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In present work, Fe-lignin composites were prepared by chemical coprecipitation of metal salts and kraft lignin;
the thermal stability of the Fe-lignin mixture was then investigated at temperatures up to 300 °C using ther-
mogravimetric analysis (TGA) and differential scanning calorimetry (DSC) at a heating rate of 5 °C min~ ' under
nitrogen atmosphere. The structural characteristics of Fe-lignin thermal treated under different temperatures
were identified by Fourier transform infrared (FTIR) spectrometry. The temperature-programmed thermal de-

composition (TPD) of Fe-lignin samples was carried out in a fixed-bed reactor; the gaseous products were
analyzed qualitatively and quantitatively by an on-line quantitative gas analysis system. The temperature and
pressure of the reactor were monitored and recorded during the thermal decomposition process. It was observed,
the thermal decomposition of Fe-lignin samples is a strong exothermic process, and a significant amount of heat
is released from the reaction, which triggers a thermal runaway situation.

1. Introduction

A novel process has been developed for massive production of low-
priced few-layer graphene materials from kraft lignin [1]. This mole-
cular cracking and welding (MCW) method includes two stages: gra-
phene-encapsulated transitional metal nanostructures are first pro-
duced by heating the mixtures of metal catalyst and lignin under an
inert atmosphere. Then in the second stage, graphene-encapsulated
transitional metal structures are cracked by ‘scissoring molecules’, and
the cracked few-layer graphene shells are peeled off the metal cores.
The cracked carbon shells will serve as building block units for self-
welding and reconstruction into high quality few-layer graphene ma-
terials utilizing select welding reagent gases at over 1000 °C [1]. In the
first stage of the MCW process, a uniform metal (M)-lignin mixture must
be made to prepare graphene-encapsulated core-shell nanoparticles
[1,2]. Catalytic graphitization of kraft lignin to graphene-encapsulated
core—shell nanoparticles was investigated utilizing Ni, Cu, Fe and Mo
[3]. The catalytic activity increased with an order of Mo=~Cu < NixFe.
Fe-lignin composites were prepared by dissolving lignin with different
solvents, including water, methanol, acetone, and tetrahydrofuran
(THF) [4]. Solvent effects on the catalytic performance, size and mor-
phology of graphene-based nanostructures were investigated. It was
found that Fe-lignin (THF) had the highest iron dispersion and the
smallest iron particle size. Another key factor in the production of

graphene materials from kraft lignin is the amount of iron in Fe-lignin
composites. Usually, higher metal loading leads to extensive contact
degree. With increasing catalyst loading in solid carbon resources, there
is an increase in the graphitization degree of the carbon [2]. Appar-
ently, Fe-lignin composite is the precursor to produce graphene from
lignin resources. To develop a safe lignin-to-graphene process for scale-
up, study of properties, especially thermal stability of M-lignin, should
commence first in the process development lifecycle, such that highly
energetic M-lignin composites can be identified and handled accord-
ingly. Thermal stability testing aims at collecting reaction rate data and
applying that data to assess whether a specified quantity of material can
be used in a way such that runaway reactions are avoided. This is im-
portant when considering processing, long-term storage, or shipping of
a material. Further studies to accurately define safe operating tem-
peratures should then be performed using equipment and methods
specifically appropriate to the plant or processing technique selected or
predicted. A simplified procedure for thermal stability assessment of Fe-
lignin is proposed which considers decomposition activity which are
commonly observed with thermal instability substances. The following
issues will be considered in relation to a process safety hazard evalua-
tion for Fe-lignin samples: i) the thermal-stability characteristics of the
Fe-lignin materials. ii) the thermodynamics of the desired chemical
process and possible undesired reactions. iii) non-condensable gases
and volatiles evolved at each stage of the process or during material-
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handling operations and the rate of gas or vapor generation during the
thermal decomposition process. iv) determine the heat flow of the de-
composition reaction for the process. The factors affecting the thermal
stability of Fe-lignin composites will also be examined, the important
factors include Fe content, and solvents used for dissolution of kraft
lignin. Thermal stability of Fe-lignin is also compared to that of Cu-
lignin, Ni-lignin and Mo-lignin.

2. Experimental
2.1. Materials and chemicals

Kraft lignin used in this study as a carbon source was BioChoice
lignin (BCL) provided by Domtar Inc. (USA), which is a pine kraft lignin
produced at its Plymouth, NC mill by the LignoBoost process. The re-
ceived wet lignin sample (~25—30 wt% moisture) was first naturally
dried in air for three weeks, the moisture content was then decreased to
about 7.0 wt%, and this sample is denoted as raw kraft lignin. The
carbon, hydrogen, nitrogen, and sulfur contents in lignin samples were
measured by a PerkinElmer PE 2400 CHN Elemental Analyzer [4]. The
oxygen content was evaluated by the difference. The composition of
lignin varied from species to species. Generally, lignin contains ~60-63
% carbon, ~5—7% hydrogen, ~0.5—1% ash, and ~30 % oxygen [5].
All chemicals and solvents used were of certified ACS reagent grade and
purchased from Sigma-Aldrich Inc. (USA).

2.2. Preparation of Fe-lignin composites

Fe-lignin composites with their mass ratio of 1/9 (1 part iron and 9
parts lignin) were prepared at room temperature using a co-precipita-
tion technique as reported previously [2]: 300 g of raw lignin was first
added to each of four different solvents (500 mL each), i.e., de-ionized
(DI) water, methanol, acetone, and THF in a 2000 mL glass beaker,
respectively, and the mixture was stirred for 2 h to obtain the lignin-
solvent blend. 246.0 g of iron (III) nitrate nonahydrate was added to
100 mL DI water in a 500 mL glass beaker, followed by stirring the
mixture until iron nitrate was dissolved completely. The iron nitrate
solution was added to the lignin-DI water mixture and the iron nitrate-
lignin-solvent mixture was stirred for 2 h. The final mixture was kept at
room temperature for 24 h and then oven-dried at 110 °C for 24 h. After
the drying process, a solid Fe-lignin mixture as a composite was ob-
tained. The same mixing and drying procedure were performed for the
other three lignin-solvent mixtures, lignin-methanol, lignin-acetone,
and lignin-THF. The Fe-lignin samples from 4 different solvents are
denoted as Fe-lignin-W (water), Fe-lignin-M (methanol), Fe-lignin-A
(acetone), and Fe-lignin-T (THF) [4]. Lignin-Ni, lignin-Mo, and lignin-
Cu were prepared as described in previous work [3]. THF was used as
the solvent for the preparation of lignin-Ni, lignin-Mo, and lignin-Cu
samples.

2.3. Thermal decomposition analysis of Fe-lignin samples

The thermal and catalytic decomposition tests were performed on a
bench-scale fixed bed tubular reactor (1-in O.D., made of stainless-steel)
(Fig. 1). A digital pressure transducer (0 — 30 psig) was installed in the
reactor system to monitor the pressure change during TPD process. For
each thermal decomposition run, 5 g of a Fe-lignin composite were
packed in the middle of the tubular reactor. A thermocouple (type K)
was fixed in the center of the sample bed to measure the sample tem-
perature during the temperature-programmed decomposition (TPD)
process. High purity argon (99.99 %) was first introduced into the re-
actor at a flow 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-line
Hiden QGA quantitative gas analysis system was used to measure gas-
eous products. The signals from the mass spectra of 2, 15, 28, 34, 44, 78
and 94 (m/z) were identified as major contributors from evolved gases
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and volatiles like H,, CH4, CO, H,S, CO,, benzene, and phenol, re-
spectively.

2.4. FTIR

The FTIR spectra of the raw lignin, and Fe-lignin samples were re-
corded with the Perkin-Elmer attenuated total reflection (ATR) spec-
trometer (Perkin-Elmer, Waltham, MA, USA) at a resolution of 2 cm ™!
for 64 scans in 450 to 4000 cm ™! range to determine structural changes
of kraft lignin and Fe-lignin heated under different temperature.

2.5. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) analyses

TGA analyses of Fe-lignin samples were carried out in a TGA in-
strument (Shimadzu TGA-50 H) through isothermal analyses. For each
run, 10 mg of samples were loaded with argon (99.99 % purity, 50 mL/
min) gas flowing through the TGA at 50 mL/min as temperature was
ramped at 5 °C/min. Three replicates were evaluated for each of the
samples.

DSC was carried out on lignin samples using a DSC Q2000 (TA
Instruments) with cooling system up to a temperature —80 °C, where
an Indium standard was used for the calibration. The samples (~10
mg) were placed in the air-tight aluminum pan and heated at the rate 5
°C/min in the range 25-300 °C under nitrogen atmosphere with a flow
rate of 50 cm®/min. DSC measures the exothermic and endothermic
responses of the samples.

3. Results and discussion
3.1. FTIR

The FTIR spectra of raw lignin and fresh Fe-lignin samples are
presented in Fig. 1. Assignment of representative peaks of raw lignin
was based on previous reported works [5]. A strong absorbance at 3368
cm ™! assigned to —OH stretching vibrations was induced by the pre-
sence of alcoholic and phenolic hydroxyl groups involved in hydrogen
bonds. Peaks at 2933 and 2841 cm ™! are assigned to C-H asymmetric
and symmetrical vibrations of methyl and methylene groups in side-
chains [6]. Weak to medium bands are found at 1710 cm ! that can be
associated to unconjugated C=O0 in unconjugated ketone, carboxyl, and
ester groups. A shoulder absorption peak at 1665 cm ™ is related to
ring conjugated C=O stretch of coniferyl/sinapyl, and the weak
shoulder peak at 1643 cm ™! is assigned to the ring conjugated C=C
stretch of coniferyl/sinapyl alcohol spectra. Bands located at around
1,594, 1,511, and 1426 cm ™! were assigned to vibrations of aromatic
rings, suggesting they were left unbroken and that the aromatic struc-
ture of lignin was not changed appreciably during the pulping process
[7]. The peaks at 1265 and 1210 cm ™' were assigned to the aryl
breathing with C=0 stretch, and CC, CO, and CO——= stretches, re-
spectively [8]. The bands in 1141 and 1124 cm™' were assigned to
aromatic C—H in plane deformation. The peak at 1078 cm ™ 'is con-
tributed by C—O deformation in secondary alcohol and aliphatic ether.
The strong band at 1031 cm ™! corresponds to the aromatic CH— in-
plane deformation. The band at 866 cm ~ ! represented the deformation
vibrations of C—H bonds in the aromatic rings [9]. The band at 815
em ! is attributed to aromatic CH— out of plane vibrations.

FTIR spectrum of the fresh Fe-lignin sample prepared with THF is
compared to raw kraft lignin in Fig. 2. It was found the significant
changes in intensity and shift in position of the peaks were due to in-
troduction of iron nitrate. The first observed change was the attenua-
tion of intensity and shift of peaks in the region of 3700 —3300 cm ™!
and 1100—900 cm ™!, indicating a decrease of the free hydroxyl group
on the kraft lignin. The new band at 3237 cm ™! might be due to the
formation of Fe(OH); in fresh Fe-lignin [10]. The decrease of intensity
and shift of peaks 1710, 1665, 1456, 1362, 1210, and 1078 cm ™'
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Fig. 1. Schematic of the experimental apparatus.

suggests interaction between iron ions and the related C=0, and CO—
groups. These changes may be explained by iron ions associated with
carboxylate and hydroxylate anions, revealing that carbonyl, carboxyl
and hydroxyl groups are the main active sites to chelating Fe>* [11].
No significant changes were observed for bands at 1,594, 1,511, 1426,
1265, 1124, and 1031 cm ™! which are assigned to vibrations of aro-
matic rings, suggesting the aromatic ring structures of kraft lignin were
not changed in the fresh Fe-lignin sample. There were also a couple of
new bands at 1535 and 1330 cm ™! showing the presence of surface
nitrate complexes from iron nitrate [12-14].

Fig. 3 shows the FTIR spectra of Fe-lignin at various heating tem-
peratures i.e. 100 °C, 150 °C, 200 °C, 250 °C and 300 °C respectively.
The first observed change in Fig. 3a was the decrease of intensity of the
peaks at 3368 and 3237 cm ™! which are related to OH stretching vi-
brations of alcoholic and phenolic hydroxyl groups (involved in the
hydrogen bonds) in lignin and hydroxyl groups in Fe(OH)s, respec-
tively. The band intensity of OH groups reduced significantly when the
fresh Fe-lignin sample was heated to 100 °C, indicating a decrease of the
free hydroxyl group on the kraft lignin and decomposition of Fe(OH)3
by dehydration reactions. There is a small change on OH related groups
at the band of 3237 cm ™! when the heating temperature increased to
150 °C, meaning more Fe(OH); is decomposed in this temperature zone.
Further increase of the temperature to 200 °C and 250 °C, produces
more hydroxyl groups seemingly lost from the sample. There is no
obvious change on OH related groups with heating temperature in-
crease to 300 °C. There are no noticeable change for peaks at 2933 and
2841 cm ™! after Fe-lignin is heated at 100 °C, 150 °C and 200 °C, and
we can assume methyl and methylene groups in side-chains are not

broken when the Fe-lignin samples are thermal treated at 200 °C or
below. The intensity of these two bands reduces radically after heating
the sample at 250 °C and 300 °C, with the methyl and methylene groups
in side-chains likely to be mostly decomposed. Similarly, bands at
1,594, 1,511, 1426, 1265, 1124, and 1031cm ™! don’t change much for
the samples heated at 200 °C or below, but decrease greatly in intensity
after heating at 250 °C and 300 °C, indicating aromatic ring structures
are stable at 200 °C or below, but are partially damaged if thermal
treated at 250 °C or above. Peaks 1643, and 1078 cm ™! are related to
the C=0, and CO— groups which chelate iron ions; the intensity of
these bands decreases slowly when heating the sample from 100 to 200
°C and disappear for the samples treated at 250 °C and 300 °C, while
functional groups in side-chains are catalytic decomposed by iron ions
at heating temperature of 250 °C or above. Bands of nitrate group at
1535 and 1330 cm ™! are observed to decrease gradually with heating
temperature increases from 100 to 200 °C, and disappear completely if
the sample is heated at 250 °C and 300 °C, therefore, nitrate groups are
totally decomposed when heating at 250 °C or above. FTIR results in
Fig. 3 are in good agreement with TGA and TPD-MS results published
previously [3].

3.2. Thermal behaviors of Fe-lignin composites

3.2.1. TGA

TGA of Fe-lignin samples with 0, 5 %, 10 %, 15 % and 20 % iron
were performed between 50 and 300 °C. The thermal decomposition
profile of samples, both as TG (weight %) and DTG (%/min) curves, is
shown in Fig. 4. The TG curves obtained for kraft lignin show three-
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Fig. 2. FTIR spectra of raw kraft lignin and fresh Fe-lignin in the ranges of 3800-1800 cm ™' (a) and 1800 to 800 cm ™! (b).
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Fig. 3. FTIR spectra of fresh Fe-lignin thermal treated at 100, 150, 200, 250 and 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 first stage
(50—115 °C) is characterized by a mass loss due to evaporation of
physical adsorbed moisture, and the second stage (115—200 °C) is
dehydrating chemical-bonded water and hydroxyl groups in lignin, and
the third stage (200 —300 °C) is attributed to the partial decomposition
of carboxylic and anhydride groups [15]. The TG curves obtained for
Fe-lignin show two-stage decompositions in the study temperature
range. The initial mass loss mainly corresponded to the loss of dehy-
dration of hydroxyl groups in lignin and Fe(OH)s. This loss occurred
between 50 and 160 °C. The peak temperatures of the first stage are
102.3 °C, 112.7 °C, 114 °C, and 119 °C for 5 %, 10 %, 15 % and 20 % Fe-
lignin samples, respectively. Fig. 4a results demonstrated the mass
losses of the first stage were 1.52 %, 3.08 %, 3.63 % and 5.05 % for the
respective samples when iron loading increased from 5 % to 20 %.

The second stage of mass loss was observed around 160-300 °C and
corresponded to the catalytic thermal decomposition of kraft lignin and
the decomposition of iron species. According to the FTIR results
(Fig. 3), most of functional groups in the alkyl side chains of the lignin
basic units were catalytically decomposed, and the aromatic ring
structures were partially decomposed; the mass decreased rapidly due
to breakage of ether bonds and C—C bonds connected on the phenyl
propane units, and many non-condensable gases and condensable vo-
latiles were simultaneously 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-lignin samples, respectively. The mass loss of this stage increased
with increasing of iron loading from 5% to 15 %, but decreases from 15
% to 20 %. The mass losses in the second stage were 9.22 %, 13.71 %,
20.04 % and 19.90 % for the respective samples when iron loading
increased from 5 % to 20 %.

3.2.2. DSC
DSC is considered as an excellent technique for understanding
thermal behavior. Fig. 5 shows the thermal decomposition behavior of
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kraft lignin and Fe-lignin samples at the heating rate of 5 °C min~ ! in

the range of 110-300 °C. As temperature increases, the sample even-
tually reaches its decomposition temperature. The thermal decom-
position process results in an exothermic or endothermic peak in the
DSC curve. No obviously exothermic or endothermic peak observed for
the raw kraft lignin. The DSC results of Fe-lignin samples are compared
in Fig. 5. The peak heat flow value is 0.078 mW/mg at 215.7 °C for the
5 % Fe-lignin sample; for the 10 % Fe-lignin sample, the maximum heat
flow value is 0.57 mW/mg at 210.4 °C; 15 % Fe-lignin shows a higher
activity according to the DSC results, exhibiting a maximum heat
number of 0.83 mW/mg at 203.83 °C; the maximum heat flow value of
20 % Fe-lignin 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 thermal stability of Fe-lignin composites
and the effects of their composition, Fe-lignin samples (5 g per run)
were heated under an argon flow (100 mL/min) with a heating rate of 5
°C/min. The sample temperature (Ts) of Fe-lignin was measured by a
thermocouple centered in the sample bed. Sample temperature vs
heating time is plotted in Fig. 6. The temperature profiles reported in
Fig. 6 prove that the sample temperature overshoots during the heating
process. Ts of 5 % Fe-lignin started to increase from 159 °C (T, 200 °C)
to 279 °C (Tg, 265 °C) in 3 min, Ts of 10 % Fe-lignin increased from 160
°C (Tg, 200 °C) to 296 °C (Tg, 207 °C) in 1.4 min, Ts of 15 % Fe-lignin
overshoots from 165 °C (Tf, 198 °C) to 325.2 °C (T¢, 203 °C) in 1 min,
and Ts of 20 % Fe-lignin increased from 162 °C (T, 193 °C) to 297 °C
(Tg, 200 °C) in 1.4 min. DSC results in Fig. 5 show Fe-lignin decom-
position is sufficiently exothermic; temperature overshoots are attrib-
uted to the catalytic thermal decomposition of Fe-lignin sample. Fig. 6
results demonstrate that the 15 % Fe-lignin sample has the highest
overshoot temperature, soaring by 160 °C in one minute; the sample
temperature overshoot rate is decreased by the order: 160 °C/min (15 %
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Fig. 4. TG (a) and DTG (b) curves of raw kraft lignin and Fe-lignin samples.
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Fe-lignin) > 97.1 °C/min (10 %Fe-lignin) =~ 96.4 °C/min (20 %Fe-
lignin) > 40 °C/min (5 %Fe-lignin). This sequence is in agreement with
the results obtained from DSC analysis (Fig. 5). The sample temperature
overshoot results indicate a positive heat feedback loop is created in the
reactor when heating the Fe-lignin sample and results in thermal run-
away and possibly a thermal explosion.

3.3.2. Gas evolution and pressure build-up

To develop a safe chemical process, it is essential to verify whether
gas is being produced, and what amount of gaseous products are gen-
erated under what circumstances; for example, in the case of dec-
arboxylation process, CO, is released as the main product, as expected.
In other cases, some unexpected side-reaction or decomposition may
occur; unpredicted gas evolution can instantly result in over-pressur-
ization of the equipment, risking loss of reactors, contents, or even
reactor rupture within the plant, and disastrous consequences.
Unexpected releases of toxic, reactive, or flammable gases in processes
involving highly hazardous chemicals have been reported for many
years. Incidents continue to occur in various industries that use highly
hazardous chemicals which may be toxic, reactive, flammable, or ex-
plosive, and may exhibit a combination of these properties. Regardless
of the industry that uses these highly hazardous chemicals, there is
potential for an accidental release any time they are not properly
controlled. This, in turn, creates the possibility of disaster. Therefore,
measurement of gas evolution is a crucial part of process safety in-
vestigations at the laboratory scale. In current work, gaseous products

Furnace

300 4 I 300
temperature
5% Fe-lignin 4
o 250 10% Fe-lignin 250 N
© 15% Fe-lignin g
-] . .
& 2004——20% Fe-lignin F200 2
I3 —
5 E]
2 150 150 5
8 g
£ £
2 100+ I 100 g
- o
50 - 50
JV T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55

Time (min)

Fig. 6. Sample temperature, Ts, reached by the fixed bed, the furnace heating
temperature, Ty, and corresponding heating time for the Fe-lignin samples with
different iron content.
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from decomposition of lignin and Fe-lignin samples were subject to
quantitative and qualitative analysis by an on-line RGA (Hiden QGA
with a mass range of 300 AMU). Fig. 7 shows the typical trends of gases
released during temperature-programmed thermal treatment of the
lignin (Fig. 7a) and Fe-lignin (Fig. 7b-c) samples.

Fig. 7a shows the evolution curves for some of the main gaseous
products (CO,, CO, CHy4, and H,) from decomposition of the kraft
lignin. No CHy4, and H, were detected at the lower temperature range
below 300 °C; and only traces of CO, and CO were observed to release
at temperature below 300 °C. The evolution of CO, started at ap-
proximately 190 °C, increased with increasing temperature, with for-
mation rate about 0.05 mL/min at 300 °C for kraft lignin, and mainly a
result of the cracking of carboxyl groups in the phenylpropane side
chains [17]. CO evolution 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 probably caused by the breaking of carboxyl and anhydride
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groups. After comparison to TGA (Fig. 4), it is concluded that the
backbone structure of kraft lignin is almost unchanged, the mass loss
(8.2 % of the sample weight) of raw lignin sample is mainly attributed
to evaporation of free water and partially to dehydration of hydroxyl
groups [18].

Fig. 7b shows the trends of volatile gas species during temperature-
programmed thermal treatment of the 10 % Fe-lignin sample. TPD
curves were different from those of the raw lignin. A significant amount
of gases like CO,, H,, CO, CH4, and NO, were released in the tem-
perature zone of 110-300 °C. This implied that iron ions catalytically
promoted the decomposition of lignin. Small amounts of CO,, CO, and
NO, were detected and released from 130 °C (Fig. 7c, partial magnifi-
cation of Fig. 7b); CO, released in the low temperature zone is attrib-
uted to the catalytic decomposition of carboxyl groups of kraft lignin
[5] and/or catalytic oxidation of functional groups in lignin by Fe3*
ions [19]. The CO formation in this zone is mainly contributed by de-
composition of carbonyl and/or catalytic oxidation of functional groups
in lignin by Fe** ions. NO,in 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 below
210.9 °C and 218.5 °C, respectively. With increase of heating tem-
perature, H, was observed to be explosively released from 210.9 °C and
reached a maximum formation rate of 11.86 mL/min per gram Fe-lignin
at 239.1 °C. Usually, hydrogen won’t be released from lignin samples
when the heating temperature is below 500 °C [7]. Hydrogen formation
at such a low temperature is most possible due to a thermal explosive
process triggered by the radical reactions. Thermal decomposition of
lignin generated various radicals such as hydrogen atom (‘H), phenoxyl
(ArO-), methyl (‘CHj3), methoxy (‘OCHj3) and other fractional radicals
(-R) [19]. Klein [20] proposed that lignin pyrolysis occurs by free ra-
dical chemistry. Thereafter, Britt et al. [21] further confirmed that the
thermal degradation of lignin principally follows a multiple, parallel
radical, and rearrangement pathway.

Fe®* ions chelate with the oxygen-containing functional groups in
lignin during coprecipitation process. The chelated Fe** ions could be
reduced to the ferrous (Fe**) form by active functional groups when
heating the Fe-lignin sample. Traces of tetrahydrofuran might be
trapped in kraft lignin molecules, and tetrahydrofuran peroxide may
form when contacting air. Fe>* can react with peroxides to generate
hydroxyl radicals, which is known as Fenton reaction [22]. Fe* can
also react with peroxides in the so-called Fenton-like reaction [23].
Fenton reaction is a strong exothermic process. Hydroxyl radical will
initiate the decomposition of lignin through radical reactions, while
significant heat is released which accelerates the decomposition of
carboxyl (—COO ™), ester (COOR), carbonyl (CO), methoxy groups
(OC———=—H3) and nitrate (NO3 ™) groups in a very short time. With
the explosive decomposition of Fe-lignin occurring, CO, 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 NO, overshot its formation rate from 218.5 °C, and
reached a maximum rate at 235.4 °C. Obviously, the decomposition of
Fe-lignin sample is a thermal explosion process where the primary
cause is possibly by the self-heating effect of the radical reactions. The
results of quantitative analysis on gas formation of Fe-lignin decom-
position is listed in Table 1.

Thermal decomposing of Fe-lignin will lead to thermal runaway and
if heat and pressure are not safely managed, a hazardous pressure will
build-up to violent ruptures of the reactor. After charging 5 g of Fe-
lignin sample 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 lignin and four Fe-lignin samples
performed under an argon atmosphere. As seen in Fig. 8, the pressure
changes of the kraft lignin sample can be negated, which is in agree-
ment with the gas formation result (Fig. 7a); the pressure change
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Table 1
Quantitative analysis on gas formation of 10 wt% Fe-lignin during thermal
decomposition.

Gas species  Trigger Tmax CC)  Rimax Total Total Mass
temperature (mL/ Volume Amount (g/
(9] min-g) (mL/g) g)

H, 210.9 239.1 11.86 29.6 0.0026

CH4 218.5 238.5 2.57 5.2 0.0037

(¢0) 218.5 235.9 9.75 23.9 0.030

CO, 218.1 238.5 30.0 64.7 0.127

NO, 218.5 235.4 0.98 2.3 0.0047

H,O - - - 75.0 0.060

Overall - - - 200.7 0.228

Rmax: The maximum gas formation rate (mL/min-g); Tpay: Temperature at
which a gas species is released at a maximum rate.
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Fig. 8. Pressure change in the fixed-bed tubular reactor during thermal de-
composition of Kraft lignin and Fe-lignin samples.

profiles of four Fe-lignin samples have similar shapes but different
pressure changing range: 0.54 psi (15 % Fe-lignin) > 0.43 psi (10 % Fe-
lignin) > 0.37 psi (20 % Fe-lignin) > 0.19 psi (5 % Fe-lignin). With
increase of heating temperature, Fe-lignin became unstable and started
to quickly decompose. The temperature and inner pressure rose rapidly.
If the reactor was not equipped with a pressure relief valve, or an air
vent valve was not opened, the reactor would be ruptured.

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

Thermal stability of lignin depends very much on its chemical
structure, degree of crystallinity, and molecular weight [24]. Thermal
stability of Fe-lignin is investigated in current work and is related with
iron ion dispersion and activity in lignin matrix. The contact degree of
Fe-lignin employs significant effect on Fe dispersion and activity [3,4].
The higher Fe-lignin contact degree, the higher Fe-lignin activity and
therefore, the lower stability of Fe-lignin mixture. There are several
strategies to increase the contact degree of kraft lignin and iron catalyst.
One strategy is to optimize the content of iron in Fe-lignin. The effect of
iron loading on the thermal stability of Fe-lignin was investigated using
TGA (Fig. 4) and DSC (Fig. 5). The TG and DTG curves demonstrated
the peak temperatures related to Fe-lignin decomposition shifted to
lower temperature with increasing of iron content (Fig. 4). DSC results
showed the maximum heat flow increasing with the order 0.078 mW/
mg (5 % Fe-lignin) < 0.57 mW/mg (10 % Fe-lignin) < 0.58 mW/mg
(20 % Fe-lignin) < 0.83 mW/mg (15 % Fe-lignin), and the peak tem-
peratures shifted to lower temperature with increasing of iron content:
215.7 °C (5 % Fe-lignin) > 210.4 °C (10 % Fe-lignin) > 203.83 °C (15 %
Fe-lignin) > 201.70 °C (20 % Fe-lignin). TGA and DSC results proved
high iron content promotes higher activity of Fe-lignin, therefore less
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stability; the optimized iron content is 15 % in current work. When the
amount of iron is low, the enhancement of catalytic activities is not
obvious since most of lignin 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
large quickly due to the agglomeration and sintering during the thermal
treatment process, and the process is uneconomical and with poor
performance [3].

Another strategy to improve Fe-lignin contact degree is to increase
the iron dispersion in lignin matrix, i.e., chelating as many more iron
ions with lignin functional groups as possible. Lignin in general is a 3-D,
chemically cross-linked phenolic polymer. Specifically, kraft lignin has
relatively high hydrophobicity since it’s condensed to huge molecules
when recovered from black liquors through the acidity precipitation
process; the polymer chains are entangled and curled, and a metal salt
aqueous solution is repelled due to its hydrophobic property. Therefore,
it is very difficult for metal ions to penetrate kraft lignin particles if an
impregnation method is used, which yields a poor contact degree be-
tween metal and kraft lignin [3-6]. To obtain high Fe-lignin contact
degree, it is practical to dissolve or disperse kraft lignin in a suitable
solvent, allowing the polymer chains in the condensed lignin molecules
to be detangled and stretched out in the solvents, while the functional
groups are solvated and can be reached by iron ions. Iron ions are
chelated when they approach oxygen-containing functional groups of
lignin, i.e., aliphatic hydroxyl in the propane side chains, phenolic
hydroxyl, methoxyl, carboxyl, ether, and carbonyl groups [24] as well
as nitrogen and sulfur bonded functional groups like —N-H (amide),
and —S-H (sulfide) [25]. Fe-lignin samples were prepared by dissolving
lignin with four different solvents, including water, methanol, acetone,
and tetrahydrofuran (THF). The effects of solvents on the thermal sta-
bility of Fe-lignin were evaluated using TGA [4] and DSC (Fig. 9a). The
TG and DTG curves demonstrated the maximum rates of the weight
losses occurred at the temperatures of 254.7 °C, 240.0 °C, 232.5 °C and
231.9 °C for Fe-lignin-W, Fe-lignin-M, Fe-lignin-A, and Fe-lignin-T, re-
spectively. The peak mass loss rates decreased as 0.09697
%/°C < 0.1389 %/°C < 0.2062 %/°C < 0.2566 %/°C for Fe-lignin-W,
Fe-lignin-M, Fe-lignin-A, and Fe-lignin-T, respectively. DSC results
showed solvents affected the decomposition heat flow of Fe-lignin
samples: Fe-lignin-M = Fe-lignin-W < < Fe-lignin-A =~ Fe-lignin-T.
Results of the overshoot temperatures (Fig. 9a) and the reactor pres-
sures (Fig. 9¢) also prove the thermal stability of Fe-lignin samples are
affected by the solvents used in the preparation process.

The sample temperature overshoot rate is decreased by the order:
Fe-lignin-T = Fe-lignin-A > Fe-lignin-W = Fe-lignin-M. The pressure
change profiles of four Fe-lignin samples fall into different pressure
changing ranges: Fe-lignin-T > Fe-lignin-A > Fe-lignin-W =~ Fe-lignin-
M.

The thermal behavior of Cu-lignin, Ni-lignin and Mo-lignin was also
studied by using simultaneous DSC and TPD process. Results of DSC
(Fig. 10a), the decomposition temperature overshoot ranges (Fig. 10b)
and pressure change (Fig. 10c) in the fixed-bed tubular reactor during
thermal decomposition were plotted in Fig. 10. It was found that the
transitional metals influenced their thermal decomposition. The
thermal stability of the M-lignin (M = Fe, Cu, Ni, and Mo) depended on
the metallic cation, following the order Mo(VI) > Ni(II) > Fe(III) > Cu
.

4. Conclusions

Thermal stability of Fe-lignin was investigated for safe manu-
facturing, storage and transportation using TGA and DSC. The TG/DTG
and DSC curves of the Fe-lignin recorded under nitrogen, show that the
Fe-lignin sample exhibits an intense exothermic decomposition.
Moreover, in order to examine the thermal stability of the functional
groups on kraft lignin during the thermal decomposition of these Fe-
lignin samples, structural changes with different heating temperature in
the degrading lignin was performed by FTIR. It was discovered the
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Fig. 9. DSC thermal decomposition experiments of Fe-lignin samples prepared
with water, methanol, acetone and THF, 110-300 °C, 50 mL/min N,, 5 °C/min
(a); sample temperature, T, reached by the fixed bed, the furnace heating
temperature, Ty, and corresponding heating time for the Fe-lignin samples
prepared with different solvents (b); and pressure change in the fixed-bed
tubular reactor during thermal decomposition of Fe-lignin samples prepared
with different solvents (c).

functional groups related to —OH, CO, and CO=— groups degrade
slowly when heating the Fe-lignin sample to 200 °C or below, and
functional groups in side-chains are completely catalytic decomposed at
heating temperature of 250 °C or above. FTIR spectra show aromatic
ring structures are stable at 200 °C or below but are partially damaged if
thermal treated at 250 °C or above. The thermal stability of Fe-lignin
samples was assessed through TPD process in a fixed-bed reactor; the
sample temperature overshoots were observed during the Fe-lignin
decomposition process. Temperature overshoots are the result of the
heat accumulation of the strong exothermic decomposition reaction.
The gaseous products and reactor pressure were analyzed and recorded
during the thermal decomposition process. The effect of iron loading on
the thermal stability of Fe-lignin was investigated using TGA and DSC.
The TGA results showed the decomposition temperatures decrease with
increasing of iron content. DSC results demonstrated the maximum heat
flow increasing with increase of iron content in the range of 5 %-15 %,
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Fig. 10. DSC thermal decomposition experiments of M-lignin (M = Fe, Cu, Ni,
and Mo) samples prepared with THF solvent, 110-300 °C, 50 mL/min N, 5 °C/
min (a); sample temperature, Ts, reached by the fixed bed, the furnace heating
temperature, T, and corresponding heating time for the M-lignin samples
prepared with THF solvent (b); and pressure change in the fixed-bed tubular
reactor during thermal decomposition of M-lignin samples prepared with THF
solvent (c).

and the peak temperatures shifted to lower temperature with increasing
of iron content. The sample temperature overshoot rate is decreased by
the order: 160 °C/min (15 %Fe-lignin) > 97.1 °C/min (10 %Fe-lignin)
=~ 96.4 °C/min (20 %Fe-lignin) > 40 °C/min (5 %Fe-lignin). The pres-
sure change profiles of Fe-lignin samples with different Fe content have
similar shapes but different pressure change range: 0.54 psi (15 % Fe-
lignin) > 0.43 psi (10 % Fe-lignin) > 0.37 psi (20 % Fe-lignin) > 0.19
psi (5% Fe-lignin). The effects of solvents on the thermal stability of Fe-
lignin was also examined using TGA and DSC. The TGA results showed
the decomposition temperatures of Fe-lignin samples are 254.7 °C,
240.0 °C, 232.5 °C and 231.9 °C for Fe-lignin-W, Fe-lignin-M, Fe-lignin-
A, and Fe-lignin-T, respectively. The peak mass loss rates decreased in
the order of Fe-lignin-W < Fe-lignin-M < Fe-lignin-A < Fe-lignin-T.
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DSC results showed solvents affected the decomposition heat flow of Fe-
lignin samples: Fe-lignin-M = Fe-lignin-W < < Fe-lignin-A =~ Fe-lignin-
T. The sample temperature overshoot rate is decreased by the order: Fe-
lignin-T = Fe-lignin-A > Fe-lignin-W = Fe-lignin-M. The pressure
change profiles of Fe-lignin samples prepared with different solvents
are different in pressure change range: Fe-lignin-T > Fe-lignin-A > Fe-
lignin-W = Fe-lignin-M. The decomposition temperature of the M-lignin
with different transitional metals is found to increase in the following
order Cu(Il) < Fe(Ill) < Ni(II) < Mo (VI). The decomposition of Fe-
lignin sample is concluded as a thermal explosion process where the
primary cause is possibly the radical reactions. Therefore, it is sug-
gested not to handle, store, or transport Fe-lignin composites in large
quantity. It is a safe method to pre-decompose the Fe-lignin mixtures
before loading to a reactor for the catalytic graphitization process.
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