe- ignin (Fig. 7b-c) samp es. 

Fig. 7a shows the evo ution curves for some of the main gaseous 
products (CO2, CO, CH4, and H2) from decomposition of the kraft 
 ignin. No CH4, and H2 were detected at the  ower temperature range 
be ow 300 °C; and on y traces of CO2 and CO were observed to re ease 
at temperature be ow 300 °C. The evo ution of CO2 started at ap-
proximate y 190 °C, increased with increasing temperature, with for-
mation rate about 0.05 mL/min at 300 °C for kraft  ignin, and main y a 
resu t of the cracking of carboxy  groups in the pheny propane side 
chains [17]. CO evo ution is detected over 280 °C, with a formation rate 
of 0.01 mL/min at 300 °C. The formation of the carbon monoxide at 300 
°C was probab y caused by the breaking of carboxy  and anhydride 
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groups. After comparison to TGA (Fig. 4), it is conc uded that the 
backbone structure of kraft  ignin is a most unchanged, the mass  oss 
(8.2 % of the samp e weight) of raw  ignin samp e is main y attributed 
to evaporation of free water and partia  y to dehydration of hydroxy  
groups [18]. 

Fig. 7b shows the trends of vo ati e gas species during temperature-
programmed therma  treatment of the 10 % Fe- ignin samp e. TPD 
curves were diferent from those of the raw  ignin. A signifcant amount 
of gases  ike CO2, H2, CO, CH4, and NO2 were re eased in the tem-
perature zone of 110–300 °C. This imp ied that iron ions cata ytica  y 
promoted the decomposition of  ignin. Sma   amounts of CO2, CO, and 
NO2 were detected and re eased from 130 °C (Fig. 7c, partia  magnif-
cation of Fig. 7b); CO2 re eased in the  ow temperature zone is attrib-
uted to the cata ytic decomposition of carboxy  groups of kraft  ignin 
[5] 3+ and/or cata ytic oxidation of functiona  groups in  ignin by Fe  

ions [19]. The CO formation in this zone is main y contributed by de-
composition of carbony  and/or cata ytic oxidation of functiona  groups 
in 3+  ignin by Fe  ions. NO2in trace amounts was detected from 130 °C, 
and assigned to the decomposition of nitrate groups in this temperature 
range. No hydrogen and methane were observed at temperatures be ow 
210.9 °C and 218.5 °C, respective y. With increase of heating tem-
perature, H2 was observed to be exp osive y re eased from 210.9 °C and 
reached a maximum formation rate of 11.86 mL/min per gram Fe- ignin 
at 239.1 °C. Usua  y, hydrogen won’t be re eased from  ignin samp es 
when the heating temperature is be ow 500 °C [7]. Hydrogen formation 
at such a  ow temperature is most possib e due to a therma  exp osive 
process triggered by the radica  reactions. Therma  decomposition of 
 ignin generated various radica s such as hydrogen atom (·H), phenoxy  
(ArO·), methy  (·CH3), methoxy (·OCH3) and other fractiona  radica s 
(⋅R) [19]. K ein [20] proposed that  ignin pyro ysis occurs by free ra-
dica  chemistry. Thereafter, Britt et a . [21] further confrmed that the 
therma  degradation of  ignin principa  y fo  ows a mu tip e, para  e  
radica , and rearrangement pathway. 

Fe3+ ions che ate with the oxygen-containing functiona  groups in 
 ignin during coprecipitation process. The che ated Fe3+ ions cou d be 
reduced to the ferrous (Fe2+) form by active functiona  groups when 
heating the Fe- ignin samp e. Traces of tetrahydrofuran might be 
trapped in kraft  ignin mo ecu es, and tetrahydrofuran peroxide may 
form when contacting air. Fe2+ can react with peroxides to generate 
hydroxy  radica s, which is known as Fenton reaction [22]. Fe3+ can 
a so react with peroxides in the so-ca  ed Fenton- ike reaction [23]. 
Fenton reaction is a strong exothermic process. Hydroxy  radica  wi   
initiate the decomposition of  ignin through radica  reactions, whi e 
signifcant heat is re eased which acce erates the decomposition of 
carboxy  (eCOO−), ester (COOR), carbony  (CO), methoxy groups 
(OCeee]eH3) and nitrate (NO3

−) groups in a very short time. With 
the exp osive decomposition of Fe- ignin occurring, CO2 started to 
skyrocket from 218.1 °C, and exhibited a peak formation rate of 30.0 
mL/min⋅g at 238.5 °C; CO showed a trigger temperature of 218.5 °C, 
and a maximum formation rate (9.75 mL/min⋅g) at 235.9 °C; CH4 had a 
start temperature of 218.5 °C, a peak formation rate of 2.57 mL/min⋅g 
at 238.5 °C; and NO2 overshot its formation rate from 218.5 °C, and 
reached a maximum rate at 235.4 °C. Obvious y, the decomposition of 
Fe- ignin samp e is a therma  exp osion process where the primary 
cause is possib y by the se f-heating efect of the radica  reactions. The 
resu ts of quantitative ana ysis on gas formation of Fe- ignin decom-
position is  isted in Tab e 1. 

Therma  decomposing of Fe- ignin wi    ead to therma  runaway and 
if heat and pressure are not safe y managed, a hazardous pressure wi   
bui d-up to vio ent ruptures of the reactor. After charging 5 g of Fe-
 ignin samp e into the reactor and heating it in a furnace by 5 °C/min., 
Fig. 8 shows the changes in reactor pressure as a function of heating 
temperature in decomposition of kraft  ignin and four Fe- ignin samp es 
performed under an argon atmosphere. As seen in Fig. 8, the pressure 
changes of the kraft  ignin samp e can be negated, which is in agree-
ment with the gas formation resu t (Fig. 7a); the pressure change 

Table 1 
Quantitative ana ysis on gas formation of 10 wt% Fe- ignin during therma  
decomposition. 

Gas species Trigger Tmax (°C) Rmax Tota  Tota  Mass 
temperature (mL/ Vo ume Amount (g/ 
(°C) min⋅g) (mL/g) g) 

H2 210.9 239.1 11.86 29.6 0.0026 
CH4 218.5 238.5 2.57 5.2 0.0037 
CO 218.5 235.9 9.75 23.9 0.030 
CO2 218.1 238.5 30.0 64.7 0.127 
NO2 218.5 235.4 0.98 2.3 0.0047 
H2O – – – 75.0 0.060 
Overa   – – – 200.7 0.228 

Rmax: The maximum gas formation rate (mL/min⋅g); Tmax: Temperature at 
which a gas species is re eased at a maximum rate. 

Fig. 8. Pressure change in the fxed-bed tubu ar reactor during therma  de-
composition of Kraft  ignin and Fe- ignin samp es. 

prof es of four Fe- ignin samp es have simi ar shapes but diferent 
pressure changing range: 0.54 psi (15 % Fe- ignin) > 0.43 psi (10 % Fe-
 ignin) > 0.37 psi (20 % Fe- ignin) > 0.19 psi (5 % Fe- ignin). With 
increase of heating temperature, Fe- ignin became unstab e and started 
to quick y decompose. The temperature and inner pressure rose rapid y. 
If the reactor was not equipped with a pressure re ief va ve, or an air 
vent va ve was not opened, the reactor wou d be ruptured. 

3.4. Factors afecting thermal stability of Fe-lignin samples and possible 
mechanism of thermal runaway 

Therma  stabi ity of  ignin depends very much on its chemica  
structure, degree of crysta  inity, and mo ecu ar weight [24]. Therma  
stabi ity of Fe- ignin is investigated in current work and is re ated with 
iron ion dispersion and activity in  ignin matrix. The contact degree of 
Fe- ignin emp oys signifcant efect on Fe dispersion and activity [3,4]. 
The higher Fe- ignin contact degree, the higher Fe- ignin activity and 
therefore, the  ower stabi ity of Fe- ignin mixture. There are severa  
strategies to increase the contact degree of kraft  ignin and iron cata yst. 
One strategy is to optimize the content of iron in Fe- ignin. The efect of 
iron  oading on the therma  stabi ity of Fe- ignin was investigated using 
TGA (Fig. 4) and DSC (Fig. 5). The TG and DTG curves demonstrated 
the peak temperatures re ated to Fe- ignin decomposition shifted to 
 ower temperature with increasing of iron content (Fig. 4). DSC resu ts 
showed the maximum heat fow increasing with the order 0.078 mW/ 
mg (5 % Fe- ignin) < 0.57 mW/mg (10 % Fe- ignin) < 0.58 mW/mg 
(20 % Fe- ignin) < 0.83 mW/mg (15 % Fe- ignin), and the peak tem-
peratures shifted to  ower temperature with increasing of iron content: 
215.7 °C (5 % Fe- ignin) > 210.4 °C (10 % Fe- ignin) > 203.83 °C (15 % 
Fe- ignin) > 201.70 °C (20 % Fe- ignin). TGA and DSC resu ts proved 
high iron content promotes higher activity of Fe- ignin, therefore  ess 
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stabi ity; the optimized iron content is 15 % in current work. When the 
amount of iron is  ow, the enhancement of cata ytic activities is not 
obvious since most of  ignin is out of the reach of iron ions. On the 
contrary, when the amount of iron is too high, the size of iron may grow 
 arge quick y due to the agg omeration and sintering during the therma  
treatment process, and the process is uneconomica  and with poor 
performance [3]. 

Another strategy to improve Fe- ignin contact degree is to increase 
the iron dispersion in  ignin matrix, i.e., che ating as many more iron 
ions with  ignin functiona  groups as possib e. Lignin in genera  is a 3-D, 
chemica  y cross- inked pheno ic po ymer. Specifca  y, kraft  ignin has 
re ative y high hydrophobicity since it’s condensed to huge mo ecu es 
when recovered from b ack  iquors through the acidity precipitation 
process; the po ymer chains are entang ed and cur ed, and a meta  sa t 
aqueous so ution is repe  ed due to its hydrophobic property. Therefore, 
it is very difcu t for meta  ions to penetrate kraft  ignin partic es if an 
impregnation method is used, which yie ds a poor contact degree be-
tween meta  and kraft  ignin [3–6]. To obtain high Fe- ignin contact 
degree, it is practica  to disso ve or disperse kraft  ignin in a suitab e 
so vent, a  owing the po ymer chains in the condensed  ignin mo ecu es 
to be detang ed and stretched out in the so vents, whi e the functiona  
groups are so vated and can be reached by iron ions. Iron ions are 
che ated when they approach oxygen-containing functiona  groups of 
 ignin, i.e., a iphatic hydroxy  in the propane side chains, pheno ic 
hydroxy , methoxy , carboxy , ether, and carbony  groups [24] as we   
as nitrogen and su fur bonded functiona  groups  ike ―N-H (amide), 
and ―S-H (su fde) [25]. Fe- ignin samp es were prepared by disso ving 
 ignin with four diferent so vents, inc uding water, methano , acetone, 
and tetrahydrofuran (THF). The efects of so vents on the therma  sta-
bi ity of Fe- ignin were eva uated using TGA [4] and DSC (Fig. 9a). The 
TG and DTG curves demonstrated the maximum rates of the weight 
 osses occurred at the temperatures of 254.7 °C, 240.0 °C, 232.5 °C and 
231.9 °C for Fe- ignin-W, Fe- ignin-M, Fe- ignin-A, and Fe- ignin-T, re-
spective y. The peak mass  oss rates decreased as 0.09697 
%/°C < 0.1389 %/°C < 0.2062 %/°C < 0.2566 %/°C for Fe- ignin-W, 
Fe- ignin-M, Fe- ignin-A, and Fe- ignin-T, respective y. DSC resu ts 
showed so vents afected the decomposition heat fow of Fe- ignin 
samp es: Fe- ignin-M ≅ Fe- ignin-W < < Fe- ignin-A ≅ Fe- ignin-T. 
Resu ts of the overshoot temperatures (Fig. 9a) and the reactor pres-
sures (Fig. 9c) a so prove the therma  stabi ity of Fe- ignin samp es are 
afected by the so vents used in the preparation process. 

The samp e temperature overshoot rate is decreased by the order: 
Fe- ignin-T ≅ Fe- ignin-A > Fe- ignin-W ≅ Fe- ignin-M. The pressure 
change prof es of four Fe- ignin samp es fa   into diferent pressure 
changing ranges: Fe- ignin-T > Fe- ignin-A > Fe- ignin-W ≅ Fe- ignin-
M. 

The therma  behavior of Cu- ignin, Ni- ignin and Mo- ignin was a so 
studied by using simu taneous DSC and TPD process. Resu ts of DSC 
(Fig. 10a), the decomposition temperature overshoot ranges (Fig. 10b) 
and pressure change (Fig. 10c) in the fxed-bed tubu ar reactor during 
therma  decomposition were p otted in Fig. 10. It was found that the 
transitiona  meta s infuenced their therma  decomposition. The 
therma  stabi ity of the M- ignin (M = Fe, Cu, Ni, and Mo) depended on 
the meta  ic cation, fo  owing the order Mo(VI) > Ni(II) > Fe(III) > Cu 
(II). 

4. C nclusi ns 

Therma  stabi ity of Fe- ignin was investigated for safe manu-
facturing, storage and transportation using TGA and DSC. The TG/DTG 
and DSC curves of the Fe- ignin recorded under nitrogen, show that the 
Fe- ignin samp e exhibits an intense exothermic decomposition. 
Moreover, in order to examine the therma  stabi ity of the functiona  
groups on kraft  ignin during the therma  decomposition of these Fe-
 ignin samp es, structura  changes with diferent heating temperature in 
the degrading  ignin was performed by FTIR. It was discovered the 

Fig. 9. DSC therma  decomposition experiments of Fe- ignin samp es prepared 
with water, methano , acetone and THF, 110-300 °C, 50 mL/min N2, 5 °C/min 
(a); samp e temperature, Ts, reached by the fxed bed, the furnace heating 
temperature, Tf, and corresponding heating time for the Fe- ignin samp es 
prepared with diferent so vents (b); and pressure change in the fxed-bed 
tubu ar reactor during therma  decomposition of Fe- ignin samp es prepared 
with diferent so vents (c). 

functiona  groups re ated to eOH, CO, and CO]e groups degrade 
s ow y when heating the Fe- ignin samp e to 200 °C or be ow, and 
functiona  groups in side-chains are comp ete y cata ytic decomposed at 
heating temperature of 250 °C or above. FTIR spectra show aromatic 
ring structures are stab e at 200 °C or be ow but are partia  y damaged if 
therma  treated at 250 °C or above. The therma  stabi ity of Fe- ignin 
samp es was assessed through TPD process in a fxed-bed reactor; the 
samp e temperature overshoots were observed during the Fe- ignin 
decomposition process. Temperature overshoots are the resu t of the 
heat accumu ation of the strong exothermic decomposition reaction. 
The gaseous products and reactor pressure were ana yzed and recorded 
during the therma  decomposition process. The efect of iron  oading on 
the therma  stabi ity of Fe- ignin was investigated using TGA and DSC. 
The TGA resu ts showed the decomposition temperatures decrease with 
increasing of iron content. DSC resu ts demonstrated the maximum heat 
fow increasing with increase of iron content in the range of 5 %–15 %, 
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Fig. 10. DSC therma  decomposition experiments of M- ignin (M = Fe, Cu, Ni, 
and Mo) samp es prepared with THF so vent, 110-300 °C, 50 mL/min N2, 5 °C/ 
min (a); samp e temperature, Ts, reached by the fxed bed, the furnace heating 
temperature, Tf, and corresponding heating time for the M- ignin samp es 
prepared with THF so vent (b); and pressure change in the fxed-bed tubu ar 
reactor during therma  decomposition of M- ignin samp es prepared with THF 
so vent (c). 

and the peak temperatures shifted to  ower temperature with increasing 
of iron content. The samp e temperature overshoot rate is decreased by 
the order: 160 °C/min (15 %Fe- ignin) > 97.1 °C/min (10 %Fe- ignin)
≅ 96.4 °C/min (20 %Fe- ignin) > 40 °C/min (5 %Fe- ignin). The pres-
sure change prof es of Fe- ignin samp es with diferent Fe content have 
simi ar shapes but diferent pressure change range: 0.54 psi (15 % Fe-
 ignin) > 0.43 psi (10 % Fe- ignin) > 0.37 psi (20 % Fe- ignin) > 0.19 
psi (5% Fe- ignin). The efects of so vents on the therma  stabi ity of Fe-
 ignin was a so examined using TGA and DSC. The TGA resu ts showed 
the decomposition temperatures of Fe- ignin samp es are 254.7 °C, 
240.0 °C, 232.5 °C and 231.9 °C for Fe- ignin-W, Fe- ignin-M, Fe- ignin-
A, and Fe- ignin-T, respective y. The peak mass  oss rates decreased in 
the order of Fe- ignin-W < Fe- ignin-M < Fe- ignin-A < Fe- ignin-T. 

DSC resu ts showed so vents afected the decomposition heat fow of Fe-
 ignin samp es: Fe- ignin-M ≅ Fe- ignin-W < < Fe- ignin-A ≅ Fe- ignin-
T. The samp e temperature overshoot rate is decreased by the order: Fe-
 ignin-T ≅ Fe- ignin-A > Fe- ignin-W ≅ Fe- ignin-M. The pressure 
change prof es of Fe- ignin samp es prepared with diferent so vents 
are diferent in pressure change range: Fe- ignin-T > Fe- ignin-A > Fe-
 ignin-W ≅ Fe- ignin-M. The decomposition temperature of the M- ignin 
with diferent transitiona  meta s is found to increase in the fo  owing 
order Cu(II) < Fe(III) < Ni(II) < Mo (VI). The decomposition of Fe-
 ignin samp e is conc uded as a therma  exp osion process where the 
primary cause is possib y the radica  reactions. Therefore, it is sug-
gested not to hand e, store, or transport Fe- ignin composites in  arge 
quantity. It is a safe method to pre-decompose the Fe- ignin mixtures 
before  oading to a reactor for the cata ytic graphitization process. 
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