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Abstract

The influence of inherent tire char ash during co-gasification with coconut hydrochar prepared at
different intensities was investigated by thermogravimetric analysis to ascertain the extent to which
synergistic interaction, reactivity, and activation energy reduction were altered. High-ash tire tread (TT)
and low-ash sidewall (SW) both exhibited enhanced synergy, reactivity, and activation reduction upon co-
gasification with hydrochars; however, the extent of promotion was more pronounced in SW-hydrochar
blends. This difference was caused by the inhibiting nature of TT inherent ash, particularly the role of Si-
containing compounds. Inhibition in TT-hydrochar blends was mainly due to the promotion of alkaline and
alkaline earth metal transformation into inactive silicates, and to a lesser extent, the mass transfer effect
caused by accumulated ash, especially at conversions higher than 70%. The extent of enhancement
correlated well with the concentration of available alkaline and alkaline earth metals. The findings may be
useful in justifying the exclusion of high ash tire char as gasification feedstock to mitigate ash-related

problems.

1. Introduction

Hitherto, the impetus to reduce dependency on fossil fuels by exploring alternative, green and (or)
sustainable energy sources such as biomass,!? waste tire>* and municipal solid waste’ has intensified,
leading to the exploitation of these alternatives in already existing coal-based gasification facilities.®
However, the commercialization of unary gasification of these candidate fuel-sources is thwarted by several
critical fuel quality issues and operational problems. Sole biomass gasification bottlenecks include and are
not limited to low bulk and carbon density, high moisture content, mineral matter, irregular morphology,
and tar generation.”® Hydrothermal treatment (HT) is one of the pre-treatment methods used to address
some of the limitations of biomass utilization, particularly better solid dewatering performance, improving

energy density, and homogenization of solid fuel morphology.
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Hydrothermal treatment is the thermochemical conversion of biomass into an energy-dense
carbonaceous solid using an aqueous medium operated under subcritical conditions.”!° The densified solid,
also known as hydrochar, is a result of biomass transformation via chemical reactions which include
decarboxylation, decarbonylation, dehydration, polymerization, re-condensation, aromatization, and
hydrolysis.!'! Simultaneously, the process extracts water-soluble ash-forming minerals from biomass into
the aqueous phase, thus reducing the alkaline index of resultant hydrochar.!> Consequently, the tendency
for ash fouling and slagging is diminished.!? Intensive HT conditions can yield chars similar to lignite coal
at best, beyond which, more severe conditions render the process uneconomical. Furthermore, the energy
density of hydrochar is significantly lower than that of higher rank coals used in gasification facilities,
therefore it is imperative to improve the energy density of hydrochar by co-utilization with high calorific

carbonaceous material such as waste tire.

Waste tire is an energy-dense (30-40 MJ/kg) carbonaceous material® with a heating value higher
than that coal.'* Nascent pyrolytic tire char is relatively inert under CO, gasification conditions®!> owing to
the graphitic structure and a deficiency in reaction-promoting heteroatoms hence requires harsh reaction
conditions.!®!” On the other hand, lignocellulose biomass has ample heteroatoms and catalytic species in
the form of alkaline and alkaline earth metals (AAEMs), these are known to significantly improve
reactivity.!”! Although biomass can greatly improve gasification reactivity, it inevitably produces
problematic condensable organic compounds referred to as tar. Tar can be reduced and (or) eliminated by
carbonaceous chars,'® reforming performance is significantly enhanced by doping with transitional
metals.?%2! Zinc-rich tire char is also exploited as an in-situ or ex-situ tar reforming catalyst during co-
gasification.???3 Co-gasification of biomass and waste tire is therefore complementary because the latter
can sequestrate the demerits of the former, and vice versa. A deep understanding of the nature of interactions

during co-gasification is, therefore, by no means a trivial matter.

Research on co-gasification of waste tire and biomass has not garnered much attention,* to the best
of the authors’ knowledge only one research group reported on the isothermal and non-isothermal kinetics
of CO, co-gasification with several biomass residues.!®!” They confirmed that co-gasification improved
process thermodynamics and synergistic interaction, owing to the catalytic role of AAEMs. It is worth
mentioning that these previous studies were restricted to one non-specified part of a tire; however, tires are
composed of low-ash sidewall (SW) and high-ash tire tread (TT) components. This heterogeneity is not
accounted for in co-gasification studies. It follows that the effect of inherent ash on tire-biomass interaction
requires investigation to attain a more holistic understanding of synergistic or antagonistic effects during
gasification. Our previous study compared the effect of inherent tire ash on the physicochemical evolution

of SW and TT char and found that TT formed silica-based ash clusters, which inhibited gasification through
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an increase of mass transfer effects and suppression of structural development.?* SW did not exhibit any
inhibition even at near-completion conversion. By inference, such phenomena may have a deleterious effect
on co-gasification. For a better understanding of the effect of inherent ash during co-gasification, the

mechanism of catalysis requires reviewing.

The proposed mechanism of catalysis is initiated by AAEMs migration from biomass to the tire
char. Subsequently, there is deposition and preferential accommodation on and within carbon matrix
imperfections resulting in the formation of swelling graphitic intercalation compounds that strain carbon
bonds and ease bond breaking.?>%¢ In addition, the degree of graphitization'? and aromatic ring condensation
is suppressed,?” and consequently, the gasification reaction is promoted via a reduction in activation energy.
It is, therefore, reasonable to infer that migration and accessibility of the char matrix by catalytic species
has a profound effect on the extent and nature of the interaction. High-ash chars can reduce carbon matrix
accessibility by intercepting AAEMs and (or) encapsulating the carbon matrix and thus reduce the extent
of interaction.?* Based on this hypothesis, it is worth investigating and quantitatively evaluating the effect
of different ash content on synergy or inhibition. Results from such a study are key in justifying the
necessity of tire pre-handling protocols to mitigate possible ash-related issues such as incomplete carbon

conversion and ash fusion.

In light of this discussion, this paper presents the co-gasification of tire chars of different ash
composition with hydrochars from potassium-rich coconut fiber to gain insights on the effect of AAEM
concentration on the extent of synergy, reactivity and reduction of activation energy and to delineate the

impact of inherent tire ash on the same.

2. Materials and Methods

2.1 Sample Preparation
This section presents the preparation of low-ash tire char, high-ash pyrolytic tire char (TC), and

coconut fiber hydrochars.

2.1.1 Hydrochar preparation

Hydrothermal carbonization runs were performed using a 0.5 L batch-type continuously-stirred
autoclave reactor (MMJ-500, OM Lab-Tech, Japan). For each run, ~10 g of raw coconut fiber on an as-
received basis was mixed with distilled water and charged into the reactor. The mass ratio of coconut fiber
(dry basis) to total water was kept at 1:10 for each test. After that, the reactor was purged with argon gas to
ensure an inert environment for the carbonization process. Subsequently, the reactor was heated to target
temperatures of 180, 200, and 220 °C. The reactor charge was held for 20 min at the target temperature.

After each experimental run, the hydrochar was dewatered using a vacuum filter and oven-dried at 105 °C
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for 24 h. The hydrochars thus furnished are named HT180, HT200 and HT220, respectively. The chemical

analysis of the hydrochars is shown in Table 1.

2.1.2 Tire Sample preparation
The end-of-life tire was separated into SW and TT. The samples were shredded into small pieces

(1 cmx1 cm), washed using distilled water to remove impurities and finally air-dried.

2.1.3 Char preparation

Pyrolysis experiments were carried out in an electric reactor; a detailed description of the
equipment is reported elsewhere.?® Chars were prepared in a pyrolysis reactor operated at a temperature of
950°C, and the samples were held for 30 minutes to ensure complete devolatilisation. All samples were
ground and sieved to a particle size of less than 105 pm. Pyrolyzed hydrothermally treated coconut fiber
prepared at 180, 200, and 220 °C was labeled HT180P, HT200P, and HT220P, respectively. While sidewall
and tire tread char is simply tagged SW and TT, respectively.

Table 1. Chemical composition of samples

Sample HT180 HT200 HT220 TT SW
Proximate Analysis (wWt%, dry basis)
Volatiles 76.67 75.36 75.48 0.53 0.69
Fixed Carbon 18.68 21.11 22.32 76.84 89.59
Ash 4.65 3.53 2.20 17.86 3.56
Ultimate Analysis (wt%, dry ash-free basis)
C 49.27 51.85 54.25 78.48 92.65
H 5.85 5.56 5.15 1.19 1.05
o“ 39.98 38.85 38.09 0.42 0.47
N 0.24 0.19 0.30 0.91 1.03
S 0.02 0.01 0.01 1.13 1.24
XRF Analysis (wt%)
K,O 17.92 5.07 1.96 0.92 1.32
SiO, 27.08 30.81 37.38 52.78 11.21
Na,O 9.74 2.81 4.12 0.02 0.01
CaO 28.66 38.75 32.58 0.73 6.74
Al,O4 6.05 2.22 3.06 1.23 2.66
SO; 1.19 1.17 1.99 8.69 14.2
MgO 2.67 12.68 11.26 0.42 2.99
Fe,0; 0.70 2.62 2.05 1.20 091
ZnO 0.10 0.16 0.14 32.84 58.63
HTI180P HT200P HT220P TT SW
AAEM concentration (mg/g)
K 89.60 35.48 12.70 0.25 0.12
Na 25.70 14.05 11.60 0.14 0.20
Ca 20.20 23.10 24.70 0.07 0.06

4 Calculated by difference.
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2.2 Characterization
Feedstock characterization with respect to physicochemical properties is key to explaining and even
predicting gasification behavior, particularly chemical composition, ash composition, and degree of carbon

disorder.

2.2.1 Chemical and Physical Analysis

Thermogravimetric analysis (Shimadzu DTG- 60H with thermal analyzer TA-60WS, Japan) was
used for proximate analysis of all samples, and ultimate analysis was performed using the Vario Micro
Cube Elemental Analyzer (Elementary, Japan). Char samples’ morphological surface characteristics were
determined by scanning electron microscopy (SEM: JSM-6610LA, JEOL Ltd. Japan). The Raman spectra
of tire char samples were determined by a NRS-4100 Raman spectroscopy (JASCO, Japan) employing a
laser beam of wavelength 532 nm and 1 cm™! resolution. Spectra of wavenumber range 800-2000 cm™!' were
recorded. The surface area of pyrolyzed chars was measured using an ASAP 2020 analyzer by N, gas
adsorption method at 77.15 K for pores with a diameter range from 2 nm to 200 nm. The Brunauer—Emmet—

Teller (BET) model was used to calculate the specific surface areas of the samples.

2.2.2 Ash Analysis

Ash composition was determined by X-ray fluorescence spectrometry (XRF: S2 Ranger/LE,
Bruker AXS, Germany). Only common major constituents existing in both hydrochars and pyrolytic tire
chars are presented in Table 1; therefore, the sum of weight percentages is not unity. Water-soluble and ion
exchangeable cationic species of pyrolyzed samples were determined using chemical fractionation
analysis,? and AAEM concentration was measured by an inductively coupled plasma optical emission

spectrometer (ICPE-9000, Shimadzu, Japan).

2.3 Gasification Experiments

2.3.1 Experimental Procedure

Char blends were prepared by mixing pyrolytic TC and hydrochar at equal proportions. The blends
were labeled accordingly; for example, a mixture of pyrolyzed SW and HT180P was tagged SW-HT180P.
Experimental runs were initiated by loading an 8.0 £ 0.5 mg sample in an alumina crucible and heating to
a target temperature at 20 °C/min under N, (80 mL/min). The sample was held at target temperature for 5
minutes to ensure temperature equilibration; after that, inert gas was switched to high-purity CO, (150
mL/min) to initiate gasification. All experiments were done in triplicate. Semichars were prepared by
interrupting gasification TGA tests at times corresponding to appropriate conversion, this was achieved by

switching CO, flow for N, to stop the reaction.
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2.3.2 Data processing

Raw mass-loss data was converted to conversion-time data by the following equation,

m, —m
Nl (1)
m 0 ma
where my is the initial mass of samples, m; is the instantaneous sample mass at time ¢ and m, is ash mass.
The existence of synergistic/ inhibition effects is determined by comparing non-interactive theoretical

conversion and experimental conversion. The theoretical conversion can be calculated according to

Equation 2;30

X Fre (mTC,O - mrc,z)"' Fur (mHT,O - mHT,t)

cal =
Fre (mTC,O —Mrc, )"‘ Fur (mHT,O - mHT,a)

2)

where Fr¢ and Fyr is tire char and hydrochar mass fractions in the blended chars, respectively.

2.3.3 Determination of Activation Energy
The activation energy can be obtained by using an isoconversional method®' and the derivation is presented

below. The rate law is given by;

r =%=k(r)f(x> 3)

where f(x)is a mathematical expression of a suitable reaction model, k(7")is the rate constant at

temperature 7 . The reaction rate expressed as a function of temperature is described by the Arrhenius
equation given by;
,(ij
k=kye \*" 4)

where E 4 is the activation energy (J/mol), ky is the frequency factor in min 1, R is the ideal gas constant

(8.314 J/mol K), T is temperature in kelvin.

Equation 3 is solved by integration of separated variables;

[ = 0=k rh(r) ®

where k, and t, is the rate constant (min 1) and residence time (min) at a specific conversion x.

Combining equations 4 and 5 and solving yields
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EA
Inft (T)]=a + T (6)

where a = In G(x) —Inky, is a constant at a specified conversion. The activation energy is calculated from

the gradient of In (t,) against 1/T plots at varying conversion levels.

3. Results and Discussion

3.1 Sample characterization
The proximate, XRF, and chemical fractionation analysis of hydrochars shows that the severity of
hydrothermal treatment conditions increases fixed carbon content and reduces ash content, mostly water-

soluble species.

Scanning electron microscopy micrographs of pyrolyzed raw coconut fiber and hydrochars are shown in
Figure 1, demonstrate the morphological changes associated with the combined effect of the severity of
HT conditions and pyrolysis. The longitudinal section of the raw fiber is characterized by a filamentous
morphology with a relatively smooth epidermis on which there are nearly-even distributed globular
protrusions. The cross-sectional area is xylem composed of a honeycombed-shaped network with hollow
channels. Pyrolytic HT 180 suggests that HT erodes or facilitates the erosion of protrusions resulting in pits
on the fiber surface, while the inner skeletal morphology does not exhibit considerable change. It is
reasonably inferred that the protrusions are composed of non-refractory biomass components such as

extractives and hemicellulose.

As the HT conditions intensified, the pits were transformed into parallel reticulate micro-ridges that run
parallel to strand length, leaving behind an open-structured HT recalcitrant xylem skeletal core, as shown
in Figure 1 (d). Nitrogen adsorption test results show that pyrolyzed hydrochars have a well-developed
porous structure. The surface area of the pyrolytic HT180P, HT200P, and HT220P chars is 312.7 m%/g,
324.9 m%g, and 365.2 m?/g, respectively. Figure 1 (e-f) shows the surface morphology of pyrolytic SW
and TT. The SW is characterized by a smooth surface with no perceivable degree of defects or porosity,
while TT has a relatively rough surface. The presence of silica-based ash clusters causes surface roughness.
Detailed ash characterization is reported elsewhere.?* The surface area of the tire chars is 53.6 m?/g and
30.5 m?/g for TT and SW, respectively. Similar results were reported in our previous work,?* however, the
surface area in this study is much lower; the reason is that a different tire brand was used. It should be
remarked that tire char is meso/macroporous solid, 3233 implying that premature pore coalescence during
gasification, thus inhibiting the reaction through a reduction in available surface area. The surface area of

chars is dependent on the type of carbon black used during tire manufacture. For example, common
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commercial carbon blacks, N660, NCB, and HCB have a surface area of 35.75 m?/g, 80.08 m?/g, and 138.90

m?/g.32

Figure 1. SEM images of pyrolytic samples. (a)raw coconut fiber (b) HT180 (c) HT200 (d) HT220 (e) SW (HTT

3.2 Influence of inherent tire ash on gasification characteristics
Preliminary gasification tests with 10+£0.5 mg samples were conducted to investigate the effect of

ash on gasification, and to emphasize and make clear the distinct reaction profiles of tire char caused by a
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difference in ash content. The TT and SW CO, gasification profiles of chars are superimposed on each

other and presented in Figure 2.

1.0
0.8 |
....... SW 850°C

Q ....... SW 900°C
;’ o6k § £ Y e SW 950°C
2 ——TT 850°C
5 ——TT 900°C
= _ o
8 04 TT 950°C

0.2

OO M M M 1 M

0 200 400 600 800

Time (min)
Figure 2. Conversion-time profiles of tire char
Line graphs indicate that the effect of ash is inconsequential at conversions averaging below 70% despite
the significant difference in ash content and composition. It is observed that the profiles are coincident up
to nearly 70% conversion at all temperatures, suggesting that the reactivity is similar within that range. The

coincidence can be explained by considering the chemical composition of waste tire rubber.

Waste tire rubber (by order of abundance and excluding steel/fabric reinforcement) is comprised
of carbon black, natural rubber, synthetic rubber, and mineral matter.>*35 During pyrolysis, most, if not all,
of the rubber is expelled as volatiles, leaving behind an ash-laden carbon-black-rich char with minor
proportions of entrapped rubber remnants/deposits.’* Therefore, tire pyrolysis can be considered a carbon
black enriching or recovery process.*® For this reason, it is reasonable to infer that the coincidence of the
conversion profiles is a consequence of the reaction of the most dominant component of tire char, carbon
black. Deviation from coincidence at higher conversions is attributed to the inhibiting nature of residual
ash in the fixed bed, particularly silica-based ash clusters. A linear profile characterizes SW, while TT has
a linear trend at lower conversions and a protracted profile at higher conversions. The effect of inherent ash
is quantitatively evaluated by comparing the reaction times of these chars. In contrast to SW char, the
reaction time of TT is increased by a factor of 1.58, 1.72, and 1.86 times at temperatures 850, 900, and
950°C because of mass transfer resistance imposed by the presence of silica-laden ash. Conversion profile

coincidence also suggests that ash components act as spectator inorganic species; some researchers®’
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reported that tire char is mostly comprised of acid-leachable (at elevated temperature) inorganic species,
which implies inactivity during gasification. Only water-soluble and ion-exchangeable inorganic AAEMs
are reported to affect gasification positively through catalysis.’®3° For TT char, the char-ash transition for
conversion less than 70% is described by the shrinking particle model, within which the carbon structure is
the dominant factor, while at a later stage, transition model changes to the shrinking particle core model as
the effect of accumulated ash gradually takes a more significant role.?*4° The SW char can only be described
by the shrinking particle model owing to the low content of ash.?* To ensure that only the influence of ash
is studied, the chemical structure of carbon in TT and SW char has to be the same. For this reason, the

chemical structure of tire chars was determined using Raman spectroscopy.

As presented in Figure 3, both chars are characterized by two shifts at ~1350 cm™! and ~1600cm’,
these are referred to as D-band and G-band, respectively. The D-band represents structural defects and
disorder in the carbon structure derived from sp* carbon vibrations, while the G-band represents a graphitic
crystalline structure related to sp? carbon vibrations.*! The intensity of the G-band is higher than that of the
D-band, indicating a high degree of graphitization and a lack of structural defects; this explains the low
reactivity of tire char. Visually, the two spectra suggest a similar structure in TT and SW, therefore the
spectra were deconvoluted to evaluate individual band intensities quantitatively. The results are shown in
Table 2. The intensity ratio Is/I,; was used to evaluate the carbon ordering degree of chars,* a high value

of the intensity ratio indicates a degree of graphitization.

o Experiment Fy T o Experiment o SW
Fitting Spectrum A Fitting Spectrum 3

= =
.2 G

g &
= 87

a a
— —

\
1 " 1 1 " 1 M — " " "
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800

Wave number (cm™) Wave number (cm™)

Figure 3. Raman spectra for tire tread and sidewall char

It was found that the order degree for both chars is 0.230+0.014, with SW char exhibiting a slightly higher

graphitization degree. Considering char compositions discussed hereinabove and the same thermal history
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1

2

2 of the chars, the slight variation may be due to the varying extents to which nascent pyrolytic chars expel
5 or retain repolymerization products owing to the role of initial mineral matter.

6

7 Table 2. Microstructure Parameters of Tire Char

8

9 sample Ip Ig Io/Ly

10 TT char 284 78.3 0.216

1 ; SW char 253 813 0.243

13

14 . . .. .

15 To corroborate this speculation, one study?® reported that pyrolytic tire char recovered for high-temperature
16 pyrolysis is predominantly mineral-rich carbon black with carbonaceous deposits on its surface. The high
17

18 surface area in TT char could imply more accommodation of these deposits and hence a lower degree of
;g graphitization, as reflected in Table 2. Based on this analysis and discussion, the chemical structure of chars
21 can be considered to be the same since the effect on gasification reactivity is slight, as demonstrated by the
;g coincidence of SW and TT char gasification profiles.

24 . . . .

25 3.3 The effect of blending on tire char reactivity

;? Gasification reactivity curves of individual and blended char samples are shown in Figure 4. Figure
28 5 shows the extent of gasification enhancement when tire char is blended with hydrochars.

29

30 The gasification reactivity was quantitatively evaluated by the reactivity index (Roo) in h™!, which is
31

32 calculated as follows:*

33

34 0.9

35 Ryg = t_

36 0.9 (7)

37

38 where t o is the gasification time needed to reach char conversion of 0.9.

39

2(1) It is observed that the reactivity of TT is much lower than that SW char, owing to the inhibiting nature
42 inherent ash. Generally, the blending of tire char with hydrochar improved the reactivity of tire char. The
jj trend of reactivity for SW and SW-hydrochar blends is; SW-HT180P > SW-HT200P > SW-HT220P > SW.
45 The same trend was observed for TT and TT-hydrochar blends. This trend correlates well with the available
46 .. . .

47 AAEMs concentration in hydrochars. It is observed that HT180 has the highest enhancement effect on
48 reactivity. The order of hydrochar reactivity enhancement follows the trend; HT180P > HT200P > HT220P.
49

50 The high reactivity enhancement capacity of hydrochars emanates from the role of AAEMs. The low
g ; reactivity of tire chars is due to the low available micropore surface area, high graphitic crystalline structure,
53 and the presence of a high concentration of acidic mineral content.

54

55

56

57

58

59
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Figure 4. Gasification reactivity curves of tire char and tire-hydrochar blends
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;; The addition of hydrochars to tire chars significantly improves gasification performance. The promotional
24 effect of elevated temperature on gasification is demonstrated in the same figure. For example, when the
22 gasification temperature is increased from 850 to 950°C, the reactivity of SW-HT180P triples. The same
27 figure illustrates that the extent of enhancement for SW is more pronounced compared to TT owing to the
28
29 difference in ash content highlighted above. It is reasonable to infer that the inherent tire ash has an
30 inhibiting influence on reactivity enhancement since the magnitude of reactivity indices of TT-hydrochar
31
32 blends is much lower compared to SW blends.
33
34 3.4 Effect of blending on synergy
35
36 Reactivity curves shown in Figure 4 have experimental and calculated reactivity curves. Calculated
37 reactivity curves are a result of combining individual reactivity curves of tire char and hydrochar, according
38
39 to equation 2. Synergistic behavior or inhibition is derived from comparing experimental and calculated
2(1) reactivity curves. When the latter is higher than the former, it means there is synergistic interaction, and
42 when the former is higher than the latter, inhibition is confirmed. A special case exists when the two curves
43 . . . . . .
44 are coincident, in which case non-interaction exists.
45 . . . . .
46 The synergy factor was calculated to determine the nature of interaction according to the equation;*
47
48 R
49 Synergy factor = e ®)
50 0.9,cal
51
g ; where Ry, ., and R, ., denotes calculated and experimental reactivity, respectively. Figure 6 shows the
gg effect of blending on the synergy factor.
56
57
58
59
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The primary interaction mechanism between tire char and hydrochar was found to be the synergistic
effect. Blends with SW char exhibited a stronger synergistic effect compared to TT containing blends. At
all temperatures, the trend for synergy for all chars followed the trend; TC-HT180P > TC-HT200P > TC-
220P. This trend has a strong correlation with the availability of AAEMs.

sol % SW-HT180P sol FE8 TT-HT180P
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SW-HT220P ] TT-HT220P
40 40
e —
2 2
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20 20
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Figure 6. Effect of blending on synergy

Interestingly, when tire chars are blended with the same hydrochar, the SW blends show a significantly
higher synergy factor. This observation implies that acidic ash decreases the extent of synergy. The extent
of synergy enhancement in the case of HT220P is not significant compared to HT180P and HT200P owing
to low AAEM concentration and possibly deactivation thereof. An increase in temperature is marked by a
decrease in the synergy factor owing to the promotion of internal and external AAEMs deactivation reaction
with silica and alumina minerals. On the basis of these findings, it is concluded that an increase in AAEMs
concentration promotes synergy, while an increase in temperature or acidic ash concentration hampers

synergistic interaction.

The apparent negative effect of accumulated ash on tire reactivity at conversions higher than 70% is
discussed hereinabove, and it is, therefore, necessary to explore the effect thereof on activation energy
reduction since AAEMs are known to catalyze gasification reactions. Only conversions greater than 70%

are considered in a bid to elucidate the effect of accumulated ash on co-gasification.

3.5 Effect of blending on activation energy reduction
It was established that ash accumulation at high conversion causes a protracted gasification time
for TT; it follows that initiating and maintaining the gasification reaction becomes more energy-intensive

as the reaction reaches near-completion. The effect can be observed by calculating the fractional observed
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activation energy of chars during gasification calculated according to the isoconversion method.3! The same

approach can be used to determine the extent to which activation energy is altered when tire char is blended.
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Figure 7. Effect of blending and conversion on activation energy

The observed activation energy of TT and SW between the conversion range 75-95% averages between
189 and 175 kJ/mol, respectively. Blending tire char and hydrochar reduced the activation energy in all
blends; however, the change for TT-HT220P is negligible, as illustrated in Figure 7. This implies that the
HT220P AAEMs concentration is not adequate to pose a significant catalytic effect for TT; on the contrary,
SW-HT220P activation energy reduced to a range much lower compared to the former. At conversions
greater than 75%, there is a significant accumulation of Si-containing ash, which increases with reaction
progress, and as such, the negative effect of ash becomes more prominent. The steeper gradient exhibited
by TT-HT200P is attributable to the extent of AAEMs deactivation relative to the initial concentration of
AAEMs since TT-HT200P is less than TT-HT180P. It is reasonable to infer that, for TT-HT200P, a
relatively greater proportion of AAEMs is immobilized and deactivated before accessing the carbon matrix,
while TT-HT180 may have more available AAEMs even after experiencing the same extent of deactivation
as the former. Furthermore, the higher concentration of AAEMs may result in suppressing carbon

graphitization, thus decreasing the observed activation energy of the gasification reaction.

These observations suggest that TT ash inhibits carbon matrix accessibility via mass transfer effects
and (or) AAEMs transformation into inactive AAEM-aluminosilicates or silicates. By extension,
comparison with SW-HT220P reveals that inherent ash inhibition is not pronounced because of the low ash
content. The change in activation energy with respect to conversion for SW-HT180P and SW-HT200P
shows that blending reduced the observed activation energy of SW to an average of 130 and 151 kJ/mol,

respectively. The nearly horizontal trend implies the absence of any significant inhibition effects. On the
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contrary, TT-HT180P and TT-HT200P observed activation energy ranges are 126 -145 kJ/mol and 148-
171 kJ/mol, respectively. A positive gradient characterizes the change in activation for TT-hydrochar
blends, as illustrated in Figure 7. This case confirms the presence of noticeable inhibition effects associated
with a significant amount of acidic tire ash. The degree of activation energy reduction for all blended
samples follows the trend; TC-HT180P > TC-HT200P > TC-HT220P. The trend has a good correlation
with the concentration of AAEMs.

Interestingly, the trend for observed activation for tire blends with HT180P and HT200P show a
good correlation with conversion-time profiles of tire char, which is near-coincidence at low conversions
and divergence at higher conversions. This observation further demonstrates the negative effect of tire ash
on co-gasification, and it is reasonable to infer that inhibition is a combination of mass transfer effects
caused by ash accumulation and possibly a decrease in matrix accessibility by physical interception and
(or) AAEMs deactivation. Further analysis was conducted to confirm the presence and degree of AAEMs

transformation exhibited by different tire chars.

Tire blends with HT200P were gasified at 950°C and interrupted at 90% conversion to evaluate the
degree of deactivation. The gasification temperature of 950°C was selected because the temperature in this
range promotes AAEM transformation into non-active species such as alkaline metal-aluminosilicates and

silicates.’ The results are summarized in Table 3.

Table 3. AAEM concentration of blended pristine chars and semichars

samples AAEM concentration (mg/g)

K Na Ca
TT-HT200P 17.87 7.10 11.59
TT-HT200P-90-950°C 3.12 1.03 3.27
SW-HT200P 17.80 7.13 11.58
SW-HT200P-90-950°C 3.22 1.22 9.11

Note: TC-HT200P-90-950°C is semi-char (conversion, 0.9) of TC-HT200P gasified at temperature of 950°C

Initial total AAEM concentration of blends is almost equal; however, after gasification up to 90%
conversion, the concentration is reduced to a much higher degree for TT than SW. It should be noted that
alkaline metals are released from char at temperatures higher than 850°C,*¢ while calcium is retained in
the char or semichar during gasification.’ For this reason, experimental results of potassium and sodium are
considered as volatilized inorganics owing to elevated temperature. To corroborate the veracity of this
reasoning, the two semichars constituting high and low-ash tire char has at least 82% reduction of alkaline
metals, although ash content is different. This confirms that ash behavior other than alkaline deactivation

is at play; therefore, only calcium species were considered for semi-quantitative determination of the extent
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of deactivation through the reaction with silica and alumina. Furthermore, there is a preferential reaction of

calcium with silica compared to sodium and potassium.*’

In the SW-HT200P blend, calcium content reduced by 21%, while TT-HT200P blend reduced by 72%,
confirming the negative effect of TT silica-rich ash on co-gasification. These findings confirm deactivation
as one of the mechanisms through which the capability of hydrochar to decrease tire char activation energy
is reduced. The same can be used as a measure of interception since catalyst species are immobilized and

prevented from accessing residual carbon structure through migration.

It should be noted that the deactivation levels may be higher than the actual levels because of the
tendency of AAEMs species to stick to the alumina pan surface; however, the findings are still useful for a
comparative study and should be strictly treated as apparent values. Nevertheless, the negative impact of

inherent tire ash is adequately demonstrated.

4. Conclusion

Tire chars of different ash compositions were co-gasified with hydrochars from potassium-rich
coconut fiber to gain insights on the effect of AAEM concentration on the extent of synergy, reactivity, and
reduction of activation energy. A high concentration of AAEMs enhanced reactivity, synergistic effects,
and the degree of activation energy reduction. An increase in temperature promoted reactivity because of
the endothermic nature of gasification reactions; in contrast, synergy decreased owing to the promotion of
AAEMSs transformation at elevated temperatures. The extent of enhancement for all the factors mentioned
above was more pronounced for SW compared to TT, owing to the inhibiting nature of TT inherent ash.
Additionally, inhibition in TT was mainly due to the high concentration of acidic ash, particularly Si-
containing minerals, which acts as a site of AAEMs deactivation and, to a lesser extent, the mass transfer
effect caused by accumulated ash. It may be prudent to exclude the tire tread from the tire when considering
co-gasification as it may result in high catalyst consumption and unreacted carbon, thus reducing reactor

efficiency.
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