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Abstract: Biomass gasification is a promising way to obtain “green energy”, but the gas composition
makes it unsuitable for use in traditional technologies (i.e., IC engine). Gas purification over nickel
and/or iron catalysts is an attractive alternative. Cellulose-based carbon aerogels (CAGs) have
shown suitable physical chemical properties for use as catalyst supports. In this work, nickel
and iron catalysts are supported on CAG made from cellulose microfibers. Microfibers were
impregnated with (NH4)2SO4 to increase the mass yield. Carbonization was evaluated at different
heating rates, maximum temperatures, and dwell times to generate CAGs. Resulting chars were
characterized by N2 adsorption, X-ray diffraction (XRD), and Raman spectroscopy. The CAG with
better properties (specific surface, pore size, thermal resistance) was impregnated with the metal
precursor salt via incipient wetness and treated with H2. Catalysts were characterized by transmission
electron microscopy (TEM), XRD, N2 adsorption, and inductively coupled plasma optical emission
spectrometry (ICP-OES). Ammonia adsorption was studied over CAG and catalysts to estimate the
thermodynamic parameters. The impregnation with ((NH4)2SO4 improves thermal resistance of the
char obtained from carbonization. The catalysts exhibit higher adsorption capacity than CAG (without
metal), indicating chemical interaction between ammonia and metals. The metal-ammonia interaction
is stronger on Fe than on Ni catalyst, which is consistent with reported theoretical calculations.

Keywords: cellulose nanofibers; carbon aerogel; nickel catalyst; iron catalyst; ammonia adsorption

1. Introduction

Biomass is an abundant and easy to harvest resource, but faces difficulties associated with
distribution logistics (collection, transportation, and distribution). Furthermore, biomass, especially
wood, has lower energy density (2–3 GJ/m3) than other common fuels such as ethanol (23 GJ/m3)
and gasoline (35 GJ/m3) [1,2]. One of the most traditional and promising technologies for converting
solid biomass into energy, fuels and commodities is gasification [3], but obtaining the desired products
can be challenging. The composition of gasification gases (CO2, H2, CO, CH4) can vary depending on
gasifying agent (i.e., steam, air, oxygen), gasification temperature, reactors design, as well as feedstock
composition. For example, Molino et al. [4] have reported that Pine sawdust gasification result in
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a syngas composition with high content of CO (35–43%) and H2 (21–39%), while CH4 (6–10%) and
CO2 (18–20%) appear in lower concentrations. However, changing biomass type by α-cellulose the
balance is quite different with less CO (6.5–11.2%), H2 (13.5–18.5%), and CH4 (2.2–3.7%) and increasing
CO2 (26.3–27.7%). Regardless of the gasification conditions, the syngas is contaminated with traces of
undesirable species such as ammonia (NH3) and sulphur compounds (H2S, SOx), with condensable
polyaromatics known as tar and with solid particles [5]. These contaminants are not allowed for most
technologies used downstream of the gasifier such as IC engine, turbines, FT-synthesis reactors, etc.
Tar elimination is the higher investment and operations cost in gasification; thus, the removal of tar is
a major means to reduce the overall cost of biomass gasification [5]. However, ammonia, even at low
concentrations, is inadmissible for F-T synthesis processes and may limit the use of combustion gases
due to the generation of NOx [6]. Physical cleaning pathways eliminate these compounds by means
of filters, water traps, rotary separators, electrostatic precipitators, etc. [7]. All of these technologies
miss the potential energy present in the contaminants (especially tar) [8] and transfer the contaminants
to another effluent (liquid or solid), which also requires treatment before disposition, thus elevating
the operation costs [9]. A promising way to eliminate tar and ammonia is via thermal or catalytic
cracking/reforming, which could also contribute to increase the concentration of COx and/or H2 in
the syngas [10–12]. Thermal cracking depends on temperature and begins to be effective over 1000 ◦C,
so it requires special equipment, which elevates the installation costs [11]. Above this temperature,
each 100 ◦C increase implies a caloric power loss of 3.5% [10]. Wet and dry reforming processes do not
require high temperatures but depending on gasification conditions they could require an auxiliary
service to supply steam or CO2, respectively. Furthermore, both technologies require catalysts to reduce
the activation energies of specific reactions [8,13–15]. Catalytic cracking works at the same temperature
as reforming, but without the need of an auxiliary service, making it the most economically attractive
technology. Oxides of alkaline and alkaline-earth metals, dolomites, and olivine have been reported
as active for cleaning gasification gases, nevertheless, all of them are deactivated by agglomeration,
coke deposition, and/or sintering at the reaction conditions [8,16]. According to [17,18], nickel is
the most effective catalyst for catalytic upgrading of gasification gases. It has high activity for tar
cracking, with high selectivity to H2, and it is also capable of decomposing ammonia [19,20]. Iron is
also used in this kind of reaction because it is considered the metal with highest activity for breaking
carbon-carbon bonds [21]. It is also active for ammonia decomposition [22], and it is more abundant
and environmentally manageable than nickel [23]. One of the main drawbacks of using metal catalysts
to clean gasification gases is the coke formation, which is influenced by the operational conditions,
and the catalyst and support properties [8].

The most used supports (e.g., alumina) act as reaction promoters, but they have a strong interaction
with hydrocarbons so they are affected by coke formation, mostly on acid sites [24]. On the other hand,
carbonaceous materials have proven to have a high affinity and adsorption selectivity to hydrocarbon
compounds [25] such as tar. Apart from an easily tailorable porous structure and surface chemistry,
carbon presents other advantages as a catalyst support: metals at the surface can be easily reduced; the
structure is resistant to acids and bases and is stable at high temperatures if a proper treatment is used;
the active phase can be easily recovered; conventional carbon supports usually have lower costs than
other conventional supports, such as silica [26,27]; and higher resistance to surface coke formation [24].
Nevertheless, carbon supports also present some disadvantages, such as their low reproducibility,
since different carbonization batches of the same raw material can contain varying ash amounts.

In particular, carbon aerogels (CAG) solve the problem of reproducibility because they are
obtained from standardized raw materials, mostly by carbonization of cellulose microfibers (MFCs) [28]
or aerogels obtained via organic synthesis [29]. CAGs can be synthesized using a sol-gel process,
generating an organic gel that is dried via freeze drying. The dry gel is pyrolyzed (carbonized) to
obtain the corresponding CAG. Cellulose-based organic gels are of particular interest, as cellulose has
high carbon content and it is renewable, chemically stable, and globally abundant [30]. Alternative
synthesis methods, using different raw materials, include: sol–gel systems based on the crosslinking
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of cellulose acetate with polyfunctional isocyanate in acetone [31]; sol-gel polymerization of linear
phenolic resin and hexamethylenetetramine in alcoholic solutions [32]; sol–gel polymerization reaction
of resorcinol and formaldehyde in water [33]. All of them correspond to organic synthesis with
hazardous substances, which make more attractive the use of cellulose-based raw materials. Regardless
of the synthesis method, CAGs present several advantages as catalyst supports, compared to common
carbon materials. They allow a uniform distribution of metal particles at the surface, and the metal
dispersion is stable upon heating treatments [34]; because of their nanostructure, they show higher
thermal resistance [35] and mechanical strength [36]. In addition to catalyst supports, CAGs can be
used as adsorbents, electrodes, and supercapacitors for secondary batteries, hydrogen storage, and
desalination [37–39].

Morphological and structural properties of CAGs from cellulose can be easily manipulated by
controlling the carbonization process (Table 1). According to Jazaeri et al., temperature and heating
rate are key parameters in the carbonization [30]. Their experiments indicated that long holding times
(above 17 h) and slow heating rates (below 2 ◦C/min) help to preserve desired fibrous morphology and
acceptable mass yield, although reported mass yields are far from the theoretical 44.4 % of carbon in
cellulose (about 15% [40]). Different strategies have been reported to increase mass yield: Impregnation
of raw material with ammonium salts [41], carbonization under acid atmosphere (HCl) to promote a
fast dehydration and avoid carbon losses [42], and modification of the carbonization conditions [43,44].
In particular, the impregnation with ammonium salts (i.e., ammonium sulphate) modifies the pyrolysis
mechanism that is normally observed for biomass. It favours dehydration at lower temperatures and
stabilizes the carbonaceous structure [45], which results in a lower mass loss.

Usually, higher carbonization temperatures lead to carbons with higher specific surface area, up to
the point (different for each raw material) where the structure collapses as a result of the cross-linking
of carbon atoms, which reduces the space between them [46]. Nevertheless, Table 1 shows that for
CAGs, the temperature has a lower effect on the carbon surface area when lower heating rates and
shorter dwell times are used, probably because the energy-to-time ratio is not enough to remove high
amounts of solid mass to create more space between atoms and, consequently, higher porosity.

Table 1. Effect of temperature, dwell time, and heating rate on carbonized cellulose-based precursors
reported in literature.

Researcher
Conditions Results

T (◦C) Dwell Time (h) Heating Rate r (◦C/min) SBET (m2/g) rpore (nm)

Brunner [44]

460 - 70 5.2–370 a -

900 -
0.03 610 -

11 525 -
70 470 -

Meng [28] 700
0.25 5

550 >4
950 100 ~5

Yu [47] 950 2 5 742 -

Xie [48]

400

8 2.5

2.6 45.5
500 5.2 46
700 438 45

1000 449 44

Grzyb [49] 1000
1 4

117 4.5–7
1100 165 4–7.5

a first value: N2 atmosphere carbonization, second value: CO2 atmosphere carbonization.

Several authors have reported the use of CAGs as catalyst supports for the conversion of organic
compounds that can be classified as tar. Maldonado-Hódar used CAGs-supported Pt catalysts to
study the adsorption and decomposition of toluene, xylene and acetone, finding that even at high
temperatures, the support retains part of these compounds [50]. Ábrahám et al. published a study
about the acetic acid hydroconversion reaction over Mo/CAGs catalysts; their results show that the
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reaction pathways and product distributions are controlled by the accessibility of carbon surface, as well
as by the amount and shape of Mo particles [51]. Hai Woong Park et al. published an extensive work
on lignin model decomposition over Pd/CAGs catalysts, showing the need of modifying the catalyst
surface in order to reach the required performances [52,53]. These researches show that CAGs, used as
catalysts support, have direct influence on activity and selectivity in tar decomposition reactions.

The use of carbon-supported catalysts for ammonia decomposition is not common. Research
has mostly focused on ammonia adsorption over carbon and carbon-supported metals as a solution
to emission control. Rodrigues et al. studied the influence of initial ammonia concentration and
carbon bed temperature during the ammonia adsorption on activated carbon [54]. They found a
direct dependence of adsorption capacity of ammonia over carbon with the amount of ammonia in
fluid phase, contrary to rise temperature dependence. Bandosz and Petit used carbon from different
sources and different metal impregnation to evaluate strength and amount of ammonia adsorbed over
carbons surface and it interaction with metals particles [55]; they concluded that in unmodified carbon,
porosity controls the adsorption process. More detailed studies on metal-ammonia interaction have
been published using theoretical ways, in which the effect of support is not considered. Results suggest
that the adsorption of ammonia on transition metal atoms, like Fe and Ni, occurs in bridge, hollow,
and top positions, through the unpaired electrons in nitrogen [56–58]. Their results suggest a chemical
interaction between ammonia and metals supported by calculated thermodynamics parameters.

CAG-based catalysts can be prepared using organics and inorganics precursors. Smirnova et al.
impregnated CAG with Co-mesotetramethoxy-phenylporphine in tetrahydrofuran [59] and Hu et al.
impregnated mesoporous CAG with Cu(NO3)2 3H2O [38]. Most synthesis methods entail the addition
of the active metal to the support via incipient wetness impregnation [33,60], followed by drying for 4
to 12 h, and calcination [61] and/or reduction for up to 7 h, at temperatures of maximum 400 to 600 ◦C,
with slow heating rates.

In general, experimental studies show enhancement of adsorption capacity with carbon surface
modification and metal impregnation independent of catalysis preparation methods. Thermodynamic
parameters are defined by theoretical studies. Experimental data of thermodynamics parameters of
ammonia adsorption over metallic phases over carbon are not determined.

In the present work, the adsorption of ammonia on over nickel and iron catalysts supported
on cellulose-based CAG is studied, as a first step to propose a kinetic mechanism of gasification gas
cleaning reactions. An experimental design was made for the synthesis of supports and catalysts
used in the study of ammonia and tar decomposition reactions, the present report shows the first part
related to support preparation and ammonia adsorption. The support (CAG) was produced from
freeze-dried MFCs, which were carbonized at different carbonization temperatures (900, 1000, and
1100 ◦C), heating rates (10 and 20 ◦C/min), and dwell times (0, 1, and 2 h). As the support will be
used for gasification gases catalytic upgrading, the lowest carbonization temperature was restricted at
900 ◦C, to guarantee the stability of support during operation, typically between 700 ◦C and 900 ◦C [62].
An impregnation of MFCs with ammonium sulphate was carried out to enhance the thermal resistance
and mass yield of char in carbonization processes. Catalysts were characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM) and inductively coupled plasma optical emission
spectrometry (ICP-OES). Finally, the effect of temperature and initial ammonia concentration on the
adsorption of ammonia over synthesized catalysts was studied.

2. Results and Discussion

2.1. Characterization of as-Prepared and pre-Treated Cellulose Microfibers

2.1.1. As-Prepared MFCs Composition

The elemental and ICP-OES analyses of as-prepared MFCs are shown in Table 2. The molecular
formula estimated with the mass composition was quite similar to the pure cellulose (experimental:
C5.6H10.6O5.3N0.04; theoretical: C6H10O5). It is well known that alkaline and alkaline earth metals
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have significant influence, as catalysts or precursors, in carbonization processes [63]. However,
the low content of inorganics detected in MFCs by ICP-OES allows discarding their effect on the
carbonization process.

Table 2. Cellulose microfiber (MFC) compositional analysis.

MFC

Ultimate a (wt.%)

C H N O b

41.2 6.52 0.21 52.07

Sugars c

Glucose (%) Xylose (%) Extractive (%)
81.9 14.2 3.9

Inorganics

Ash (%) Na (mg/g) Ca (mg/g) Fe (mg/g) Mg (mg/g) K (mg/g) Si (mg/g)
<0.01 0.77 0.912 0.112 0.273 0.651 0.005

a Standard deviations (r) = %C ± 0.15, %H ± 0.008, %N ± 0.04, %Ash ± 0.008. b Oxygen was calculated by
difference from C, H, N. c According to NREL/TP-510-42618.

2.1.2. Crystalline Structure

The crystalline structure of raw as-prepared and (NH4)2SO4-treated MFCs were studied by X-ray
diffraction. No significant differences were observed between both XRD patterns (Figure 1), with the
main reflections appearing at the same 2theta positions.
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Figure 1. Normalized X-ray diffraction (XRD) patterns of cellulose microfiber (MFC) and pre-treated
impregnated MFC.

Similar crystal parameters were calculated from the XRD analysis (Table 3) of as-prepared and
pre-treated MFC materials, which also match the results reported for other celluloses [64]. Peaks
positions can be assigned to the presence of (100), (010), and (110) crystallographic planes, for cellulose
Iα, and (110), (110), and (200) planes, for cellulose Iβ [65]. Negative Z-values, −27 and −72 for
as-prepared and pre-treated MFC, respectively, indicate that both celluloses are predominantly of type
Iβ, with a monoclinic structure. Accordingly, the signals appearing at 2θ of about 14.8◦, 16.5◦, and
22.2◦ are assigned to (110), (110), and (200) planes.

As show in Table 3, crystallite sizes change after treatment with ammonium salt, probably caused
by partial dissolution of crystallites during impregnation. The CrI values calculated using Herman’s
equation (Equation (1b)) were slightly lower than the values of Seagal’s index. This result supports the
well-known fact that Segal’s index tends to overestimate the crystallinity. Based on results reported
by Kim et al. [66], suggesting that cellulose with higher crystallite size has a higher thermal stability,
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pre-treated MFC samples are expected to have a higher thermal stability that can also be expressed as
a higher mass yield in the carbonization process.

Table 3. Crystalline index (Equation (1a,b)), d-spacing (Equation (3)), and crystal size (Equation (4)).

Segal
CrI (%)

Herman
CrI (%)

d-Spacing (nm) Crystallite Size (nm)

(110) (110) (002) (110) (110) (002)

as-prepared MFC 79 74.2 0.6 0.544 0.395 3.6 2.7 3.9

pre-treated MFC 80.3 76.8 0.57 0.539 0.395 4.7 2.0 4.0

2.2. Carbon Aerogel Preparation

All MFC samples, as-prepared and pre-treated with an ammonium-based solution, were
carbonized at different temperatures and times, under N2 flow. Initially, nine CAG samples were
prepared and three of them (those prepared without a dwell time after reaching the pyrolysis
temperature) were selected for elemental analysis (Table 4).

Table 4. Elemental analysis of selected carbon aerogels (CAG 90, CAG 100, and CAG 110).

Sample Carbon
wt.%

Nitrogen
wt.%

Hydrogen
wt.%

Oxygen
wt.% *

Sulphur
wt.%

Ash
wt.%

CAG 90 91.20 1.7 0.8 ~5.3 BDL <1
CAG 100 92.50 2.0 0.9 ~3.6 BDL <1
CAG 110 90.70 1.3 0.6 ~6.4 BDL <1

* calculated by difference.

In all the samples, the carbon content exceeds 90 wt.%, which is a characteristic feature of
carbon aerogels (Standard 472:1999). Furthermore, the sulphur and nitrogen contents are very
low, indicating that all S-species from the ammonium salt were removed during the drying and
carbonization processes.

The textural properties of CAGs materials were correlated to the different carbonization conditions
used in the synthesis, aiming to identify the conditions leading to CAG materials with the best
properties as catalyst support for tar decomposition. Particularly, surface area and pore volume
measured by N2-physisorption were considered in the first screening. A full table with all the
carbonization conditions and carbon material properties is provided in a Supplementary Material
(see Table S1).

Results from N2 physisorption analysis at 77 K are shown in Figure 2a,b. As observed, the
specific surface area (SBET) and pore volume decrease with the increase in temperature and dwell time.
According to Marsh and Rodriguez-Reinoso [46], this behavior is common in carbonization. Depending
on the carbon precursor, the specific surface area reaches a maximum at a certain temperature, due
to the release of small molecules (i.e., water and methanol) allowing the free space that constitutes
the porosity. Further increases of temperature cause loss of heteroatoms and cross-linking of carbon
atoms, which reduces the space between them and essentially closes off porosity. For MFC as precursor
material, results (shown below) indicate that the maximum specific surface area of carbon is reached at
a temperature lower than 900 ◦C. An additional sample was prepared at 800 ◦C (CAG 80), while the
other synthesis conditions where the same as for CAG 90. The textural characterization for this sample
is included in Table 5; following the same trend, and in agreement with the results from Marsh and
Rodriguez-Reinoso [46], the specific surface was even higher, although other textural properties did
not significantly change, compared to the samples prepared at higher temperatures.
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Figure 2. Effect of dwell time and temperature on morphology of carbon aerogels (CAGs). (a) Specific
surface area, (b) pore volume. Heating rate: 10 ◦C/min.

Table 5. Comparison between pre-treated and pure MFC, carbonized at the same conditions.

CAG Mass
Yield

Specific Surface
(m2/g)

Pore Volume
(cm3/g)

Pore Size
(nm)

80 28.0 464 0.20 10.2
90 27.7 370 0.19 11.0

90–0% 13.9 327 0.17 10.2

Adsorption-desorption N2 isotherms and pore size distribution of CAG 90 are shown in Figure 3.
The isotherms can be classified as type IV, according to IUPAC classification. This shape is associated
with mesoporosity and condensation inside the pores [67]. Mesoporosity is an advantageous
characteristic for catalyst supports used in the decomposition of aromatic compounds, since the
kinetic diameter of typical tar molecules is in the range 6.9–10.7 Å [68].
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Figure 3. N2 adsorption-desorption isotherms at 77 K (a) and pore size distribution (b) for CAG 90.

Another key parameter in CAG production via MFC carbonization is the mass yield, defined as the
quantity of carbon remaining in the CAG times that contained in the MFCs. Several authors argue that
the low carbon yields of cellulose-derived CAGs are a restriction for the process economy. MFCs used
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in this work were pre-treated with ammonia-based salts, which has been reported as an alternative to
increase the carbon yield [45]. Regardless of the carbonization temperature or time, the mass yield
of all materials, pre-treated with 5 wt.% (NH4)2SO4, ranged from 26 to 28%. For the carbonization of
as-prepared MFC, without any treatment, the yield is reduced to almost the half (CAG 90–0%, Table 5).
These values are in line with those reported by Kulenkampff [40] and Arteaga et al. [69]. When the
heating ramp used in carbonization is increased to 20 ◦C/min, the increase in mass yield achieved by
sulphate impregnation is 23–69% lower. This behaviour matches with findings previously reported,
showing that higher heating rates cause greater mass losses, as observed in Table 1. Besides its effect
on yield, the impregnation with (NH4)2SO4 has no major effects on the textural properties of CAGs.

Thermogravimetric analysis was used to compare the thermal resistance of CAG samples
(Figure 4a). Note that CAG 110 has it maximum mass loss at a lower temperature than CAG 90,
however, the mass loss rate (%/min) is lower than CAG 90 at the same conditions. Starting from 350 ◦C
until the temperature of maximum mass loss, DTG increases almost linearly with the temperature,
with a “slope” (rate of mass loss per ◦C). Plots can be compared by this “slope” or by the temperature at
which the maximum mass loss rate occurs (Figure 4b). In any case, CAG 90–0% has the lowest thermal
resistance, confirming that ammonium sulphate pre-treatment has a positive effect on this property.
For CAGs prepared from pre-treated MFC, the thermal resistance increases with the carbonization
temperature, CAG 110 > CAG 90 > CAG 80. Activated carbon Pittsburgh has the highest resistance
among all samples, probably due to an activation process carried out at high temperatures and for
long times, resulting in a thermally stable structure.
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To complement the thermal resistance results, CAGs and activated carbon were analyzed by XRD
and Raman spectroscopy, respectively. The results from those analyses were also used to study the
crystallite and chemical structure of all the materials.

Main reflections in the XRD patterns of the CAGs (Figure 5) agree with those reported in literature
for other cellulose-derived chars [30]. None of the CAGs prepared here reach graphitization, which
occurs above 2000 ◦C and leads to a singular reflection at 2θ = 26.5◦ [46,70]. In contrast, all CAG
samples showed two wide reflections, at 23.4◦ and 44.4◦, assigned to the (002) and (010) planes of
the amorphous carbon structure. Both peaks are characteristic of disordered chars, and have been
reported in earlier investigations published by Biscoe et al. [71]. All CAGs patterns show a shoulder at
around 15◦, which is more pronounced for CAG 80, having almost the same intensity as the signal
assigned to the (002) carbon plane. This specific signal could be related to the (110) and/or (110) planes
of cellulose remaining after carbonization.
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Raman spectra of the synthesized CAG materials are shown in Figure 6. In the analysis of ordered
carbonaceous materials like graphite, D and G bands usually refer to Defect and Graphite structures,
respectively. However, X-ray diffraction (XRD) spectra of CAGs did not show any characteristic signal
of graphitization (2θ = 26.5◦), so D and G bands do not belong to defects and graphite structures,
respectively [72]. D band might represent C–C bonds between aromatic rings and aromatics with no
less than 6 rings. On the other hand, G bands can be attributed to the aromatic ring breathing rather
than the E2

2g fundamental vibration of graphite. The band at 2700 cm−1 is a result of the second order
phonon related to the disorder in the stacking of carbon layers [73]. Heavy aromatic compounds confer
higher thermal resistance to any char. Assuming that bands areas are proportional to the concentration
of their associated compounds, a higher ratio between D (1300 cm−1) and G (1590 cm−1) areas can be
interpreted as a higher thermal resistance. In the same way, Lc (from (002) plane) and La (from (010)
plane) crystallite dimensions (Ec. 4) have a direct proportionality with thermal resistance. As expected,
the highest values of La, Lc and AD/AC ratio (shown in Table 6) were obtained for the commercial
activated carbon Pittsburgh, since it has the highest thermal resistance. This fact helps to confirm that
the higher ordered carbons are prone to have a higher thermal resistance, which is in line with the
effect of ammonium salt on the carbonization mechanism, as shown in a previous work [69]. However,
only La value follows the same relative order of CAGs materials as in terms of thermal resistance. Lc
and AD/AG values for CAG 80 are out of trend, which could be associated to a different structure
or the presence of some non-carbonized fractions of cellulose (in agreement with the signal at 15◦

detected in XRD patterns).

Table 6. Graphite crystallite dimensions (from X-ray diffraction (XRD) analysis) and bands D and G
areas ratio (from Raman spectroscopy analysis).

Sample
Dimensions (nm)

AD/AG
Lc La

CAG 80 0.67 3.36 1.73
CAG 90 1.03 3.17 3.05

CAG 90 0 1.02 2.90 2.92
CAG 110 0.97 3.27 2.99

AC Pittsburgh 1.28 3.78 3.23
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Based on the above discussion on the textural properties, elemental analysis, and thermal
resistance of the CAG materials, the CAG 90 sample, prepared by carbonization of (NH4)2SO4-treated
MFCs at 900 ◦C and 0 h holding time, was selected as the material gathering the best properties as
catalyst support for gasification gas cleaning applications. Therefore, the ammonia absorption study
presented in the upcoming sections was performed using CAG 90-supported catalysts.
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2.3. Catalyst Synthesis and Characterization

2.3.1. Superficial and Composition Characteristics

Synthetized catalysts have been denoted as Ni/CAG 90 and Fe/CAG 90. Specific surface area
(SBET) of catalysts are 306 m2/g and 288 m2/g for Ni/CAG 90 an Fe/CAG 90, respectively, close to
17–22% lower than the area of the corresponding support (370 m2/g), presumably due to pore blockage
during metal impregnation [60]. The metal loading calculated by theoretical mass balance (10 wt.%),
agreed to that measured by ICP-OES analysis: 9.8 wt.% of Ni in Ni/CAG 90, and 9.4 of wt.% Fe in
Fe/CAG 90. This metal content was used along with the particle size distribution to estimate the
surface metal dispersion.

2.3.2. XRD Patterns. Catalysts

XRD patterns for both catalysts are shown in Figure 7. Nickel catalyst exhibited two reflections
at 2θ = 44.4◦ and 51.7◦, which are characteristic of (111) and (200) planes of metallic nickel with
a face centered cubic structure (fcc) [60]. In the case of Fe catalyst, peaks at 44.6◦, 65◦, and 82.2◦

are characteristic of metallic iron and correspond to (110), (220), and (211) planes, respectively [74].
The absence of peaks at 30◦, 35.6◦, and 38.5◦, corresponding to FeO, Fe2O3, and Fe3O4 [75], suggests
that iron oxides were not formed or were fully removed in the reduction treatment. Weak reflections
around 2θ = 23◦ are assigned to the amorphous phase of CAG 90 support.

Sizes of metal crystallites were calculated from Scherrer’s equation for both catalysts, and the
results are presented in Table 7. Since particle sizes are usually overestimated by XRD analysis, the sizes
were verified by transmission electronic microscopy (TEM).
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Table 7. XRD crystallite size (Equation (1)) for selected Ni and Fe crystal planes in both catalysts.

Catalyst
Crystallite Size (nm) XRD Crystallite Size

(nm) TEM(111) (200) (110)

Ni/CAG 90 9.6 15.9 - 28.9
Fe/CAG 90 - - 14.3 24.7

2.3.3. TEM

Transmission electron microscopy was used to obtain the size distribution of metal particles in
both catalysts. Figure 8 shows a TEM image for each catalyst, while Figure 9 presents the frequency
histograms of particle sizes, obtained from the measurement of more than 300 particles on each catalyst.
These distributions together with the metal content were used to estimate the exposed metal surface in
each catalyst. Spherical shape of particles is characteristic of the predominant metallic phase, as was
shown in the XRD patterns. The average size of metal particles is show in Table 7.
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2.4. Adsorption Experiments

2.4.1. Ammonia Adsorption over CAG 90

Quantities of ammonia adsorbed on CAG 90 are shown in Table 8, as milligrams of NH3 per gram
of adsorbent, taking as a reference the quantity adsorbed (2.13 mg NH3/g CAG) at the conditions
selected as saturation (0 ◦C and 494 ppm) once reached equilibrium. For an inlet concentration
of 390 ppm, the quantity of ammonia adsorbed ranges from 0.19 to 0.45 mg NH3/g CAG 90, for
temperatures in the range 50–150 ◦C. Similar results on adsorbed quantities have been already reported.
Zheng et al. [76] reported 1mg of NH3 adsorbed per gram of char, at 23 ◦C and an inlet ammonia
concentration of 500 ppm. Rodrigues et al. [54] worked at an inlet ammonia concentration of 600 ppm
and reported 0.63, 0.31, and 0.22 mg NH3/g char, at 40, 80, and 120 ◦C, respectively. NH3 can be
adsorbed on (and interact with) the surface through various mechanisms, roughly categorized into:
Non-specific van der Waals force, dissolution in water film adsorbed on the surface, and Brønsted
acid-base interactions (mainly carboxylic acid sites via ammonium ions) [76]. Char surface can be
modified to enhance its adsorption capacity, thus promoting ammonia adsorption mechanisms, but
this is not the aim of the present work. No water was supplied to the system and the presence of
oxygenated groups in alpha positions was discarded by Raman spectroscopy analysis, where the signal
at 1700cm−1, assigned to C=O groups [77], was not found. Consequently, non-specific van der Waals
forces are expected to prevail in ammonia adsorption on CAG 90 surface.

Table 8. Ammonia adsorbed over CAG 90 (mg NH3/g CAG 90).

mg NH3/g CAG 90

Ammonia Relative
Pressure 50 ◦C 100 ◦C 150 ◦C

0.000135 0.22 ± 1.84 × 10−3 0.07 ± 3.84 × 10−4 0.02 ± 4.47 × 10−5

0.000193 0.35 ± 1.29 × 10−3 0.15 ± 1.61 × 10−4 0.06 ± 5.89 × 10−6

0.000232 0.39 ± 1.14 × 10−3 0.22 ± 1.09 × 10−3 0.04 ± 1.62 × 10−4

0.000332 0.41 ± 3.09 × 10−3 0.19 ± 1.77 × 10−3 0.10 ± 7.24 × 10−4

0.000390 0.45 ± 6.77 × 10−4 0.28 ± 8.25 × 10−5 0.19 ± 6.54 × 10−4

Figure 10 shows the resulting isotherms at 50, 100, and 150 ◦C. Langmuir and Freundlich, models
do not perfectly represent the adsorption behavior. Freundlich’s model overestimates NH3 coverage at
low pressures, but it is a good fit for higher coverages. On the contrary, Langmuir model better fits
low ammonia coverages. High temperatures exhibit highest errors, which is in line with that already
reported by Saha and Deng [78] for the study of ammonia adsorption over alumina. Models and
thermodynamic parameters shown in Tables 9 and 10, respectively, were regressed using adsorption
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data. The values obtained for entropies and enthalpies using the Freundlich model are markedly
higher than for Langmuir’s, given that the former is better suited for the higher values of the quantity
loaded, it was expected that the thermodynamic parameters were the highest between the two
models. The Freundlich adjustment was worse than that obtained by the Langmuir model, which
reflects the error associated with the thermodynamic parameters. In a recent paper, Rezaei et al. [79]
reported similar values of adsorption enthalpy over metal oxide nanoparticles suggesting that NH3

was physisorbed on metallic clusters.
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Table 9. Langmuir and Freundlich models’ parameters and statistical adjustment.

Langmuir Model’ Parameters Freundlich Model’ Parameters

Temperature
◦C K R2 Ko Qad R2

50 909.09 0.75 3.2 × 10−5 7516.9 0.92
100 322.58 0.81 0.56 2469.8 0.61
150 94.33 0.86 0.91 2169.9 0.59

Table 10. Thermodynamics parameters for ammonia adsorption over CAG 90.

Model ∆H (kJ/mol) ∆S (J/mol K)

Langmuir −20.7 ± 0.509 −7.61 ± 0.43
Freundlich −30.1 ± 3.9 −45.11 ± 7.7

Domingo-García et al. [80] reported adsorption enthalpies between −61.5 and −122 kJ/mol, for
carbonaceous materials with chemical modification. On the other hand, Saha et al. [78] got similar
values to this work for alumina without modification (−35.6 to −15 kJ/mol), where the adsorption
mechanism was the interaction by non-specific van der Waals forces as it is postulated that happens in
this case. It is worth noticing that, under real gasification conditions, the adsorption process could
be affected by the presence of other species (e.g., CO2, CO, CH4, H2, and tars), which might change
the above-reported values. In this regard Vasiliev et al. [81], studied the adsorption of CH4, H2, and
NH3 over activated carbon fibers and demonstrated that hydrogen is only adsorbed at cryogenic
temperatures while the adsorption capacity for NH3 was nearly twice that of CH4 at 40 ◦C. These
results suggest that the affinity of carbon for NH3 was higher than for the other gases; although the
study did not include the simultaneous fed of those gases, which do not allow verifying if there is any
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competition for adsorption sites. An extra issue that could involve working with gasification gas, is the
presence of steam which could lead to an adsorption mechanism ruled by the dissolution in water film
adsorbed on the surface. Nevertheless, this will happen if the carbon is used at temperatures below
water dew point.

2.4.2. Ammonia Adsorption over Catalysts

Table 11 shows the quantity of ammonia adsorbed by both catalysts Ni/CAG 90 and Fe/CAG 90.

Table 11. Ammonia adsorbed over catalysts (mg NH3/g catalyst).

Ammonia
Relative
Pressure

Temperature (◦C)

50 100 150

Fe Ni Fe Ni Fe Ni

0.000135 0.46 ± 4.63 × 10−5 0.38 ± 2.24 × 10−4 0.26 ± 1.33 × 10−3 0.21 ± 5.12 × 10−4 0.08 ± 3.90 × 10−4 0.16 ± 1.56 × 10−5
0.000193 0.60 ± 2.10 × 10−3 0.72 ± 3.61 × 10−4 0.31 ± 1.32 × 10−3 0.46 ± 5.07 × 10−3 0.17 ± 2.30 × 10−4 0.21 ± 9.27 × 10−4
0.000232 0.74 ± 6.56 × 10−3 0.73 ± 2.72 × 10−3 0.54 ± 4.33 × 10−4 0.51 ± 1.60 × 10−3 0.19 ± 9.59 × 10−4 0.26 ± 1.43 × 10−3

A positive effect of metal clusters on the adsorption process was observed by comparing the
adsorbed quantities to those obtained with the support. Some studies suggest that N atoms bind to
Ni surface, and H atoms are pointing outwards [82,83], probably due to the electronic configuration
of Ni, which has two unpaired electrons in d orbital capable of accepting the 2 unshared electrons of
N atoms. This could explain the enhancement of the adsorption capacity when Ni is added. Other
authors [56,57] have used DFT methods to study ammonia adsorption over Fe surface. They have
demonstrated that ammonia is preferentially adsorbed on on-top sites rather than bridge or hollow
sites. The binding with iron surface occurs through the lone electron pair in N atom. On-top sites have
electron deficiencies, which explains their strong interaction with the electron-rich N atoms [84]. Thus,
adsorption over both metallic surfaces has the same geometry configuration with H atoms pointing
outwards. However, the fact that Fe has four unpaired electrons—2 more than Ni—does not mean that
it adsorbs more ammonia. Table 11 does not show a clear difference between adsorption capacity for
both catalysts. Only when the values are normalized (see Figures 11 and 12) it is observed that, at same
condition, Fe surface has less than 50% of ammonia coverage, while Ni is almost fully covered. This
difference is given by the fact that Ni was able to adsorb less ammonia than Fe in reference conditions
(0 ◦C and 490 ppm). The normalized value of ammonia adsorbed on the metal surface, calculated by
subtracting what is adsorbed on the support and considering the available metal surface (estimated
by Equation (11a)), showed that the Ni surface is able to adsorb 0.48 mg NH3/g Ni, under reference
conditions, while the amount admitted by Fe is more than double (1.05 mg NH3/g Fe). Analyzing
this from the point of view of the temperature, the adsorption capacity of Fe decreases more with the
temperature than the adsorption capacity of Ni. Assuming that the adsorption capacity is conditioned
by ammonia-metal interaction and this interaction depends on the ability of the metal atom to accept
the unpaired electrons of N (as proposed by Lanzani et al. [84]), the Fe atoms/adsorbed ammonia
stoichiometric ratio is higher than Ni atoms/adsorbed ammonia ratio. The increase in temperature will
cause an increase in the movements of the atoms forming the ammonia molecule with respect to its
center of mass and the molecule with respect to the surface. Therefore, the new equilibrium state will
be affected in the case of Fe by the changes in surface-ammonia and ammonia-ammonia interactions.
The influence of this last interaction will be less marked on the surface of Ni because the ammonia
molecules are more distant each other. According with this supposition, ammonia adsorption enthalpy
is more sensible to coverage changes over Fe surface than over Ni surface as observed in Figure 12.
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Enthalpy values are in line with the theoretical estimations of Diawara [85], which reported a
−84.5 kJ/mole ammonia adsorption enthalpy over Ni (111) surface with 12.5% of coverage. Calculated
enthalpy for this coverage by interpolation with our experimental results has a value of −79.8 kJ/mol.
The difference is probably due to a non-exclusively on-top adsorption as it was assumed in the
theoretical work. Some ammonia molecules can be adsorbed on bridge or hollow sites energetically
weaker than on-top sites. In the case of Fe, Otero et al. [57] show values of enthalpy of ammonia
adsorption between −92.6 and −153.4 kJ/mole in nanoclusters with 16 and 190 Fe atoms respectively,
all for 25% of coverage. The experimental determinations shown in Figure 12, exhibited an enthalpy
of −191.3 kJ/mole for the same coverage, which is in the same order of magnitude. An important
conclusion from Otero’s calculations is that the adsorption energies increases with the size of the
nanoclusters, which could be the cause for the slight differences in the enthalpy estimations.

3. Materials and Methods

3.1. Microfibers Treatment

The University of Maine (USA) provided the freeze-dried microfibers used for CAGs preparation.
The MFCs were prepared from a gel produced from a Bleached Kraft Pulp at 3 wt.% of solids. The gels
were freeze-dried according to the procedure reported by Demers [86] and known as ice segregation
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induced self-assembling (ISISA). The MFCs were treated with a flame retardant, according to a
procedure reported elsewhere [87]. The freeze-dried MFCs, previously ground, were conformed as
disk-shape pellets in a Parr press (Parr Instrument Company, Moline, IL, USA). The pellets were
impregnated via incipient wetness with an appropriate amount of ammonium sulphate ((NH4)2SO4,
99.5 % purity, Merck) to get 5 wt.% (dry basis) of salt in the pellets. Impregnated samples were dried at
40 ◦C for 20 h, and the impregnation effectivity was confirmed by gravimetric analysis.

3.2. Carbon Aerogel Preparation. Carbonization

Carbonization was carried out in a split Thermo Scientific Lindberg/Blue M tube furnace.
Approximately 7.4 g of pre-treated MFC pellets (36 pellets) were stacked in aluminium-oxide trays,
which were placed parallel to the direction of a N2 gas flow (Air Liquide, 99.999% purity, Coronel,
Chile) of 20 mL/min/g of sample. The furnace was heated up to the selected temperature (900 ◦C,
1000 ◦C, or 1100 ◦C), at a constant heating rate of 10 ◦C/min and maintained at that temperature for
different dwell times (0, 1, or 2 h). Resulting samples were denoted as CAG XY, where X is the number
of hundreds of Celsius degrees at which the carbonization was carried out, and Y is the number of
hours of dwell time. For example, the sample treated at 900 ◦C with a dwell time of 1h was denoted as
“CAG 91”, and the sample treated at 1100 ◦C with 0 h of dwell time was denoted as “CAG 110”. An
additional sample was prepared from the as-prepared MFC, at 900 ◦C and 0 h of dwell time, and it
was denoted as “CAG 90–0%”.

3.3. Catalysts Preparation

Catalysts with a metal loading of 10 wt.% (nickel or iron) were prepared via incipient wetness
impregnation. Nickel nitrate ((Ni(NO3)2·6H2O, >99% purity, Merck) and iron nitrate (Fe(NO3)3·9H2O,
>99% purity, Merck) were used as metal precursors. The selected CAG support was ground with
an agate mortar (<80 meshes). Afterwards, the corresponding nitrate aqueous solution was slowly
added to the CAG support, in the appropriate quantities to reach 10 wt.% of metal in the final catalyst,
according to the pore volume determined by N2 adsorption-desorption (see Section 3.6). Nickel and
iron loading samples were dried at 105 ◦C for 4 h, and ground again. Both solids were reduced for 2 h
at 700 ◦C, under 40 mL/min of hydrogen, using a heating rate of 2 ◦C/min.

3.4. Compositional Analysis

Inductively coupled plasma optical emission spectrometry (ICP-OES) (Pekin-Elmer, Waltham,
MA, USA) analysis was performed to determine the actual content of nickel and iron on the catalysts.
MFC and CAG samples were also characterized using standard practice for elemental analysis [64]
and a Leco True Spec analyzer (LECO Argentina S.A., Buenos Aires, Argentina). The main and
trace inorganic elements were quantified by using a PerkinElmer Optima 7000 DV ICP-OES series
instrument (Pekin-Elmer, Waltham, MA, USA).

3.5. N2 Adsorption-Desorption at 77K

N2 adsorption was performed to estimate the specific surface area, by Brunauer-Emmet-Teller
(BET) model and pore volume. Barret-Joyner-Halenda (BJH) pore size distribution was determined
using desorption data. Both isotherms were recorded in a Micromeritics Gemini VII 2390t device
(Micromeritics, Communications Dr, Norcross, GA, USA), for MFCs, CAGs, and catalysts. Prior to
tests, 0.2–0.5 g of samples were properly degasified, at 105 ◦C for MFC and 150 ◦C for other solids,
under a continuous pure N2 flow, during 24 h, as recommended by De Lange et al. [88].

3.6. Thermal Resistance

A Netzsch TGA thermobalance (model STA 409 PC) (Netzsch, Selb, Germany) was used to
compare CAGs thermal resistances in oxidizing atmosphere. Samples (~20 mg) were heated from



Catalysts 2018, 8, 347 17 of 24

room temperature up to 1000 ◦C, at 10 ◦C/min, under a constant air flow of 80 mL/min (Air Liquide,
99.999% purity, Coronel, Chile). Different CAG samples were analysed together a commercial activated
carbon (Pittsburgh) used here like patron to compare characteristics. Furthermore, thermal resistance
of the CAG selected for supporting Ni and Fe, was compared with another CAG sample prepared at
the same conditions, but without treatment with ammonium sulphate.

3.7. X-ray Diffraction (XRD)

XRD analysis of as-prepared and (NH4)2SO4-treated MFCs, CAGs, and catalysts were performed
to evaluate the crystallinity, crystallite size, and polymorphy of the samples. The same commercial
activated carbon (Pittsburgh) was analyzed as a reference to compare with the CAGs. The XRD
patterns were recorded in a Bruker AXS model D4 Endeavor diffractometer (Bruker AXS GmgH,
Karsruhe, Germany), using monochromatic CuKα radiation (λ = 0.15418). The signal was generated at
40 kV and 20 mA. The intensities were measured in the range 5◦ < 2θ < 60◦ for MFCs, and 5◦ < 2θ <
90 ◦C for CAGs and the catalysts, with a step size of 0.02◦ and scans at 1 s/step. The crystalline index
for MFC was determined by the well-known empirical method proposed by Segal [89] (Equation (1a))
and further corrected by the Herman’s equation (Equation (1b)).

CrI = (I200 − Iam)/I200 (1a)

CrI = ACryst/ATotal (1b)

where I_200 and I_am are the intensities in plane (200) and amorphous phase, respectively, A_Cryst is
the total area of crystalline bands, and A_Total is the total area of the XRD pattern.

The Z-function of [90] (Equation (2)) was used to determine the crystal structure (Iα or Iβ) based
on d-spacing. This discriminant analysis states that for Z < 0, the most probable structure is monoclinic
(Iβ), and on the contrary, if Z > 0, triclinic (Iα) structure prevails.

Z = 1693 × d1-902 × d2-549 (2)

where d1 is the d-spacing of plane (110) and d2 is the d-spacing of the (110) peak, and they are
determined according to Bragg’s correlation:

n × λ = 2 × d × sin(θ) (3)

where n is the order of reflection, d the interplanar spacing, and θ is the angle of incidence. Z > 0
indicate cellulose type Iα (triclinic crystallite structure) and Z < 0 indicate cellulose type Iβ (monoclinic
crystallite structure).

The crystallite apparent size was calculated using the Scherrer’s equation for all solids
(Equation (4)).

L = (K × λ)/(β × cos(θ)) (4)

where K is a constant equal to 0.94 for all cellulose and catalyst samples. For char, K is equal to 1.84
in (010) plane and 0.89 in (002) plane to calculate the graphitic crystallite dimensions La and Lc [68],
λ is wavelength (in nm), β is the full width at half maximum intensity (FWHM) (in rad), and θ is the
plane angle.

3.8. Raman Spectroscopy Analysis

Raman spectra was obtained in a LabRAM HR Evolution Raman spectrometer (HORIBA Scientific)
(Horiba Ltd., Kyoto, Japan) with excitation laser wavelength of 633 nm, in a range of 50–4000 cm−1.
The obtained spectra were decomposed according to the peak/band assignment proposed by X.
Li et al. [72], using OriginPro 8 software (OriginLab, Northampton, MA, USA). Raman spectra reveal
CAGs surface chemical structure, specially oxygenated groups; its presence in alpha position increases
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the adsorption capacity of chars due to acid-base interactions with ammonia [91]. To compare all
Raman spectra, a ratio between D (1300 cm−1) and G (1590 cm−1) bands area was used, in this case
a higher ratio is associated with better thermal stability because D bands is associate with graphite,
more thermally stable than G bands associate with disordered carbon [92]. It is expected the absence
of graphitization in the CAGs. Activated carbon Pittsburgh was analyzed using Raman spectroscopy
to compare with CAGs, just like in thermal resistance and XRD analyses.

3.9. Transmission Electron Microscopy (TEM)

The metal cluster sizes for both catalysts were observed by transmission electron microscopy
in a JEOL JEM 1200 EXII device (JEOL Ltd., Peabody, MA, USA), with voltage 120 kV. Each sample
was suspended in a solution of ethanol-water (50–50 wt.%), supported in a copper grill and covered
by a carbon layer. The size distribution and mean cluster sizes for each catalyst were estimated after
measuring more than 300 metal particles in 10 images.

3.10. Ammonia Adsorption Experiment

Ammonia adsorption was studied over a selected support and both catalysts at 50, 100, and
150 ◦C, using N2 as carrier gas. The total flow was kept unchanged to guarantee the same residence
time in all experiments. The adsorption tests were carried out in a system consisting of a furnace
(Omega Eng, CRFC-312/240-C-A, Stamford, CT, USA), into which a U-quartz reactor was placed
with 0.4 g of CAG or catalyst (particle size ≤ 53.3 µm). Mass flow controllers (Aalborg series GFC,
WReichman, Chile) were used to control the ammonia (Air Liquide, at 1000 ppm, N2 balance) and N2

(Air Liquide, 99.999% purity, Coronel, Chile) flows to achieve the required ammonia concentration, i.e.,
135, 193, 232, 331, and 390 ppm for CAG support and 135, 193, 232 ppm for CAG-supported Ni and Fe
catalysts. An electrochemical-type detector (Dräger X-am 7000, Drägerwerk AG & Co. KGaA, Lübeck,
Germany) was used to measure ammonia concentration in the gas phase. The detector was calibrated
before each measurement, as suggested [55,93]. Prior to each experiment, the CAGs samples were in
situ degassed for 4 h at 150 ◦C in N2 flow. Catalysts samples were heated up to 400 ◦C using a heating
rate of 2 ◦C/min, under constant H2 flow (Air Liquide, 99.999% purity, Coronel, Chile). This treatment
was performed to eliminate adsorbed water and oxide formed over the catalyst surface during the
manipulation of reduced samples. Furthermore, this was done to avoid the presence of adsorbed
oxygen that can modified the interaction metal-ammonia drastically [83]. Each temperature-ammonia
concentration point corresponds to a certain quantity of ammonia adsorbed, which was calculated
by integration of breakthrough curve, just as reported in literature for similar ammonia adsorption
studies [54,91,94]. In this work, the experiments were stopped after reaching the equilibrium and the
breakthrough curves were numerically integrated. The calculated quantity was normalized per gram of
solid. To determine the quantity of ammonia adsorbed on the metal surface, the corresponding quantity
adsorbed on CAG was estimated from the metals/CAG specific surface ratio as it is explained later.

The data was treated with Langmuir (Equation (5)) and Freundlich (Equation (6a)) models to
obtain equilibrium constant. Thermodynamic parameters were calculated with equilibrium constant
using van’t Hoff linearized equation (Equation (7)). Freundlich model was taken as proposed
by Vannice [95].

θ = K × Pr/(1 + K × Pr) (5)

where θ is the coverage, K is the equilibrium constant, and Pr is the relative pressure assuming ideal
gas behavior.

θ = (Ko × Pr)ˆ(R × T/Qad) (6a)

where θ is the coverage, Ko is defined by Vannice [95] in Equation (6a), R is the universal gas constant
(J/mol K), T is the temperature (K), and Qad is the heat of adsorption (J/mol).

Ko = eˆ(∆S◦/R) (6b)
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where ∆S◦ is the entropy (J/mol K) change associated to the adsorption process in standard conditions.

lnK = ln (∆Sads)/R + (∆Hads)/(R × T) (7)

where ∆Sads (J/mol K) is the entropy change for adsorption process, and ∆Hads (J/mol) is the enthalpy
change associated to adsorption process.

A total surface coverage was required to model the adsorption data obtained for each sample
(CAG selected as support, supported nickel and iron). In this work, coverage obtained from adsorption
experiments performed at 0 ◦C and 490 ppm of ammonia were considered as reference for total
coverage. These experiments were carried out following the same procedure described before but
placing the U-quartz reactor inside an ice bath. Defined as θ, coverage was calculated as follows:

θ = (NH3 ads. at Ti; Pri)/(NH3 ads. at T = 0 ◦C; Pr = 0.000490 ppm) (8)

where Ti and Pri are the temperature and the relative pressure in experimental condition “i”.
The metal surface for each catalyst was calculated by considering the particle size distribution

obtained from TEM images. Both distributions (Fe/CAG and Ni/CAG) were extrapolated to reach
one gram of pure metal at surface, using Solver tool. The objective function (Equation (9)) included a
volume calculated from density (at room temperature) of each metal. The restriction (Equation (10))
was kept constant the ratio between particles counts for each particle size range of the distribution
by selecting one range as a reference. The surface area (Equation (11a)) was estimated assuming that
particles were hemispheres with the plane of the circumference in contact with the support. Thus, each
metal particle has only the convex area of the hemisphere exposed.

∑i
n Vi = Vr (9)

where Vi is the volume for each metallic particle and Vr is the volume of a gram of pure metal (Ni or Fe).

Ni/Nj = constant (10)

where Ni is a quantity of particles established in the counts made from TEM images in a specific size
range “i” and Nj is a quantity of particles established in the counts made from TEM images in the
reference range j.

At = ∑i
n Ai (11a)

where A_t is the exposed surface per gram of metal according with previous assuming and A_i is
defined by:

Ai = 2 × π × r2 (11b)

The final result is a metallic surface exposed value per gram of metal; the latter was calculated
according to real metal content obtained by ICP-OES.

4. Conclusions

Carbonization conditions were studied for MFCs samples impregnated with ammonium sulphate.
After characterization, CAG 90 was chosen as the catalyst support due to high superficial area without
any activations and thermal resistance, along with its light preparation conditions compared to the
other chars. In general, the study of preparations conditions for char show no dependence between
mass yield and temperature with a heating rate of 10 ◦C/min. Thermal resistance comparison between
a CAG prepared at identical conditions to CAG-90 but without ammonium sulphate impregnation
shows a positive effect of salt pre-treatment in final CAGs structure, evidenced in higher temperature
of maximum mass lost for carbonized pre-treated samples. Ammonium impregnated MFC samples
reach twice the mas yield of untreated samples after carbonization; once impregnated, changes in
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carbonization conditions practically did not cause changes in this yield. The decrease in performance
results in a greater volume of pores and specific surface area, but no change in pore size was noted.
Textural properties for CAGs resulting from pre-treated MFCs change with carbonization conditions,
decreasing specific surface and pore volume as the temperature increased; pore size average did
not vary significantly. Preparation conditions of both catalysts over CAG-90 yielded poor dispersion
values. However, ammonium adsorption capacity for catalysts are higher than CAG 90 due to electronic
interaction between d orbitals in both metals atoms and unshared electrons in N atom of ammonia
molecule. Comparison between metals show higher ammonia adsorption capacity for Fe than Ni,
furthermore, ammonia adsorption enthalpy over Fe surface is more sensible to coverage change than
over Ni surface. For CAG 90, the Langmuir and Freundlich models were adjusted to isotherms,
adorbed amounts and thermodynamics parameters were in accordance with literature reports for char
without surface modifications after carbonization, assuming CAG-ammonia interactions of the van
der Waals type. Estimated enthalpy variation for ammonia adsorption over metal surfaces are near to
previous reports in theoretical study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/9/347/s1.
Table S1. MFC carbonization experimental conditions and CAGs textural properties.
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