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Abstract

Chemical coprecipitation technique is proven to be a beneficial method to prepare uniformly mixed catalyst metal and Kraft
lignin precursors. Coprecipitation is a simple, yet very complex process which is highly sensitive to the reaction conditions,
particularly temperature. In an exothermic coprecipitation process, the reaction rate can become uncontrollable over certain
temperatures which could lead to a thermal runaway reaction. In this work, metal-lignin nanocomposites were synthesized
by coprecipitation of metal (M) salts and Kraft lignin. Kraft lignin and metal salts were dissolved in organic solvents and
DI water, respectively, to make lignin solution/suspension and metal salt aqueous solution. The aqueous solutions of metal
salts were then added to the lignin solutions/suspensions and mixed well, resulting in chelation of transition metal ions to
the functional groups of lignin chains and co-precipitation of metal-lignin composites from the solvents. To develop a safe
process for producing M-lignin composites in a large volume, potential reactions, exothermic or endothermic processes,
hazards gases, and volatiles were evaluated during the coprecipitation process. The effects of transition metal type, solvent
selection, concentration of metal salts, and initial solution temperature on the interactions between metal ions and Kraft
lignin, metal uniformity in the lignin matrix, and morphology of the metal-lignin composites were investigated during the
coprecipitation process. Cu, Mo, Ni, and Fe were investigated as the transition metals for the metal-lignin composites. Fenton
or Fenton-like reactions were discovered to occur during the Fe- and Cu-lignin coprecipitation process and tremendous heat
evolved, which lead to the overshoot of the reaction system temperature in a very short time (i.e. a few seconds). Significant
amounts of CO, and toxic NO, gasses were released during the coprecipitation process when Fenton or Fenton-like reactions
occurred. No interaction or a very weak interaction occurred between lignin and Mo(VI) ions when mixing both solutions.
Ni ions were coordinated strongly to oxygen-containing functional groups in lignin, but no Fenton or Fenton-like reaction
was detected during Ni-lignin coprecipitation. Fenton reaction or Fenton-like reaction occurred when tetrahydrofuran (THF)
and acetone were used to dissolve Kraft lignin, and the reaction became highly fierce and unmanageable with increasing of
iron content in the composite. The reaction initialization time was shortened with increase of initial solution temperature
and thermal runaway reaction might occur if the initial mixing temperature reached 60 °C or above.

Keywords Kraft lignin - Metal-lignin composites - Coprecipitation method - Fenton reaction - Process conditions - Thermal
runaway

1 Introduction

Transition metals are widely used as active components
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and carbon nanofibers [1]. A scalable process has been
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is simply mixed with lignin, a poor catalyst-lignin contact
degree is obtained [3]. Lignin is a natural polymer with
complex 3D structure which is chemically cross-linked to
phenolic polymers with huge molecules. In efficient catalytic
graphitization of lignin, the uniformly mixed catalyst metal
and lignin precursors must be prepared before the conver-
sion process. The uniform metal-lignin mixture is a kind of
metal-polymer nanocomposite in which metal species are
well fixed or anchored in the polymer matrices [4]. To get
high performance metal-polymer nanocomposites, metal
nanoparticles must be well dispersed in polymer matrices.
Many physical-chemical techniques have been developed
and utilized to produce metal-polymer nanocomposites:
evaporation and sputtering methods [5, 6]; plasma depo-
sition [7]; UV-radiation curing [8]; deposition via cluster
sources [9]; laser ablation [10]; electro-polymerization [11];
surface functionalization [12]; and ion implantation [13].
However, most of these techniques are limited to prepared
metal-polymer thin films and membranes [14]. To prepare
the bulk metal-polymer composite samples, some wet chem-
ical techniques are often used. These methods include in situ
and ex situ approaches [15]. In the ex situ method, nano-
particles (NPs) are first prepared through chemical methods
by which particle size and shape of NPs can be controlled
[16]. NPs are then dispersed in a polymer or a monomer
solution for successive polymerization. NPs are likely to
agglomerate which leads to weak interaction between metal
and polymer, therefore, these metal nanoparticles are usually
functionalized with organic tails to increase their solubility
and stability in a solution [17]. To simplify the production
process and reduce cost, NPs are frequently produced in situ
within the polymer by chemical reduction of a metal salt or
the decomposition of a metal complex [18].

Lignin is a natural polymer; we cannot utilize ex-situ
methods to synthesize metal-lignin nanocomposites. As a
huge, complex 3-D polymer, it is very difficult for metal
particles to uniformly distribute into lignin molecules
using direct mixing methods, and very poor graphitization
degree was obtained for the mixture of metal nanoparticles
and lignin samples [3, 4]. Metal salts are used to synthe-
size metal-lignin composites [19]. Metal salts, in contrast
to metal powder, are assumed to be easily distributed into
lignin, since there are significant amounts of O-, S- and/or
N-based functional groups in lignin structures. The strat-
egy to uniformly disperse metal ions into huge 3D lignin
molecules is to chelate metal ions to functional groups and
form M-O, M-S, or M-N bonds when mixing lignin and
metal salts in an appropriate way [3, 20]. In many cases,
metal-biomass mixtures are often made by incipient wet-
ness method [21], where metal-salt solution is added to a
dry biomass material and the metal salt solution is absorbed
into the inner pores of the biomass through capillary action.
Metal ions drawn into the biomass will further diffuse into

the biomass matrix and are anchored to oxygen-containing
functional groups [22]. Due to its production process, Kraft
lignin is highly hydrophobic and, generally, impermeable to
water, therefore metal salt aqueous solutions will be repelled
from the Kraft lignin surface. A low metal dispersion was
observed in metal-Kraft lignin mixtures obtained through
an aqueous impregnation method [3, 4]. Therefore, a proper
method should be employed to ensure the initial homogene-
ous distribution of metal salts into the lignin to achieve high
metal dispersion in metal-lignin composites.

To uniformly distribute metal ions in lignin, metal-lignin
composites are prepared using a ‘coprecipitation’ technique
[3], where Kraft lignin and metal salts are each dissolved in a
selected solvent. An aqueous solution usually is prepared by
dissolving metal salt in de-ionized (DI) water; Kraft lignin
is often dissolved or dispersed in a proper organic solvent.
Metal salt and lignin will coprecipitate as solid particles
after mixing both solutions. Metal ions will diffuse into the
inner surface of Kraft lignin, then chelate and react with
functional groups of lignin chains during the mixing and
precipitation process. The M-lignin nanocomposites are
obtained after vaporizing the solvents. Coprecipitation is one
of the most widely used techniques for preparing nanopar-
ticles, nanocomposites, and catalysts [23]. Coprecipitation
synthetic method [24] is one of the simplest approaches for
synthesizing nanostructured metal particles, oxide nanopar-
ticles, and metal chalconides. This method presents some
advantages [25]: it is simple and economical, has a practical
preparation process, yields a uniform component distribu-
tion, involves relatively low reaction temperature, particle
size and composition is controllable, and usually no organic
solvent is involved. However, there are several limitations
of the coprecipitation method: chemical precipitation is
kinetically not a controlled process, and the coprecipitation
process is highly sensitive to the reaction conditions. There-
fore, the particle size distribution, particle morphology, and
the reaction degree of the synthesized solids are affected by
the precipitation process conditions such as type of metal,
metal precursor compounds, metal oxidation states, concen-
tration of metal salts, mixing temperature, pH values of the
solutions, solvents used, and evaporation conditions. These
variables affect the nanoparticle growth, aggregation, and
deposition from the solvent.

To scale-up the lignin-to-graphene process, massive pro-
duction of M-lignin composites is needed. While chemical
precipitation is a simple procedure, it is a complex process
and the reaction rate is sometimes uncontrollable for an
exothermic coprecipitation process which could lead to a
thermal runaway reaction. To date, limited research has been
done on this topic. The purpose of this study is to develop a
reliable process for mass production of uniformly dispersed
metal-lignin composites. Metal-lignin composites are to
be prepared by coprecipitation method in conjunction with
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exploration of new conditions applied to a safe chemical
coprecipitation process. Some critical issues will be evalu-
ated to develop a safe process for the production of M-lignin
composites in a large volume: (i) potential reactions (includ-
ing possible undesired reactions) as well as an exothermic or
endothermic coprecipitation process should be first identi-
fied and managed to produce M-lignin composites accord-
ingly; (ii) non-condensable gases and volatiles evolved from
the chemical coprecipitation process; and (iii) understanding
the effects of process conditions on the product properties,
process phenomena, and safety issues during the coprecipi-
tation stage. The important factors include effects of dif-
ferent transition metal ions, solvents used for dissolution
of kraft lignin, metal/lignin mass ratio, and the initial tem-
perature of the coprecipitation process. The results of these
investigations will then be used in the developed graphene
growth model from kraft lignin and help determine the criti-
cal process variables for the scalable production process.

2 Materials and Method
2.1 Chemicals and Materials

Three solvents and water were used in this experiment. The
solvents methanol (>99.9%), acetone (>99.9%), and tetrahy-
drofuran (THF, anhydrous, >99.9%, inhibitor-free) were all
purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA).
Copper nitrate tetrahydrate (Cu(NO;),'4H,0), nickel nitrate
hexahydrate (Ni(NO;),"6H,0), ammonium molybdate tet-
rahydrate ((NH,)¢Mo-0,,-4H,0), iron(IIl) nitrate nonahy-
drate (Fe(NO;);'9H,0 were also obtained from Sigma-
Aldrich. Kraft lignin (BioChoice, Plymouth, NC, USA) was
supplied by Domtar Corp. ASTM D4442-07 standard was
used to test the proximate moisture in Kraft lignin [26]. The
ash content in Kraft lignin was 1.65 wt% measured following
ASTM D1102 standard [27]. The average molecular weight
and molecular weight distribution of Kraft lignin were meas-
ured using gel permeation chromatography (GPC); the results
showed Mn=988 + 56 g/mol, Mw =6672 + 315 g/mol. Lignin

Table 1 Weight percentages (wt%) of C, H, O, N, and S in Kraft
lignin (ash free)

Elements C H (0] N S

Raw lignin 64.7+0.5 64+04 279+1.0 0.1+0.03 0.9z+0.1

elemental analysis was analyzed on an elemental analyzer. The
mineral analysis was performed using an ICP Optical Emis-
sion Spectrometry system (Agilent 5800 ICP-OES Spectrom-
eter, Santa Clara, CA, USA). The elemental compositions are
summarized in Tables 1 and 2.

2.2 Metal-Lignin Composites Preparation

Metal-lignin composites in current work were prepared by
chemical coprecipitation method as illustrated in Scheme 1.

2.2.1 Metal-lignin Composites with Different Transition
Metals

The metal-lignin composites with different transition metals
were prepared by the coprecipitation method in a chemical
fume hood as follows. For the copper-lignin composite, 100 g
of Kraft lignin was dissolved in 150 mL tetrahydrofuran and
stirred at 45 °C for 60 min; a thermocouple was fixed in the
solution to monitor the temperature. 42.7 g of copper nitrate
tetrahydrate was dissolved in 50 mL DI water and stirred at
45 °C for 30 min. Following that, copper nitrate solution was
poured into Kraft lignin solution and stirred robustly; the
temperature of the solution was recorded during the mixing
process. To monitor the potential reactions occurring during
the blending process, a Hiden QGA quantitative gas analysis
system was used to measure the volatile species released from
the reaction system. The signals from the mass spectra of 18,
31, 44, 47, 58 and 72 (m/z) were identified as the evolved
gases from the chemical coprecipitation process as well as
volatile solvents and were identified as H,O, CH;0H, CO,,
NO,, acetone and tetrahydrofuran, respectively. The mixture
was dried at room temperature in the hood to vaporize the sol-
vents naturally for one week, and the dried sample was denoted
as Cu-lignin.

For the nickel-lignin composite, Kraft lignin solution (100 g
Kraft lignin in 150 mL tetrahydrofuran) was prepared and
stirred at 45 °C for 60 min. Nickel nitrate solution (56.2 g
nickel nitrate hexahydrate in 50 mL DI water) was mixed and
stirred at 45 °C for 30 min. Following that, both solutions
were blended and stirred vigorously. The temperature and the
volatiles from the mixture were also monitored and recorded.
The mixture was dried at room temperature for one week, and
the sample was labeled as Ni-lignin.

For the preparation of molybdenum-lignin composite,
46.4 g of ammonium molybdate tetrahydrate was dissolved
in 50 mL DI water and stirred at 45 °C for 30 min. Then

Table 2 Mineral elements Kraft

AR Mineral elements P Ca Mg Fe Mn Zn Cu B
lignin sample
% Ppm
Kraft lignin 0.02 0.06 0.03 0.02 25 23 12 2 21
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THF solution

Kraft lignin

Coprecipitation Process

M-lignin composite

Scheme 1 Preparation of M-lignin composites by chemical coprecipitation method

ammonium molybdate solution was added to Kraft lignin solu-
tion (100 g Kraft lignin in 150 mL tetrahydrofuran) and stirred
strongly. The mixture was dried at room temperature for one
week, and the sample was identified as Mo-lignin.

For the iron-lignin composite, 82 g of iron (III) nitrate
nonahydrate was dissolved in 50 mL DI water and stirred at
45 °C for 30 min. The iron nitrate solution was then added to
Kraft lignin solution (100 g Kraft lignin in 150 mL tetrahydro-
furan) and stirred energetically. The mixture was dried in the
hood at room temperature for one week, and the sample was
described as Fe-lignin.

2.2.2 Preparation of Fe-lignin Nanocomposites
with Different Solvents

Fe-lignin composites were prepared at 50 °C using a co-pre-
cipitation technique. Kraft lignin was dissolved or dispersed
in different solvents to form solutions or suspensions [3]:
100 g of Kraft lignin was mixed with each of four different
solvents (150 mL each), i.e., de-ionized (DI) water, methanol,
acetone, and THF respectively, and the Kraft lignin solutions
or suspensions were stirred at 50 °C for 60 min. The aqueous
iron nitrate solution was prepared by adding 82 g of iron (IIT)
nitrate nonahydrate to 50 mL DI water, then stirred at 50 °C
for 30 min. The iron nitrate solution was poured into lignin
solutions or suspensions, respectively. The mixture of iron
nitrate and lignin solutions was stirred robustly. The tempera-
ture and the volatiles from the mixtures were also monitored
and recorded. The obtained iron-lignin mixtures were put in
the hood at room temperature for one week. The Fe-lignin
composites prepared using 4 different solvents are labeled as
Fe-lignin-W (water), Fe-lignin-M (methanol), Fe-lignin-A
(acetone), and Fe-lignin-T (THF).

2.2.3 Preparation of Fe-lignin Composites with Different
iron-lignin Ratios

Four iron nitrate solutions were prepared by adding dif-
ferent amounts of iron nitrate nonahydrate (38.9 g, 82.0 g,
130.4 g, and 187.7 g) to four different volume levels
of DI water (25 mL, 50 mL, 75 mL, and 100 mL) [4],
respectively, and all four solutions were stirred at 45 °C
for 30 min. Each of these four iron nitrate solutions was
added to its respective Kraft lignin solution (100 g lignin
in 150 mL tetrahydrofuran at 45 °C). The prepared Fe-
lignin composites were kept at room temperature in the
hood for one week, and the samples were named as 5%-Fe-
lignin, 10%-Fe-lignin, 15%-Fe-lignin, and 20%-Fe-lignin.

2.3 Analysis and Characterization

The ATR-FTIR spectra of Kraft lignin, and M-lignin com-
posites were recorded with the Thermo Scientific ATR-
FTIR spectrometer (Thermo Scientific, Nicolet iZ10) at
a resolution of 4 cm™! for 64 scans in 500 to 4000 cm™!
range. FTIR spectra were used to determine structural
changes of Kraft lignin in M-lignin composites. The mor-
phology of M-lignin composites was examined using a
Field Emission Scanning Electron Microscope (FESEM,
JEOL JSM-6500F) equipped with energy dispersive X-ray
spectroscopy (EDS) analyzer allowing for surface elemen-
tal mapping of samples. All SEM samples were pre-coated
with 10 nm Pt and the FESEM system was operated with
an accelerating voltage of 10 kV [3].
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3 Results and Discussion

Metal-lignin composites were synthesized by coprecipita-
tion technology, where transition metal species were in-
situ formed and dispersed into lignin matrices through a
chemical coprecipitation process. Inorganic salts used as
metal precursors are first dissolved in DI water to obtain
homogenous solutions of metal ions, while Kraft lignin
solutions or suspensions were obtained after dissolving
or dispersing Kraft lignin in different organic solvents.
After adding iron nitrate solution to Kraft lignin solution/
suspension, solid Fe-lignin particles deposited from the
solvents. A uniformly dispersed M-lignin composite could
be achieved through this in-situ approach where metal ions
are attached by coordinate bonds to O-, S-, and N- con-
taining functional groups in lignin during the blending
and precipitating process. Metal-lignin combinations start
precipitating when the critical concentration of species is
attained followed by nucleation and growth phases [28].
The structure, uniformity, morphology, metal oxidation
states, and size and shape of metal species particles of the
metal-lignin composites are greatly influenced by type of
transition metal, solvent used in the solution, initial solu-
tion pH value, temperature, and concentration of metal
salt [29].

3.1 Four M-lignin Composites with Different
Transition Metals

Transition metals have been tested for catalytic graphiti-
zation of solid biomass resources to graphene-based
nanomaterials [30]. The transition metal ions selected for
the present work are Fe(III), Ni(II), Cu(II), and Mo(VI,
(M07024)6_) to prepare metal-lignin nanocomposites as
the precursors for production of graphene materials. The
metal-lignin composites with different transition metals
were prepared by the coprecipitation method. After mixing
the metal salt aqueous solution and the lignin THF solu-
tion, the coprecipitation reactions behaved distinctively
different for each metal based on process temperature,
gaseous products, and physical appearances of the solid
products.

The solution temperature (Ts) of metal-lignin was
measured by a thermocouple fixed at the center of the
mixture. Sample temperature vs reaction time is plotted
in Fig. 1. Temperature of the mixture changes after adding
the metal aqueous solution to the lignin solution due to the
heat liberated during the coprecipitation process. The tem-
perature profiles in Fig. 1 indicate the differences in heat
generation during the coprecipitation process of the dif-
ferent metal-lignin composites. Heat generation during the
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Fig. 1 Temperature profiles during preparation of metal-lignin com-
posites with different transition metals (reaction conditions: start tem-
perature, 45 °C; metal content, 10 wt%; salt solvent, DI water; lignin
solvent, tetrahydrofuran)

metal-lignin coprecipitation process can be from several
sources. First, the enthalpy of mixing (or heat of mixing)
is the heat released or absorbed from the mixing of both
the metal salt solution and the lignin solution [31]. During
the mixing process, metal ions may diffuse, or transfer to
the lignin molecule surface, and form a coordinated bond
to heteroatom (O, S, and N) -containing functional groups
in Kraft lignin, where metal-lignin complexes are formed.
The heat of mixing is the consequence of the formation of
new bonds between metal ions and the functional groups
of lignin; the enthalpy of mixing can be exothermic or
endothermic. Second, the temperature change may result
from the heat of precipitation which is the energy change
when a precipitate is formed from its original ions in the
solution. The precipitation process can be an exothermic
or endothermic reaction. Third, reaction heat comes from
chemical reduction of metal ions by active functional
groups in lignin or Fenton-like reactions catalyzed by
transition metal ions. Chemically, lignins are cross-linked
phenolic polymers and phenolic units are the basic struc-
tures of lignins. Much work has been done on degradation
of lignin through Fenton or Fenton-like reactions [32]. A
Fenton reaction is a rapid and exothermic process where
organic compounds are oxidized to carbon dioxide and
water by Fenton reagents [33].

During the Mo-lignin composite preparation process,
Ts of Mo-lignin mixture was kept nearly constant at 45 °C.
From the beginning, it increased to 45.6 °C after adding
ammonium molybdate solution to the lignin solution, then
decreased slowly to 45.0 °C after mixing for 200 s. To
monitor the potential reactions which occurred during the
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Fig.2 CO,, NO, and THF concentration levels by an on-line mass spectrometer during preparation of metal-lignin composites with different
transition metals (reaction conditions: start temperature, 45 °C; metal content, 10 wt%; salt solvent, DI water; lignin solvent, tetrahydrofuran)

blending process, a residual gas analysis (RGA) was used
to measure the volatile species released from the reaction
system (Fig. 2). No gaseous or volatile products formed dur-
ing Mo-lignin co-precipitation process (Fig. 2a). A thick
slurry mixture was formed during the stirring process and no
immediate solid deposited from the mixed solutions.

For the Ni-lignin composite, Ts of Ni-lignin mixture
increased immediately from 45 °C to 49.2 °C after mix-
ing nickel nitrate solution and lignin solution for 22 s, then
decreased gradually to 48.4 °C after mixing for 200 s. Fig-
ure 2b shows only THF concentration level increased due
to the vaporizing under increased temperature during the
coprecipitation process. A sticky syrup-like product was
formed during the mixing process.

For the Fe-lignin composite, Ts of Fe-lignin mixture
increased rapidly from 45 °C to 60.8 °C after mixing iron
nitrate solution and lignin solution for 40 s, then increased
gradually to 63.2 °C after mixing for 200 s. Figure 2c plots
the trends of gas species during coprecipitation of the Fe-
lignin sample. A significant amount of CO, and NO, started

to release after mixing for 25 s. CO, concentration level
increased fast and reached its maximum level after reaction
for 54 s, then decreased slowly to low levels. NO, forma-
tion rate increased to its high level after reaction for 59 s,
then kept near constant. CO, and NO, are the most prob-
able products during catalytic oxidation of lignin by Fenton
reaction.

Similar to the Fe-lignin composite, Ts of Cu-lignin mix-
ture increased quickly from 45 °C to 51.6 °C after mixing
copper nitrate solution and lignin solution for 32 s, then
increased gradually to 54.0 °C after mixing for 200 s. CO,
and NO, were also observed to be released from Cu-lignin
mixing system during the precipitation process; it seemed
they were the products of catalytic oxidation of lignin by a
Fenton-like reaction.

Lignin possesses abundant hydroxyl, carboxyl, carbonyl,
phenolic, ether, and lactone groups which can serve as
ligands to catch metal ions by coordinate bonding. When
mixing lignin with transition metal solutions, metal ions may
be chelated by these functional groups and form metal-lignin

@ Springer



984 Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:978-996

complexes. However, due to the different metal properties
like oxidation states, electron structures of their ions, etc.,
these four metals show significantly distinct interaction
behaviors with lignin during coprecipitation process.

Because Mo(VI) presents as an oxo-anion such as
(Mo0,)~2, or (M0,0,)72, and (M0,0,,)°~ in ammonium
heptamolybdate solution, it is highly unlikely to chemically
adsorb onto the lignin surface where negatively charged
oxygen-containing functional groups prevail. Instead,
ammonium cations (NH,*) might combine with these oxy-
gen-containing ligands. No interaction or a very weak inter-
action occurs between lignin and Mo(VI) ions when mixing
both solutions, which may explain why the temperature kept
constant and no gaseous products were detected during the
precipitation process. A thick slurry mixture was formed
after stirring the mixture for 30 min. A brown powder prod-
uct was obtained as the Mo-lignin composite sample after
vaporizing the solvent at room temperature for one week
(Fig. 3); its physical appearance was more like Kraft lignin
except a little darker in color.

Ni ions (Ni2*) may be coordinated strongly to oxygen-
containing ligands in lignin, while significant heat was liber-
ated during the chelating process. Consequently, combined
Ni ions in lignin will significantly modify the molecular
structure of lignin by drawing the coordination sites in

“Kraft Lignin

Fig. 3 Physical appearance of Kraft lignin, and Mo-lignin, Ni-lignin,
Cu-lignin, and Fe-lignin composites. (Reaction conditions: start tem-
perature, 45 °C; metal content, 10 wt%; salt solvent, DI water; lignin
solvent, tetrahydrofuran)

@ Springer

closer, thereby making the lignin structure tighter and more
condensed [4]. This is a very quick process, and consid-
erable solvents, including THF and water, were trapped in
the Ni-lignin composite when the lignin structure began to
shrink and condense during the coprecipitation process. This
leads to a syrup-like product being formed during the mixing
process. The Ni-lignin composite sample looked like a dark
grey homogeneous lump since there were still some solvents
trapped in the mixture after drying at room temperature for
one week (Fig. 3). No redox reactions happened during Ni-
lignin composite formation process since no CO, or other
gaseous products were detected (Fig. 2b).

When mixing with lignin solution, Fe** ions are chelated
to hydroxyl, carboxyl, carbonyl, phenolic, ether, and lactone
groups in lignin and a uniform solution is first obtained. The
temperature began to rise after blending for 5 s and as the
temperature reached 58.0 °C (after mixing for 25 s) (Fig. 1),
the mixture became thicker with brown gases and vapor bub-
bling out from the sticky mixture. With the reaction ongoing,
the temperature increased continuously with more gases and
vapor generated in the mixture and the volume of the mix-
ture expanded approximately 3-5 times as a foam state. The
foam collapsed after all the solvents evaporated and a dark
grey powder product was achieved (Fig. 3). Heat and gase-
ous products during Fe-lignin coprecipitation were mainly
contributed by the Fenton reaction or Fenton-like reaction
[34]. The chelated Fe’* could be reduced to Fe** by active
functional groups [35] (Eq. 1).

Fe>* + CxHyOz — Fe’* + H™ + H,0 + CO, 1)

Tetrahydrofuran was used as the solvent to dissolve Kraft
lignin where a trace of tetrahydrofuran peroxide may form
when contacting air. THF peroxide then reacts with water
to generate H,O, (Eq. 2) when mixing with water solution.

ROOH + H,0 — ROH + H,0, )

Generally, Fe?* can react with peroxides such as H,0,
to produce hydroxyl radicals (OH-) (Eq. 3), which is well-
known as the Fenton reaction [36]. Fe>* can also react with
H,0, in the so-called Fenton-like reaction (Eq. 4) [37]. OH-
can also be initially generated by interaction of Fe?" and Cu*
with oxygen (O,) [38].

Fe’* + H,0, » Fe** + HO -+ OH™ 3)

Fe** + H,0, » Fe’* + HOO - +H" )

Hydroxyl radicals will initialize the oxidation of
organic compounds through radical reactions (Eqs. 5-6)
[39], where H,O and CO, are the main products. Usually,
Fenton reaction takes place at room temperature and under
atmospheric pressure and reaction rates are relatively
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fast since it’s a radical reaction. The reaction is strongly
affected by the pH value and the process is promoted under
acidic environment. The initial pH value of the Fe-lignin
mixture is in the range of 3—4. Nitric acid may be formed
and subsequently oxidize active functional groups in lignin
to CO, and H,O, while at the same time, nitrogen oxides
are released (Eq. 8).

HO-+RH — R+ H,0 )
HO-+R-COOH - R-+H,0+CO, (6)
H* + NO; — HNO, ™
HNO; + CxHyOz - H,0 + CO, + NO, ®)

Aside from Fe?*/ Fe®* ions serving as the catalysts for
the Fenton reaction, the process promoted by cations such
as Cu?*, Co%*, and Mn2" is called a ‘‘Fenton-like reac-
tion’” [40]. Cu** has been widely studied for Fenton-like
reactions in pollution remediation [41], solar energy [42],
and sensors [43]. Like the Fe-lignin sample, a Fenton-
like reaction was also found to take place in the Cu-lignin
precipitation process. A large amount of NO, and CO,
gas as well as solvent vapors were observed to be released
from the mixture. A dark grey powder product is attained
(Fig. 3).

The FTIR spectra of Kraft lignin and Metal-lignin
composites are plotted in Fig. 4. The representative FTIR
peaks were assigned to functional groups in lignin [44]. A
strong FTIR peak at 3368 cm™! is assigned to stretching
vibrations of hydroxyl groups in lignin. Peaks at 2937 and

2841 cm™! are assigned to stretching vibrations of methyl
and methylene groups in branch chains [45]. FTIR bands at
1710 cm™! is contributed by carbonyl groups. Absorption
peaks at around 1597, 1511, and 1417 cm™! are associated
with vibrations of aromatic units in lignin [46]. The peaks
at 1265 and 1215 cm™" are contributed by the C=0 stretch
and C-C, C-0, and C=0 stretches, respectively [47, 48].
The peak at 1078 cm™! is assigned to C-O deformation in
secondary alcohol and aliphatic ether in side-chains [35].

FTIR spectrum of Mo-lignin composite is compared in
Fig. 4. There were several new peaks for the Mo-lignin sam-
ple. The N-H stretching vibration of NH,* was detected at
3170 cm™! and the N-H deformation band of ammonium
ions appeared at 1417 cm™! [49]. The three bands (926,
877 and 835 cm™!) below 1000 cm™! were contributed by
various Mo—O lattice stretching modes of polymolybdates
[50]. No change was found for all the peaks related to Kraft
lignin which proved no interaction or a very weak interaction
occurred between lignin and Mo(VI) ions in the Mo-lignin
sample.

FTIR spectra of the Ni-, Cu-, and Fe-lignin compos-
ites were compared to Kraft lignin in Fig. 4. Intensity and
position of FTIR bands were found to be reduced and/
or shifted after introducing nickel, copper and iron ions.
First, the peaks of hydroxyl groups (3700-3300 cm~! and
1100-900 cm™!) were decreased in intensity or shifted in
positions, indicating a decline of free hydroxyl groups on
the Kraft lignin. The new band observed at 3240 cm™! is
assigned to metal hydroxides formed in M-lignin (M =Ni,
Cu, and Fe) [51]. The decrease in intensity and shift of
peaks related to—C=0, C—-0O—-C and —COO groups
(1710, 1665, 1456, 1362, 1210, and 1078 cm_l) means
strong interaction between nickel, copper, and iron ions
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Fig.4 FTIR spectra of Kraft lignin, and Mo-lignin, Ni-lignin, Cu-lignin, and Fe-lignin composites at the ranges of 3700 to 2500 cm™! (a) and

1750 to 700 cm™" (b)
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Fig.5 SEM images of Kraft lignin (a), Cu-lignin (b), Ni-lignin (c¢), Mo-lignin (d), and Fe-lignin (e) composites

and the these functional groups [35]. FTIR spectra changes  carboxylate and hydroxylate anions since carbonyl, carboxyl,
in—OH,-C=0, C—0-C and —-COO might be related  and hydroxyl groups are the main ligands to combine nickel,
to the coordinated bonds formed between metal ions and  copper, and iron ions [35, 52]. Aromatic ring structures in
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M-lignin composites were not modified since no obvious
changes were detected in FTIR bands of aromatic units
(1594, 1511, 1426, 1265, 1124, and 1031 cm™!) The new
FTIR bands at 1535 and 1330 cm™' were assigned to surface
nitrate complexes from metal nitrates [53-55].

FESEM was used to analyze the morphology of Kraft
lignin and M-lignin samples. Figure 5 shows the morpholo-
gies of the Kraft lignin and the M-lignin composites. The
particle size of Kraft lignin is between 0.5—1 um and its sur-
faces are smooth and clean (Fig. 5a). Figure 5b shows a SEM
image of Cu-lignin sample; the sample looks porous and
embedded with nanoparticles. The dried Ni-lignin sample is
made of pores filled with 10-50 nm particles (Fig. 5c). Fig-
ure 5d shows a SEM image of Mo-Kraft lignin samples; the
morphology of Mo-lignin is similar to that of Kraft lignin,
but its surface is embellished with some particles. Figure Se
shows a SEM image of Fe-Kraft lignin samples; the Fe-
lignin composite is embedded with porous nanoparticles.
These nanoparticles have sizes ranging from 2-8 nm. SEM
results agree with HRTEM results reported in our previous
work [30]. Figure S1 shows the elemental mapping of C, Fe
and O for a 10% Fe-lignin composite. It was observed that
iron ions were uniformly anchored in the kraft lignin matrix.

3.2 Fe-lignin Composites Prepared with Different
Solvents

Chemical coprecipitation method is used to prepare uni-
formly distributed metal-lignin composites [3]. Metal salts
are dissolved in water to form aqueous metal ion solutions,
therefore the ideal solvents to dissolve or disperse Kraft
lignin should be miscible with water [3]. In present work, DI
water, methanol, acetone and tetrahydrofuran are chosen to
dissolve/disperse Kraft lignin. Four, 10 wt% Fe-lignin com-
posites were prepared using these four different solvents (DI
water, methanol, acetone, and THF) by coprecipitation meth-
ods, and the Fe-lignin composites from 4 different solvents
are Fe-lignin-W, Fe-lignin-M, Fe-lignin-A, and Fe-lignin-
T [3]. Kraft lignin demonstrates different solubility in DI
water, methanol, acetone and tetrahydrofuran. A light brown
suspension was obtained when mixing kraft lignin and water
together at room temperature and nearly all the Kraft lignin
precipitated from the water after settling for 30 min, indi-
cating Kraft lignin is totally insoluble in water at low tem-
perature. Dark brown solutions were initially achieved after
mixing Kraft lignin with methanol, acetone, and THF; how-
ever, after standing for 30 min, approximately 35% of lignin
deposited from methanol and 20% of lignin deposited from
acetone. No Kraft lignin settled from THF solution after
standing for 30 min. The chemical coprecipitation processes
for Fe-lignin-W, Fe-lignin-M, Fe-lignin-A, and Fe-lignin-T
composites demonstrate distinct reaction phenomena, i.e.,
different temperature profiles, gas formation, and physical
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Fig.6 Temperature profiles during preparation of 10 wt% Fe-lignin
composites with different solvents (reaction conditions: start tempera-
ture: 50 °C; iron content: 10 wt%; salt solvent: DI water; lignin sol-
vent: DI water, methanol, acetone or tetrahydrofuran)

appearances of the prepared samples. Sample temperature vs
reaction time is illustrated in Fig. 6. CO, and NO, concentra-
tion levels during preparation of Fe-lignin composites with
different solvents are plotted in Fig. 7.

During preparation of Fe-lignin-W composite, Ts of Fe-
lignin-water mixture started at 50 °C and increased gradually
to 52.4 °C after adding iron nitrate solution to lignin-water
suspension and mixing for 200 s. The temperature increase
may result from the partial chelating of Fe** ions to the func-
tional groups on the lignin surface. No gaseous CO,, NO,,
or other volatile products formed (Fig. 7), meaning no Fe**
reduction reaction or Fenton reaction occurred during the
Fe-lignin-W co-precipitation process. Kraft lignin is com-
pletely insoluble in water at low temperature and most of the
functional groups are unreachable to iron ions [3]; therefore,
the reduction reaction of Fe** by active functional groups
can be neglected in the precipitation process. Additionally,
the Fenton reaction is not initialized since no peroxide spe-
cies are present in the Fe-lignin-water suspension, thus, no
CO, and NO, species are generated. A suspension mixture
was formed during the stirring process with no solid depo-
sition from the mixed solution. Most of the iron salt was
deposited on the surface of lignin particles, and a brown
powder product was noted as the Fe-lignin-W composite
after evaporating water at room temperature (Fig. 8).

For the Fe-lignin-M precipitation process, the tempera-
ture increased from 50 °C to 57.9 °C after mixing for 110 s,
then increased slowly to 58.9 °C after reaction for 200 s.
Kraft lignin can be partially dissolved in methanol, thus,
numerous functional groups are accessible and can combine
with iron ions. Only a small amount of CO, was formed
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Fig.7 CO,, and NO, concentration levels by an on-line mass spec-
trometer during preparation of Fe-lignin composites with different
solvents (reaction conditions: start temperature: 50 °C; iron content:
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Fig.8 Physical appearance of 10% Fe-lignin composites prepared
with different solvents: THF, acetone, methanol and DI water

but no NO, was detected during the precipitation process.
CO, and part of the generated heat resulted from the oxida-
tion of active species by Fe>* ions. However, due to lack
of peroxide species in the solution, hydroxyl radicals were
not created, Fenton reaction was not initialized, and lignin
decomposition did not take place in the Fe-lignin-methanol
mixture. A sticky slurry mixture was made after stirring the
mixture for 30 min. A mixture of brown and grey powder
was produced after vaporizing methanol and water at room
temperature (Fig. 8).

When using acetone as the solvent to prepare the Fe-
lignin composite, the temperature increased from 50 °C
to 58 °C after mixing for 40 s, then increased gradually to
62.3 °C after reaction for 200 s (Fig. 6). Before the tempera-
ture reached 58 °C, the reaction was mild with only a trace of
CO, generated. Then the reaction became severe, with large
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10 wt%; salt solvent: DI water; lignin solvent: DI water, methanol,
acetone or tetrahydrofuran)

amounts of gases including CO,, NO,, and solvents (acetone
and water vapor) bubbling out of the mixture (Fig. 7), while
expanding to a foam state which dried to a porous structure.
This means both the Fe>* reduction reaction and Fenton
reaction were triggered during the Fe-lignin-A co-precip-
itation process. Similar to THF, acetal peroxides may form
when acetone is exposed to air [56, 57], leading to creation
of hydroxyl radicals by peroxide species through Fenton
reaction; consequently, redox reaction of lignin is triggered
to produce CO, and NO,. A dark grey powder product was
produced as Fe-lignin-A composite (Fig. 8).

When mixing iron nitrate solution and lignin-THF solu-
tion at 50 °C, the Fenton reaction was fierce and the tem-
perature increased rapidly from 50 °C to 63 °C in 22 s. The
Fe-lignin mixture was puffed by CO,, NO,, and vaporized
solvents, and quickly solidified and dried forming a porous
black material. A dark grey powder product was made after
drying the sample at room temperature for one week (Fig. 8).

FTIR spectra of Kraft lignin and Fe-lignin composites pre-
pared with four different solvents are compared in Fig. 9. All
the FTIR bands related to -OH (3368 cm™ and 1078 cm™")
-C=0, C-0-C, and -COO (1710, 1640, 1458, 1367, 1215,
and 1078 cm™") are changed in intensity and/or shifted in posi-
tion. The lessening of the intensity and shift of the peaks are
contributed by the interaction between Fe ions and hydroxyl,
carboxyl, carbonyl, ether and ester functional groups in Kraft
lignin, i.e., Fe ions are chelated to -OH, -C=0, C-0O-C, and
-COOQ during the coprecipitation process [52]. The decrease
in the intensity of -OH, C=0, and C-O related groups for Fe-
lignin composites is ordered Fe-lignin-T > Fe-lignin-A > Fe-
lignin-M > Fe-lignin-W. The intensity of FTIR bands (1535
and 1330 cm™!) of surface nitrate complexes [53-55] increases
with the order of Fe-lignin-W < Fe-lignin-M < Fe-lignin-
A <Fe-lignin-T [3]. This implies that the dispersion rates of
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Fig.9 FTIR spectra of Kraft lignin and Fe-lignin composites prepared with different solvents at the ranges of 3700 to 2500 cm™' (a) and 1750 to
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Fe ions in Kraft lignin are increasing following an order of
Fe-lignin-W < Fe-lignin-M < Fe-lignin-A < Fe-lignin-T. FTIR
results indicate a better dispersion of iron ions in Kraft lignin
will be achieved when Kraft lignin is completely dissolved by
an organic solvent.

The SEM images (Fig. 10) show the morphologies of Fe-
lignin composites prepared with four different solvents. The
morphology of the Fe-lignin-W composite is much differ-
ent from those of Fe-lignin-M, Fe-lignin-A, and Fe-lignin-
T composites. Large iron particles observed on the surface
of Fe-lignin-W composite are due to the poor solubility of
Kraft lignin in water [3]; iron deposits and agglomerates on
the lignin surface since kraft lignin is not dissolved, and pre-
sents as a condensed chunk. Diameter of the surface iron par-
ticles of Fe-lignin-W sample was about 20-200 nm (Fig. 10a).
Iron particles are smaller in Fe-lignin-M composite, and their
diameters range between 10-20 nm (Fig. 10b). For the Fe-
lignin-A composite, fewer particles are observed on the sur-
face (Fig. 10c) since iron ions are uniformly chelated by the
functional groups in lignin. The morphology of Fe-lignin-T
composite is homogeneous (Fig. 10d). Fe ions should be well
distributed in the lignin matrix, therefore, no iron particles are
observed to form on the surface of the composite. Spherical
iron nanoparticles were uniformly distributed in the carbon
matrix after thermal decomposition of Fe-lignin-T composites
[3]. XRD results proved that these nanoparticles were com-
posed of a-Fe, y-Fe, iron carbide, and graphene structures [2,
3].

3.3 Fe-lignin Composites with Different iron
Concentration

The effect of iron content on the formation of Fe-lignin com-
posites through coprecipitation method was investigated.
Iron-lignin composites with four different iron contents were
prepared using THF for dissolution of Kraft lignin: 5 wt%,
10 wt%, 15 wt% and 20 wt%. 5% Fe-lignin, 10% Fe-lignin,
15% Fe-lignin, and 20% Fe-lignin exhibited different char-
acteristics during the coprecipitation process, i.e., different
start time of the Fenton reaction, temperature profiles, gas
formation rate and amount, and physical appearances of the
dried samples. Sample temperature vs reaction time is plot-
ted in Fig. 11. CO, and NO, concentration levels during
preparation of Fe-lignin composites with different solvents
are plotted in Fig. 12.

Temperature profiles are distinct for the formation of Fe-
lignin composites through coprecipitation process (Fig. 11).
For the 5% Fe-lignin sample, its temperature increased
gradually from 45 °C to 49.5 °C after adding iron solution
to lignin solution for 20 s. Temperature of 10% Fe-lignin
increased quickly from 45 °C to 55.5 °C in 20 s after blend-
ing both iron and lignin solutions, while the temperatures for
15% and 20% Fe-lignin samples increased abruptly 45 °C
to 66.3 °C and 79.1 °C in 20 s, respectively. The maximum
temperature for each sample is 54 °C after 200 s, 63 °C after
144 s, 69.7 °C after 50 s, and 79.7 °C after 32 s for 5%,
10%, 15% and 20% Fe-lignin samples, respectively. Fenton
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Fig. 10 SEM images of 10% Fe-lignin composites prepared with different solvents: a Fe-lignin-W, b Fe-lignin-M, ¢ Fe-lignin-A, and d Fe-

lignin-T

reaction induction time was shorter with increase of iron
content (Fig. 12); the initiation times were 50 s, 25 s, 9 s, and
1 s for 5%, 10%, 15% and 20% Fe-lignin samples, respec-
tively. High initial metal concentration in the solution and
the abundant availability of the active functional groups on
the Kraft lignin at the beginning of the process can kineti-
cally accelerate the rate of the chelating and Fenton reac-
tions [32]. With lower iron concentration, there is gradual
chelation of the active sites resulting in less heat generation
and less Fe>* reduced to Fe?*. As a result, there is a lower
rate of Fenton reaction since it depends on Fe?* level and
solution temperature. With increase of Fe** concentration,
more Fe** was generated, and more heat was liberated to the
mixture. The Fenton reaction was then accelerated to create
more hydroxyl radicals; consequently, the rate of oxidation
of lignin was further promoted and more heat and gaseous
products were produced.

@ Springer

FTIR spectra of Kraft lignin and Fe-lignin compos-
ites with different iron content are plotted in Fig. 13. The
intensity of the peaks related to the free hydroxyl groups
(3700-3300 cm™" and 1100-900 cm™") in Kraft lignin atten-
uates with increasing of iron content, which is attributed
to the decrease of the free hydroxyl groups on the Kraft
lignin [3]. The intensity of the peak at 3220 cm™!, which
is the -OH stretching vibration of iron hydroxyl, increases
with higher iron content because iron hydroxyl content
increases with more iron content. The intensity of the peaks
related to C=0, C—O-C and -COOQO groups also decreases
with increase of iron content. Attenuated intensity of free
hydroxyl, C=0, and C-O groups means more iron ions
chelated to carbonyl, carboxyl, and hydroxyl groups with
increasing iron content [3].

Figure 14 demonstrates physical appearance of Fe-
lignin composites with different iron content. The color of
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Fig. 11 Temperature profiles during preparation of Fe-lignin compos-
ites with different iron content (reaction conditions: start temperature,
45 °C; iron content, 5 wt%, 10 wt%, 15 wt% and 20 wt%; salt solvent,
DI water; lignin solvent, tetrahydrofuran)

Fe-lignin composites changed from black (5%) to dark gray
(10% and 15%) to light brown (20%). Increased iron con-
tent increased the amount of Fe(OH); that was formed and
distributed in the composite which could explain the color
change. The Fe-lignin composite became finer with increase
of iron content because more functional groups and other
chemical bonds in lignin are oxidized or broken as more iron
ions participate in the Fenton reaction. As a result, depolym-
erization degree of lignin is increased.
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Fig. 12 CO, and NO, concentration levels by an on-line mass spec-
trometer during preparation of Fe-lignin composites with different
iron content (reaction conditions: start temperature, 45 °C; iron, 5
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Figure 15. shows SEM images of Fe-lignin samples with
5%, 10%, 15% and 20% iron content. Nanoparticles were
found embedded in lignin matrices and the numbers and
sizes of particles increased with increase of iron content
[58].

3.4 The Effect of the Initial Mixing Temperature

The Fenton reaction is an exothermic process and the reac-
tion rate increases with increasing temperature, with the
effect more obvious at low initial temperatures; therefore,
temperature is one of the important factors influencing reac-
tion kinetic rates in Fenton reaction. Monitoring the tem-
perature and controlling the rise in temperature is critical
to safely manage the reaction. Experiments were conducted
at 45 °C, 50 °C, 55 °C and 60 °C to explore the effect of
initial temperature on the chemical coprecipitation of 10%
Fe-lignin composite. Figure 16 demonstrates temperature
profiles during preparation of Fe-lignin composites with dif-
ferent start temperature. An increase in initial temperature
leads to an accelerated initial kinetic rate of Fenton reaction
and consequently, an increase in system temperature. The
induction time of the Fenton reaction is shortened. When the
coprecipitation started with an initial temperature of 60 °C,
the reaction was so fierce, the Fenton reaction was triggered
immediately. Tremendous amounts of gaseous products and
vapors were released from the mixture as the temperature
shot from 60 °C to 80.5 °C in 10 s and reached 90 °C in
30 s. Reactants were solidified as a foam state and puffed
out of the glass beaker by the gases and vapors. If the initial
temperature is 60 °C or above, thermal runaway can occur

= T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Time (s)

wt%, 10 wt%, 15 wt% and 20 wt%; salt solvent, DI water; lignin sol-
vent, tetrahydrofuran)
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Fig. 14 Physical appearances of Fe-lignin composites with different
iron content

occasionally due to the accelerated initial reaction rate, and
subsequently, more heat from Fenton reaction accumulating
in the system leading to rapid temperature increase where
solvents are vaporized in a very short time (<60 s). The
active functional groups in lignin then undergo catalytic
ignition by Fe** ions when exposed to air and the dried Fe-
lignin powder starts to burn.

The effects of types of transition metals, solvents, con-
centration of metal salts, and initial solution temperature on
the interactions between metal ions and Kraft lignin were
investigated and the phenomenon observed during the prepa-
ration process are summarized in Table 3.

@ Springer

To prepare a M-lignin composite with the best miscibil-
ity, the following is the most reliable process developed:
THF and acetone are appropriate solvents to dissipate Kraft
lignin; to avoid the potential for thermal runaway, the copre-
cipitation process should be executed at room temperature if
copper nitrate or iron nitrate are used as the metal salts; and
metal loading should be 15% or less. The coprecipitation
process should not be performed in a batch reactor. A con-
tinuous flow mixing method is suggested to prepare M-lignin
in massive scale by chemical coprecipitation process.

4 Conclusions

The results of the current study have shown metal-lignin
composites can be prepared though a coprecipitation
method. However, it was observed the coprecipitation pro-
cess was exothermic and significant heat and gases were
released from oxidation of lignin by Fenton or Fenton-like
reactions. The structure, uniformity, morphology, physical
appearance, and metal particle size of the metal-lignin com-
posites are greatly influenced by types of transition metals,
solvents, initial temperature and concentration of metal salt.

Transition elements, namely Fe(III), Ni(II), Cu(II), and
Mo(VI, (Mo7024)6‘) were examined to prepare metal-lignin
composites by coprecipitation method. The reactions of
coprecipitation with different metals behaved distinctively
in process temperature, gaseous products, physical appear-
ances, morphology, and structure of the solid products.
No gaseous or volatile products formed during Mo-lignin
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Fig. 15 SEM images of Fe-lignin composites with different iron content: a 5 wt%, b 10 wt%, ¢ 15 wt% and d 20 wt%

co-precipitation process. No interaction or very weak
interaction occurs between lignin and Mo(VI) ions when
temperature is kept constant and no gaseous products are
detected during the coprecipitation process. Ni ions are
strongly chelated by oxygen-containing ligands in lignin,
but no redox or Fenton-like reaction occurs during Ni-lignin
coprecipitation process. Fe’* and Cu®* ions are combined to
the functional groups and then quickly trigger the oxidation
of lignin through Fenton or Fenton-like reaction. Significant

heat and gaseous products (NO, and CO,) are formed in the
precipitation procedure.

DI water, methanol, acetone, and THF were investigated
to dissolve Kraft lignin for the Fe-lignin coprecipitation.
The Fenton reaction will not happen when using water or
methanol but will occur when tetrahydrofuran or acetone
are used to dissolve Kraft lignin. Peroxides may be formed
in THF and acetone if exposed to air, triggering the Fenton
reaction with the existence of Fe or Cu ions. The intensity
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Fig. 16 Temperature profiles during preparation of Fe-lignin compos-
ites with different start temperature (reaction conditions: start tem-
perature: 45 °C, 50 °C, 55 °C and 60 °C; iron content, 10 wt%; salt
solvent, DI water; lignin solvent, tetrahydrofuran)
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of reaction is in the order of Fe-lignin-T > Fe-lignin-A > Fe-
lignin-M > Fe-lignin-W; the degree of iron dispersion is in
the same order. The effect of iron content on the formation
of Fe-lignin composite is studied, and it is found the reaction
initialization time is shortened and the reaction becomes
more vigorous and uncontrollable with increase of iron con-
tent. Temperature is one of the important factors influencing
kinetic rates in Fenton reaction. The coprecipitation process
becomes less controllable with increase of initial mixing
temperature, and it is discovered that thermal runaway reac-
tion might happen if the mixing start temperature reached
60 °C or above.

Table 3 Conditions and observations for M-lignin preparation by the coprecipitation method

M-lignin composites Solvent for Initial coprecipita-  Fenton/Fenton- Exothermic process? Potential thermal runaway? Miscibility
lignin dissolu-  tion temperature like reactions?
tion °C)
20% Mo-lignin THF 45 No No No Good?*
10%Ni-lignin THF 45 No Yes, medium No Good?*
10% Cu-lignin THF 45 Yes Yes, strong Yes Excellent®
10% Fe-lignin THF 45 Yes Yes, strong Yes Excellent®
10% Fe-lignin DI water 50 No Yes, weak No Poor®
10% Fe-lignin Methanol 50 No Yes, medium No Fair®
10% Fe-lignin Acetone 50 Yes Yes, strong Yes Excellent®
10% Fe-lignin THF 50 Yes Yes, strong Yes Excellent®
5% Fe-lignin THF 45 Yes Yes, medium Maybe in large scale Excellent®
15% Fe-lignin THF 45 Yes Yes, very strong Yes Good°®
20% Fe-lignin THF 45 Yes Yes, extreme Yes Fair, iron
agglom-
eration
10% Fe-lignin THF 55 Yes Yes, extreme Yes Excellent
10% Fe-lignin THF 60 Yes Yes, extreme Yes, even at lab-scale -

#Agrees with results of reference [30]

bAgrees with results of reference [3]

¢ Agrees with results of reference [58]
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