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Abstract: The effect of chemical speciation (H2O/NH4Ac/HCl-soluble and insoluble) of alkali and
alkaline earth metallic species on the steam gasification of sawdust biochar was investigated in
a lab-scale, fixed-bed reactor, with the method of chemical fractionation analysis. The changes
in biochar structures and the evolution of biochar reactivity are discussed, with a focus on the
contributions of the chemical speciation of alkali and alkaline earth metallic species (AAEMs) on
the steam gasification of biochar. The results indicate that H2O/NH4Ac/HCl-soluble AAEMs have
a significant effect on biochar gasification rates. The release of K occurs mainly in the form of
inorganic salts and hydrated ions, while that of Ca occurs mainly as organic ones. The sp3-rich
or sp2-sp3 structures and different chemical-speciation AAEMs function together as the preferred
active sites during steam gasification. H2O/HCl-soluble AAEMs could promote the transformation
of biochar surface functional groups, from ether/alkene C-O-C to carboxylate COO− in biochar,
while they may both be improved by NH4Ac-soluble AAEMs. H2O-soluble AAEMs play a crucial
catalytic role in biochar reactivity. The effect of NH4Ac-soluble AAEMs is mainly concentrated in the
high-conversion stage (biochar conversion >30%), while that of HCl-soluble AAEMs is reflected in
the whole activity-testing stage.
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1. Introduction

Compared to fossil fuels, biomass—which is a carbon neutral renewable energy, since the CO2

from its utilization can be captured via photosynthesis—exhibits great prospects for limiting global
gas pollution (NOx, SO2 and greenhouse gases) and the energy crisis [1]. Biomass gasification is
considered a promising technology with relatively lower temperatures, low energy consumption and
a high ability of CO2 capture, attracting a lot of attention all over the world [2]. Usually, gasification
can be divided into two steps, namely biomass devolatilization (first stage, relatively fast) and biochar
gasification (second stage, relatively slow). According to previous studies [3–7], the gasification of
pyrolysis biochar is the rate-limiting step for the overall gasification reaction, which is usually the focus
of research on biomass gasification reactions. Besides, among the various gasifying agents (air, oxygen,
CO2 and steam) for biomass/biochar gasification [8,9], steam is preferred for increasing the heating
value of syngas and producing a gaseous fuel with relatively higher H2 for application in the fuel cells
and hydrogen engines [10]. Thus, the steam gasification of pyrolysis biochar is urged to be investigated,
especially for catalytic steam gasification [11], where the most important heterogeneous gasification
reactions are the water gas reaction (C + H2O→ CO + H2), the Boudouard reaction (C + CO2 → 2CO)
and the heterogeneous methanation (C + 2H2 ↔ CH4) [12].
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In the current investigation, many researchers [13–18] found that alkali and alkaline earth
metallic species (AAEMs) dispersed in biomass and/or biochar as different chemical speciations,
play significant catalytic roles in biochar gasification reactivity, and that AAEMs volatilized as a
gaseous phase would also take part in homogeneous reforming reactions [19]. The concentration
and dispersion of AAEMs, according to the results obtained by Wu et al. [20], is a significant factor
affecting the catalytic activity of AAEMs during biomass gasification, which varies constantly due
to the carbon consumption and the release/migration of AAEMs [21,22]. Moreover, for various
gasifying agents, the AAEMs show different catalytic abilities when chars react with various gasifying
agents such as H2O and CO2, because their catalysis mechanisms during biochar gasification may be
different [19,23–25]. In addition, for the comparison of AAEM catalytic activities, Zhang et al. [26]
studied the gasification reactivity of several biochar samples catalyzed by metals and reported that
the gasification reactivity was enhanced with the alkali metals followed by alkaline earth metals.
Furthermore, for the catalytic role of AAEMs on the microcosmic chemical bonds during gasification,
the oxidation-reduction cycle [27–31] was postulated, in which O atoms/ions dissociated from the
gasifying agents could transferred to the carbon active sites through catalytically-active AAEMs,
where the breakage of C-C bonds would occur to realize the liberation of the C(O) structure.

In addition, as our previous study mentioned [32], the AAEMs in biomass/biochar usually exist
in a variety of chemical speciations, such as inorganic salts/ion states, organic forms linked to biochar
and/or crystal forms. Jordan et al. [33] investigated the speciation and distribution of AAEMs in raw
biomass and major ash-forming elements during gasification to evaluate the volatilization of these
elements into the syngas, although they did not mention the state of AAEMs in biochar and their effects
on the gasification reactivity of biochar. Besides, the catalytic effects of AAEMs with different chemical
speciations on biochar reactivity are obviously different [34]. Thus, it is easy to deduce that their
influence on the characteristics of biochar gasification would be significant, although relevant studies
are rarely reported. In order to characterize the chemical speciation of AAEMs in biomass/biochar,
a sequential selective extraction procedure known as chemical fractionation analysis (CFA) was
introduced and standardized [35,36]. This method was first developed by Benson and Holm [37]
for coals and had been modified by Zevenhoven-Onderwater et al. [38] and Petterson et al. [39] for
biomass fuels. Moreover, besides their direct catalytic effects on biochar gasification, the AAEMs
could have a dynamic impact on the biochar structures, including the carbon skeleton, side chains
and functional groups [21,22,40]. It has been confirmed that the changes in biochar structure catalyzed
by AAEMs are an important aspect influencing biochar reactivity during gasification [41]. However,
there are few reports on the effect of AAEMs with different speciations on the biochar structure during
gasification, which would in turn affect the biochar gasification reactivity. Biochar gasification can be
significantly altered via the catalytic alteration of the above reaction pathways by different speciations
of AAEMs. Thus a good understanding of the effect of the chemical speciation of AAEMs during
biochar steam gasification would lay a solid foundation for developing a gasification technology
for biomass.

The objectives are to understand the steam gasification behavior of pyrolysis biochar with different
speciations of AAEMs, the key inherent chemical speciation of AAEMs affecting biochar reactivity,
and the most probable catalytic route of AAEMs on biochar structure and reactivity during steam
gasification, all of which are essential to gasification process design and development.

2. Experimental

2.1. Origin Biochar Preparation

Manchurian walnut sawdust, obtained from Harbin, Heilongjiang Province, China, was used
in the experiments. The sawdust samples were dried overnight at 105 ◦C, pulverized and sieved to
obtain a fraction with particle sizes between 0.15 and 0.25 mm. The proximate and ultimate analyses
for the sawdust samples are listed in Table 1.
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Table 1. Proximate and ultimate analysis of the origin sawdust sample. (Note: diff. = by difference,
ad. = air dry basis.)

Samples

Proximate Analysis Ultimate Analysis

Mad. Aad. Vad. FCad. Cad. Had. Oad.(diff.) Nad. St,ad.

(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)

Sawdust 9.49 0.96 77.13 12.42 43.72 5.31 40.39 0.12 0.01

As shown in Figure 1, the origin pyrolysis biochar samples were obtained in the entrained-flow
reactor at 800 ◦C with nitrogen gas of 5.70 L/min. The details of the pyrolysis experimental system can
be seen in our previous investigation [32]. The origin pyrolysis biochar was used for the following
treatment and steam gasification.
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Figure 1. Schematic diagram of the entrained-flow reactor.

2.2. Sample Preparation

In order to investigate the effects of the solid-phase chemical speciation of AAEMs on the steam
gasification of sawdust biochar, the CFA process was carried out. There are four kinds of chemical
speciation of AAEMs in biochar [42]: One is a separate form of AAEM ions, which is soluble in water,
also soluble in a solution of ammonium acetate (NH4Ac) and hydrochloric acid (HCl); The second is
organic matter, which is in the form of carboxylate and/or coordination connected with the oxygen
functional groups on the biochar surface, and is insoluble in water, but soluble in a solution of NH4Ac
and HCl; The third is attached to the clay surface in an amorphous form, which is insoluble in water
and NH4Ac solution, but soluble in hydrochloric acid; The fourth is in the aluminosilicate form, which
is insoluble in water, NH4Ac and HCl. In the CFA process, as shown in Figure 2, the pyrolysis biochar
is leached step-wise in increasingly aggressive solvents: deionized water, 1.0 mol/L ammonium acetate
solution, and 1.0 mol/L hydrochloric acid solution with a mass ratio (1:30) of solid to liquid, in order
to classify the AAEMs with respect to solubility.
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2.3. Steam Gasification of Biochar

As shown in Figure 3, the steam gasification of sawdust biochar was carried out. A total of 0.5 g of
biochar from the CFA, namely the origin-biochar/H2O-biochar/NH4Ac-biochar/HCl-biochar samples,
were pre-loaded into the top fixed-bed stage of the reactor. After being purged for 5 min by argon (Ar),
the system was heated up to 800 ◦C with argon gas of 1.53 L/min at a heating rate of 20 ◦C/min. As the
temperature stabilized at 800 ◦C, the atmosphere was switched to 15 vol% steam for the gasification
reaction, which was achieved by feeding deionized water of 0.214 L/min through a high-performance
liquid chromatography (HPLC) pump into the heated zone of reactor where the water was evaporated into
steam directly. The steam gasification reaction of biochar at 800 ◦C lasted for 10 min. After that, reactions
were terminated by switching the atmosphere to argon and removing the reactor from the furnace. Argon
was passed through the reactor until the reactor had completely cooled to room temperature to avoid
oxidation. The steam gasification biochar was collected and stored at 4 ◦C for further analysis.
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2.4. Analysis of Biochar

2.4.1. Gasification Rate

The gasification rate of biochar was measured three times by weighing the biochar-containing
reactor before and after the reactions. Each experiment was repeated at least three times, and the test
results are well-reproducible.

2.4.2. AAEM Analysis

The chemical speciation of AAEMs in biochar was quantified by inductively-coupled plasma-atomic
emission spectroscopy (ICP-AES). The biochar sample (0.1 g) was digested in a 1:3:8 (v/v/v) mixture of
40% HF, 30% H2O2, and 65% HNO3 at 200 ◦C for 60 min.

The percentage of AAEMs released during the steam gasification of biochar can be obtained by
Equation (1) as follows:

XRelease% =

[
1− XSteam gasification biochar ×

(1−Gasification rate)
XPyrolysis biochar

]
× 100% (1)

where X is the AAEM species (Na, K, Mg and Ca); XRelease is the percentage of AAEM release during
the steam gasification of biochar; XPyrolysis biochar is the X in origin/H2O-/NH4Ac-/HCl-pyrolysis
biochar; and XSteam gasification biochar is the X in origin/H2O-/NH4Ac-/HCl-steam gasification biochar.

2.4.3. Raman Analysis

The aromatic structure analysis of biochar was carried out in a Raman spectrometer (inVia,
Renishaw, New Mills, UK), with an excitation laser at 633 nm. The sample was mixed and ground with
spectroscopic-grade Potassium bromide (KBr) in the ratio of 0.25 wt% biochar. The Raman spectra at
800~1800 cm−1 were recorded.

2.4.4. FTIR Analysis

The surface functional groups of the biochar were analyzed by Fourier Transform infrared
spectroscopy (Nicolet 5700, FTIR, Thermo Fisher Scientific, Waltham, MA, USA). Biochar was mixed
and ground with spectroscopic-grade KBr in a ratio of 1:200. All FTIR spectra were obtained at a
resolution of 4 cm−1 in the range of 400~4000 cm−1.

2.4.5. Biochar Reactivity Analysis

The specific reactivity of the biochar was determined in air at 370 ◦C with a thermogravimetric
analyzer (TGA: Mettler Toledo, Switzerland). Nearly 4 mg of biochar sample was placed in a Pt crucible
and heated in Ar in the TGA to 105 ◦C to remove moisture from the sample. The stabilized weight of the
biochar at 105 ◦C was taken as the weight of dry biochar. The temperature was then increased to 370 ◦C at
50 ◦C/min. After 2 min, the atmosphere was switched into air starting the biochar reactivity test. Once the
mass was stable, the sample was heated at 50 ◦C/min to 600 ◦C, where it was held for another 30 min to
ensure complete combustion. The calculation of biochar-specific reactivity from the differential thermal
gravity (DTG) data (dW/dt) can be seen in our previous study [22].

3. Results and Discussion

3.1. Steam Gasification Rate

As shown in Figure 4, it can be seen that the steam gasification rate of pyrolysis biochar after the
fraction of H2O, NH4Ac and HCl decreased sequentially, from 79.00% of origin biochar to 66.54% of
HCl-biochar. Our previous investigation [43] indicated that during the chemical fractionation analysis,
the changes in oxygen-containing functional groups and aromatic ring structures could be ignored.
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It can be speculated that the difference in the gasification rate is mainly caused by the different chemical
speciation of the AAEM species. The difference in gasification rate was used to describe the effect
of different-speciation AAEMs on the steam gasification reaction of biochar, as shown in Figure 4.
The decrease of 5.81% in the steam gasification rate from origin biochar to H2O-biochar sample is
entirely due to the removal of H2O-soluble AAEMs, and this part mainly deals with K+ and Na+ ion
salts in biochar [32]. After that, the decline of the biochar steam gasification rate is gradually reduced,
to 4.20% and 2.45% due to the removal of the NH4Ac-soluble and HCl-soluble AAEMs, respectively.
Finally, the HCl-biochar sample, with only some insoluble aluminosilicate AAEMs, still retains a
relative high gasification rate (as 66.54%), mainly due to the relatively active carbon structures and the
insoluble AAEMs to maintain the basic reactions between carbon and steam.
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3.2. AAEM Analysis of Steam-Gasified Biochar

Figure 5 shows the AAEM content of the origin pyrolysis biochar and their chemical speciation.
In the original pyrolysis biochar at 800 ◦C, the AAEMs exhibited a rich distribution of K (0.70 wt%)
and Ca (2.08 wt%), and less Na (0.05 wt%) and Mg (0.17%). Besides, the main existing form of K in
pyrolysis biochar is a water-soluble form, while that of Ca is a NH4Ac-soluble and insoluble form.
As Mitsuoka et al. [44] suggested, the most significant catalysts for biochar gasification in woody
biomass are calcium (Ca) and potassium (K), namely the two main kinds of AAEM.
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As mentioned above, the role of AAEMs is not only in the solid-phase heterogeneous transformation
of biochar, their migration and precipitation characteristics also play a significant role in homogeneous
steam reform. It is often agreed that the volatilization of AAEMs occurs during gasification [45,46].
According to Marschner et al. [47], the behavior of Na and K were different from that of Mg and Ca, at least
partly due to the different chemical status of K/Na and Mg/Ca in the biomass/biochar. It is also related
to the different occurrence of K/Na and Mg/Ca. For the H2O-soluble AAEMs, the specific precipitation
amount of AAEMs cannot be calculated directly by the difference in this paper. However, the total amount
of AAEMs in the fractional speciation can be calculated to characterize the precipitation of AAEMs in the
absence of H2O-soluble ones. This effectively avoids the influence of AAEM transformation with different
chemical speciations during steam gasification [33].

The release of K and Ca during the steam gasification of biochar can be seen in Figure 6.
KRelease and CaRelease did not change significantly after H2O washing, and it can be seen that the
H2O-washing removal amount and the amount of volatilization during the gasification of K and Ca
were very close, indicating that the precipitation rate of H2O-soluble K and Ca was close to 100%.
After the fraction of NH4Ac and HCl solution, the KRelease was significantly reduced and CaRelease was
still relatively high, indicating that during gasification the release of K occurs mainly in the form of
inorganic salts and hydrated ions, while volatilization of the organic compounds is the main release
mechanism for Ca.
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3.3. Raman Analysis of Steam-Gasified Biochar

As shown in Figure 7, the total Raman area between 800 and 1800 cm−1 of the pyrolysis biochar
samples from the CFA process changed little, with a total intensity of 1.62~1.72 × 106. The total
Raman peak areas could reflect electron-rich structures such as O/N-containing functional groups in
biochar [48–51]. During the steam gasification of biochar, it can be seen that the total Raman areas of
gasified biochar decreased from 3.58 × 106 to 2.23 × 106 with the fractionation of H2O, NH4Ac and
HCl in turn. According to Guo et al. [41], both the thermal decomposition of biochar, and biochar
gasification reactions leading to the loss of oxygen and hydrogen from biochar, could result in changes
to biochar structures during gasification with a decrease of total Raman intensity. Also, another
possible factor may be the preferential consumption of smaller rings due to their gasification and/or
conversion to larger ones. Briefly, during steam gasification, the decrease in Raman intensity with the
CFA process reflected the limited increase in O-containing functional groups and, more importantly,
the condensation/growth of aromatic ring systems. For the HCl-biochar, with few active AAEMs
(in the absence of catalysts), the O-containing functional groups formed in the biochar during steam
gasification were closely associated with the aromatic structure and thus tended to loosen the aromatic
structure. The non-catalyzed gasification was slow and took place on some specific (especially sp3-rich
or sp2-sp3 mixture) sites distributed throughout the biochar [52]. While the gasification of biochar
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took place everywhere but slowly in the HCl-biochar in order to consume the small ring systems
selectively, the reaction in the AAEM-containing biochar was more focused on/around the AAEM sites
and took place much more rapidly [53]. As shown in Figure 7, comparing the results of steam-gasified
origin biochar and H2O-biochar samples, there is a significant decrease of 0.65 × 106, showing that the
increase of surface O-containing functional groups during gasification was limited after the fraction
of H2O, mainly due to the H2O-soluble AAEMs, namely the K and Na species. For the total Raman
area between gasified H2O-biochar and NH4Ac-biochar, the decrease was only 0.22 × 106, showing
that the effects of NH4Ac-soluble AAEMs were limited. Although the AAEM content is relatively large,
their low ability of migration led to a limited catalytic role. After that, the effect of HCl-soluble AAEMs,
namely the organic Ca species, led to another obvious decrease of 0.48 × 106 in the total Raman area,
showing its significant catalytic role on the formation of surface O-containing functional groups.
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As shown in Figure 8, the Raman spectrum of the gasified biochar was divided into 10 small peaks,
representing the typical structures of biochar. Other detailed information on this part can be seen in our
previous studies [19,32], where the I(Dr+Vl+Vr)/ID represents the ratio of the smaller aromatic rings in
the biochar to the larger aromatic ring structures, and IS/ITotal refers to the content of sp3-rich structures
as alkyl–aryl C-C structures and methyl carbon dangling to an aromatic ring, including some surface
O-containing structures in biochar, with little long chain aliphatics and hydroaromatic structures.
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As shown in Table 2, the influence of chemical fraction analysis on biochar aromatic ring structures
could be ignored, while both NH4Ac and HCl can change the cross-linking structures of biochar [43].
During steam gasification, according to Chen et al. [54], the sites on either the zigzag face or the
armchair face of large aromatic layers of biochar are believed to be active for gasification reactions
and they are affected by AAEMs. In addition, according to Li et al. [52], the smaller aromatic ring
systems were preferentially consumed during gasification. During the steam gasification of biochar,
with the presence of H2O-soluble AAEMs, the I(Dr+Vl+Vr)/ID decreased significantly from 1.84 to 0.64,
indicating the transformation of the smaller aromatic ring systems into larger ones to a great extent.
The conversion of biochar during steam gasification is believed to be due to the rapid penetration of
H radicals from the biochar surface deep into the biochar matrix [55]. Also the AAEMs, as the active
sites for the gasification reaction, could promote the process of this transformation to a large extent,
especially for the alkali metal species (K and Na). With the fraction of NH4Ac and HCl solutions,
the decrease of I(Dr+Vl+Vr)/ID became more and more weak, showing the smaller catalytic effect of
NH4Ac/HCl-soluble AAEMs on the aromatic ring structures in biochar. As shown in Table 2, due to
the steam gasification of HCl-biochar, the IS/ITotal decreased from 0.18 to 0.10. These data indicate that
the sp3-rich or sp2-sp3 mixed structures represented by the S band are the preferential sites of reaction
with steam with few active AAEMs catalysts, with only insoluble ones left. The results are consistent
with the opinion of Li et al. [52] for coal char. In addition, the effect of the NH4Ac/HCl-soluble AAEMs
is limited as the active site during gasification, and consequently the corresponding IS/ITotal decreases,
since the sp3-rich or sp2-sp3 structures are consumed. However, few changes in the relative intensity
of S band were observed for the corresponding biochars from the origin biochar during gasification
(from 0.38 to 0.37). This indicated that with the H2O-soluble AAEMs, the S band structures were
no longer the preferred sites for reactions with steam. The AAEM catalytic species appeared to be
preferentially accommodated on carbons of an aromatic nature.

Table 2. Ratios of band peak areas in pyrolysis and steam gasification biochar from Chemical
fractionation analysis (CFA.).

Conditions Band Ratio Origin Biochar H2O-Biochar NH4Ac-Biochar HCl-Biochar

Pyrolysis I(Vl+Dr+Vr)/ID 1.84 1.97 2.06 2.19
IS/ITotal 0.38 0.34 0.22 0.18

Gasification
I(Vl+Dr+Vr)/ID 0.64 1.51 1.91 2.02

IS/ITotal 0.37 0.28 0.17 0.10

3.4. FTIR Analysis of Steam-Gasified Biochar

The CFA process has less destructive effects on the surface carbon–oxygen functional groups
of pyrolysis biochar, which was already present in our previous study [43]. With the result of the
total Raman area related with the surface functional groups, the additional O-containing functional
groups were not present in the pyrolysis biochar before steam gasification. To gain evidence for the
formation of additional O-containing functional groups during gasification, the FTIR spectra of the
biochar samples were recorded, as shown in Figure 9. According to Černý et al. [56], the FTIR spectra of
4000~400 cm−1 are divided into 3600~3000 cm−1, 3000~2800 cm−1, 1800~1000 cm−1 and 900~700 cm−1,
which represent the surface hydroxyl group, aliphatic hydrocarbons, oxygen-containing functional
groups, and aromatic hydrocarbons, respectively. As shown in Figure 9, for the steam-gasified biochar
with different chemical fractions, the main difference appears in the oxygen-containing functional
groups. In order to describe in detail the changes in the various oxygen-containing functional groups,
the FTIR curve was fitted into the aromatic C=C structure at 1480 cm−1, the carboxylate COO−

structure at 1400 cm−1 and the aromatic ether/alkene C-O-C at 1243 and 1080 cm−1 [57,58].
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The result of the curve-fitting FTIR analysis on O-containing functional groups can be seen in Table 3.

Table 3. FTIR analysis of O-containing functional groups on steam-gasified biochar surface.

Steam-Gasified Biochar
Surface Main Functional Groups

Aromatic C=C Carboxylate COO− Aromatic Ether/Alkene C-O-C

Gasified origin biochar 10.63 26.46 62.90
Gasified H2O-biochar 9.94 21.82 68.23

Gasified NH4Ac-biochar 10.27 14.10 75.62
Gasified HCl-biochar 11.39 9.98 78.62

The FTIR curve between the two successive steps can be used to indirectly reflect the specific
catalytic effect of different AAEMs on the formation of oxygen-containing functional groups during
steam gasification. Walker and co-workers [59] have also pointed out in a review that a significant
amount of O complex builds up on the surface of active sites, which is referred to the AAEMs.
The content of aromatic C=C on the steam gasified biochar from different CFA processes fluctuated
in the range of 9.94~11.39%, with little change. In addition, the main changes existed between the
carboxylate COO− and aromatic ether/alkene C-O-C. In the absence of active AAEMs, the HCl-biochar
exhibits the lowest surface functional group content, which is consistent with the Raman analysis
results. The HCl-soluble AAEMs (mainly for the organic Ca compounds mentioned above), are mainly
used to promote the formation of carboxylate COO− (from 9.98% to 14.10%), and to limit the
increase of aromatic ether/alkene C-O-C (from 78.62% to 75.62%), which can be considered to be the
transformation from ether/alkene C-O-C to carboxylate COO− catalyzed by HCl-soluble AAEMs.
However, for the NH4Ac-soluble AAEMs, as shown in Figure 9, the relative contents of carboxylate
COO− and aromatic ether/alkene C-O-C were both significantly improved, indicating that the AAEMs
played a positive role in promoting the formation of surface oxygen-containing functional groups.
Compared to the FTIR results for the origin biochar and the H2O-biochar after gasification, the catalytic
effect of the H2O-soluble AAEMs in biochar was investigated. A similar result can be seen in that
during the steam gasification, the H2O-soluble AAEMs promote the increase of the total amount of
oxygen-containing functional groups, and the catalytic effect on the increase of carboxylate COO− is
the most significant.

3.5. Biochar Reactivity in Air

The specific reactivity of biochar in combustion as a function of biochar conversion can be seen in
Figure 10. As usual, the biochar reactivity is mainly controlled by two factors: the biochar structure [60]
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and AAEM species in biochar [3]. The chemical fractionation process has little effect on the pyrolysis
biochar structure [43], thus the AAEMs in the biochar are considered to be the main controlling
factor affecting the pyrolysis biochar activity in this experiment. Given the high quantities of AAEMs
and their possible catalytic activities, the catalytic activity of AAEMs may be the most likely factor
causing the difference in reactivity, because reactions under a steam atmosphere make a difference
in the concentration and dispersion of AAEMs in the resulting chars [40]. During steam gasification,
the AAEMs only increase the concentration of the active complexes on carbon rather than changing
the reaction pathway [61–65]. Figure 10 shows the typical specific reactivity of the pyrolysis biochar
samples from the CFA process. After the chemical fractionation, the content of AAEMs decreased
gradually, resulting in a decrease of the total reaction activity of the pyrolysis biochar. The specific
reactivity showed broad maxima at about 5.8%, 5.2%, 5.0% and 2.0% char conversions for the pyrolysis
origin biochar, H2O-biochar, NH4Ac-biochar and HCl-biochar, respectively. The maximum reactivity
tended to shift towards lower conversion levels with the CFA steps. The main reason for the initial
increase in the biochar reactivity (Figure 10) at small biochar conversion levels was the accumulation
of AAEMs on the biochar surface with the removal of carbonaceous matter. During the air gasification
of biochar, the high mobility of AAEMs allows them to migrate onto the biochar surface to form
catalytically-active species such as –O–AAEM and/or AAEM clusters [66]. At high biochar conversion
levels, where the biochar structure is more inert and highly condensed, the catalytic activity of AAEMs
is reduced compared to its activity at low biochar conversion levels. In other words, at the beginning,
the increase of AAEMs on the biochar surface are the main factor influencing the biochar reactivity. At a
later stage, changes in the biochar structure become significant. The preferential removal of smaller
aromatic ring systems and the persistence of crosslinking structures mean that the large aromatic ring
systems are increasingly concentrated with little flexibility [52].
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For the steam-gasified biochar samples, the catalytic activity of AAEMs is a result of the interaction
between AAEMs and biochar/carbon structures. As in the initial stage of the biochar reactivity test,
unlike the pyrolytic one, there were significant differences in the biochar structure (i.e., O-containing
functional groups and aromatic structures) by CFA in the steam gasification process. Furthermore,
the AAEM-containing species in the biochar during the steam gasification improved the O-containing
functional groups that would be consumed quickly during the reactivity measurement, contributing to the
increase in reactivity [67], while the AAEMs would decrease the relative content of small aromatic ring
structures in the biochar during steam gasification leading to the decrease in reactivity. Thus, the final
decision of the steam-gasified biochar depends on the synergetic effects of the biochar structure and
AAEMs [22]. According to Li et al. [68], the AAEMs would not be volatilized during the oxidation of
biochar with air in the TGA at 370 ◦C during the measurement of biochar reactivity. However, during
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gasification, it can be seen from Section 3.4 that the AAEMs could be significantly precipitated, especially
for the H2O-soluble AAEMs (nearly 100% volatilization). As shown in Figure 10, there is a significant
decrease of biochar reactivity between the “origin biochar + steam” and the other three samples. For the
biochar gasification in 15 vol% steam at 800 ◦C, the water-soluble AAEMs play a crucial role in the catalytic
activity of gasification biochar. Despite its nearly complete volatilization, the water-soluble AAEMs have
a significant effect on the biochar structure, which is a key factor in determining the highest reactivity
of the biochar. The difference between “H2O-biochar + steam” and “NH4Ac-biochar + steam” is mainly
concentrated in the higher carbon conversion stage (biochar conversion >30%), which is mainly due to the
biochar structure determining the reaction [66]. The effect of HCl-soluble AAEMs on the biochar reactivity
functions from start to finish. For “HCl-biochar + steam”, the reactivity is the lowest, mainly due to the
least amount of catalytically active elements (AAEMs) and the less active structure formation in the biochar.

4. Conclusions

(1) The AAEMs in different chemical speciations, such as the H2O/NH4Ac/HCl-soluble ones,
have significant effects on the steam gasification rate of sawdust biochar. During steam
gasification, the release of K occurs mainly in the form of inorganic salts and hydrated ions,
while the release of Ca is mainly for the organic ones.

(2) During steam gasification, the limited increase of O-containing functional groups and,
more importantly, the condensation/growth of aromatic ring systems existed for the AAEMs with
different chemical speciations. Without the active AAEMs (such as HCl-biochar), the sp3-rich
or sp2-sp3 structures are the preferred sites for steam gasification. With NH4Ac/HCl-soluble
AAEMs, the preferred sites with sp3-rich or sp2-sp3 structures are gradually shared by AAEMs,
until the presence of H2O-soluble AAEMs completely replaces them as the gasification sites.

(3) H2O/HCl-soluble AAEMs promote the transformation from ether/alkene C-O-C to carboxylate
COO− while promoting the increase of total surface oxygen functional groups. The relative
contents of carboxylate COO− and aromatic ether/alkene C-O-C were significantly improved by
the NH4Ac-soluble AAEMs.

(4) The H2O-soluble AAEMs play a crucial role in the catalytic activity of gasification biochar
and is a key factor in determining its highest reactivity. The effect of NH4Ac-soluble AAEMs
on gasification biochar activity is mainly concentrated in the high carbon conversion stage
(biochar conversion >30%), and the effect of HCl-soluble AAEMs is reflected in the whole
activity-testing stage.
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Nomenclature

AAEMs Alkali and alkaline earth metallic species
X AAEMs (Na, K, Mg and Ca)
XRelease X(AAEMs) release during gasification
XPyrolysis biochar X(AAEMs) in pyrolysis biochar
XSteam gasification biochar X(AAEMs) in steam gasification biochar
CFA Chemical fractionation analysis
NH4Ac Ammonium acetate
H2O-soluble Soluble in water
NH4Ac-soluble Soluble in NH4Ac solution
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HCl-soluble Soluble in HCl solution
Insoluble Insoluble in water/NH4Ac/HCl
H2O Deionized water
HCl Hydrochloric acid
Origin-biochar Origin pyrolysis biochar
H2O-biochar H2O-washed biochar
NH4Ac-biochar NH4Ac-washed biochar
HCl-biochar HCl-washed biochar
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