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Abstract: Waste tire (WT) can be heat-treated to be high-quality sulfur self-doped char via pyrolysis
and K2FeO4-assisted activation processes. This work aimed at further studying the activation
mechanisms based on the char structures evolution by operando experimental method. Activation
treatment process (from 50 ◦C to 800 ◦C and then held for 3 h) was divided into six typical stages (S1–
S6) and consisted of carbonization process (S1–S4) and effective activation process (S4–S6). During
the carbonization process, the specific capacitance only increased from 0.2 F/g to 12.4 F/g, aromatic
ring systems and alkyl-aryl C-C bonds generated, S 2p3/2 (sulphide bridge) was mainly gradually
consumed. During the effective activation process, the specific capacitance hugely increased from
12.4 F/g to 112.5 F/g, aromatic ring systems and alkyl-aryl C-C bonds turned to ordered graphitic
char. The pores massively generated from S4 to S5, while micropores partly formed to larger and
mesopores+macropores fractionally converting to smaller from S5 to S6. Besides, both S 2p3/2 and S
2p5/2 (sulphone bridge) were enriched after S5. Furthermore, the key structural parameters for huge
improvement of specific capacitance were found and it further revealed that mesopores+macropores
possessed stronger promotion effect than micropores and S 2p3/2 was more beneficial than S 2p5/2.

Keywords: waste tire; sulfur; char; activation; structure; specific capacitance

1. Introduction

Tire, plays an essential role in transportation and its production amount has been
sharply rising, would even hit 2.5 billion pieces in 2020 over the world amazingly [1]. As
a result, huge quantities of WTs are produced with tires constantly upgrading, causing
serious pollutions to the environment since they cannot be naturally degraded [2,3]. Py-
rolysis has been regarded as a promising technology to treat WTs as a result of it can be
efficiently converted to high-valued oils by pyrolysis [4–7]. Unfortunately, large amounts
of low-quality waste tire chars (WTCs) would generate via pyrolysis operation and their
proportions commonly exceed 40 wt% compared with mass of WTs [8]. Driven by great pro-
duction capacity and economic value of WTs dispose, upgrading WTCs based on specific
applications is significantly worth to carry out broad studies [9–12].

Nowadays, pyrolytic WTCs are mainly used to produce carbon blacks [13,14]. How-
ever, it would take many times and costs to conduct desulfurization operations, because
the contents of intrinsic sulfur in WTCs are usually high over 2 wt% [8,15]. As a result, it
would be much promising to easily treat WTCs and achieve higher-valued applications.
Expectedly, it has been proved by us that high content of intrinsic sulfur can effectively
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dope in the char structure and promote its specific capacitance by activation treatment
process with assistance of K2FeO4 [16,17]. However, in our previous works, we mainly
focused on the effects of pyrolysis temperature [16] and activation conditions (activation
temperature and K2FeO4 additive ratio) [17] on the final products. Besides, so far, there
have been many published works studying the carbon material structures and specific
capacitance performances [18–20]. However, just like us, they all paid too much attention
to the products and ignored the activation treatment process. Importantly, during the
activation treatment process, the carbon material structures would evolve to be finally
shown to researchers. Investigating into the activation treatment process based on the
evolution of char structure could benefit to further understand the activation mechanisms,
and make guidance to activation operations.

In addition, the specific capacitance performances of carbon materials are strongly
related with their physical and chemical structures [21,22]. Moreover, the structures would
strongly be affected by activation treatment process based on our previous studies [16,17].
As for physical structures, textural properties are basically involved, and they consist of
specific surface area, pore volume, and average pore diameter [23–25]. In addition, pores
are together composed by micropores, mesopores, and macropores [26]. The chemical
structures can be jointly described by the carbon skeleton structure and heteroatoms doping
structures. Complexly, doped sulfur is composed by sulphide bridge (-C-S-C-, S 2p3/2)
and sulphone bridge (-C-SOx-C- (x = 2−4), S 2p5/2) respectively [16,17,27]. Therefore,
the structural parameters are multitudinous, which jointly decide the specific capacitance
performances of product carbon materials [12,19,20]. However, the correlations between
specific capacitance and physical/chemical structures during activation treatment process
are not clear yet. Studying them can strongly make significant guidance to further promote
specific capacitance.

In this work, the K2FeO4-assisted activation treatment process of WTC was divided
into six typical stages based on the thermogravimetric analyzer (TGA) result. Then, WTC
was heat-treated at the detailed reaction conditions of those stages with a horizontal tube
furnace respectively. The yields of products and activated waste tire chars (AWTCs) with
corresponding specific capacitances were calculated. Besides, the physical and chemical
structures of chars were systematically analyzed by N2 adsorption-desorption analyzer, Ra-
man spectrometer (Raman), element analyzer (EA), and X-ray photoelectron spectroscopy
(XPS). The activation mechanisms based on the structural evolution of WTC were thus re-
vealed. The correlations between specific capacitance and multitudinous physical/chemical
structural parameters were firstly revealed systematically.

2. Materials and Methods
2.1. Activation Treatment Experiments

The raw material (WT) was purchased from Sichuan Huayi Rubber Company and
cut into about 40 mesh. The proximate and element analysis results of WT were shown
in our previous work [16]. Firstly, heating WT (ca. 10 g) to 400 ◦C with a heating rate of
5 ◦C/min and then holding for 1 h under 0.5 L/min N2 flow in a horizontal tube furnace,
the acquired WTC was named WTC400 and used as the reactant for subsequent activation.
The selection of pyrolysis temperature at 400 ◦C was based on our published works [15,16],
and it can benefit for the larger specific capacitance of activated char.

0.5 g WTC400 was mixed with 1.5 g K2FeO4 (AR, CAS: 39469-86-8, MACKIN), and
30 mL deionized water was then added to form homogeneous mixture. Thereafter, the
mixture was moved to a rotary shaker at 30 r/min for 24 h, which was then well dried
at 105 ◦C for 48 h and ground fully. The powder mixture of WTC400 and activation
agent was put into a TGA (STA8000, PerkinElemer Company, Waltham, MA, USA) to
be heated from 50 ◦C to 800 ◦C with 5 ◦C/min and then held for 3 h, thus the mass
loss information was recorded. The selection of activation conditions was based on the
published works [16,17], and they can assist in achievement of the relatively high yield
and large specific capacitance. According to the mass loss characteristics, the activation
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treatment process can be divided into six typical stages (S1–S6) and their reaction conditions
can be directly acquired. Following, the homogeneous mixtures were activated at the
detailed reaction conditions above in a horizontal tube furnace respectively. The collected
products were repeatedly washed by 1 M HCl solution and deionized water until pH of
filtrates were neural, then the samples were dried at 105 ◦C for 24 h to collect AWTCs that
were weighed to calculate the yields of AWTCs as shown in Equation (1):

YieldAWTC (%) =
MAWTC

MWTC400
× 100% (1)

where MAWTC was mass of AWTC, MWTC400 represented mass of WTC400 and it was 0.5 g
in the activation experiments.

2.2. Physical and Chemical Properties Characterization

Before all the characterizations, AWTCs were mixed adequately to ensure their ho-
mogenization. AWTCs at six typical stages were loaded on the nickel foam sheet to prepare
working electrodes respectively and measured as guided by our previous work [16]. The
working electrodes were subsequently analyzed in a three-electrode system with an elec-
trochemical station (CHI 660E, Chenhua Company, Shanghai, China) using galvanostatic
charge/discharge (GCD) method. The three-electrode system was composed by a working
electrode, reference electrode (Hg/HgO), counter electrode (platinum sheet), and elec-
trolyte (6 M KOH solution). After the working electrodes were soaked in the electrolyte
for 5 min to ensure thoroughly wetting. The GCD measurements were then finished at a
current density of 1 A/g, and voltage windows were set as −1~0 V, the specific capacitances
were thus calculated as shown in Equation (2):

C =
I∆t

m∆V
(2)

where I was charge/discharge current, m was mass of active material, ∆V was voltage
change during charge/discharge process, ∆t was charge/discharge time corresponding to
the voltage change. Here, I was set as 4 mA, m was 4 mg.

The textural properties were determined via a N2 adsorption-desorption analyzer
(BK100A, JWGB Company, Beijing, China). During this measurement, AWTCs were firstly
heat-treated at 300 ◦C for 2 h to fully desorb the gases that were absorbed in the surface
of chars, they were then soaked in the liquid nitrogen to maintain 77 K to finish the N2
adsorption and desorption processes automatically. The carbon skeleton structures were
analyzed by Raman (DXR2, Thermo Fisher Company, Waltham, MA, USA) with a laser
excitation wavelength of 532 nm. AWTCs were all carefully observed by the appendant
microscope. Then five random areas were selected to collect Raman spectrums and they
were averaged to conduct subsequent analysis. The contents and chemical states of element
carbon and sulfur were deeply investigated by EA (Vario Micro cube, Elementar Company,
Frankfurt, Germany) and X-ray photoelectron spectroscopy (XPS, ESCALAB 250XI, Thermo
Fisher Company, Waltham, MA, USA) respectively. During EA measurements, the samples
were fully burnt, and element carbon and sulfur would exist in the forms of CO2 and SO2,
which would be detected via a thermal conductivity detector to obtain the corresponding
contents. Every sample was tested repeatedly two times and they were averaged to
represent the element contents in AWTCs. As for XPS measurements, Al Kα was selected
as X-ray resource and C 1s and S 2p spectrums of AWTCs were acquired to be analyzed.

3. Results and Discussions
3.1. Activation Treatment Process of WTC

The activation experiment of temperature from 50 ◦C to 800 ◦C with a heating rate
being 5 ◦C/min and retention time being 180 min at 800 ◦C was firstly performed in
a TGA to analyze the activation treatment process of WTC400 with K2FeO4. The mass
loss information was recorded and shown in Figure 1. It could be clearly seen that the
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activation treatment process takes on different characteristics and it can be composed by
five processes. Hence, the activation treatment process can be divided into six stages and
the mass loss rates keep relatively stable between two adjacent stages, whose reaction
conditions are systematically listed in the inset table in Figure 1. In order to deeply study
the activation treatment process, the homogeneous mixtures of WTC400 and activation
agent were heat-treated at the detailed reaction conditions in a horizontal tube furnace
respectively, and the products and AWTCs at six typical stages were acquired. The product
yields of six stages in TGA and furnace were calculated and listed in Table 1, they are
100.0%/100.0%, 96.7%/95.0%, 85.1%/82.3%, 80.2%/81.7%, 55.8%/61.5%, and 40.9%/43.7%
respectively. It is obviously shown that the product yields in furnace are very close to those
in TGA, illustrating these products in furnace can effectively reflect the states of samples
during activation treatment process and the experiments are reliable. Thus, the samples
obtained by furnace can be reasonably used to study the physical/chemical structural
evolution of the char.

Figure 1. Mass loss performance of activation treatment process in TGA.

Table 1. The yields and specific capacitances at six stages.

Sample
Product AWTC

YieldTGA Yieldfurnace YieldAWTC Proportion SC

S1 100.0 100.0 75.4 22.1 0.2
S2 96.7 95.0 71.7 22.1 0.8
S3 85.1 82.3 41.6 14.8 5.3
S4 80.2 81.7 32.8 11.8 12.4
S5 55.8 61.5 22.6 10.7 62.8
S6 40.9 43.7 21.0 14.1 112.5

YieldTGA: yield in TGA (%); Yieldfurnace: yield in tube furnace (%); YieldAWTC: yield of AWTC (%); proportion:
(%); SC: specific capacitance at 1 A/g (F/g).

Incorporating with the products yields, AWTCs yields, and AWTCs proportions in
products, the activation treatment process could be preliminarily understood: (1) S1–S2:
Yieldfurnace and YieldAWTC decrease 5.0%/3.7% while AWTC proportion hardly changes,
indicating that oxidation reaction slightly proceeds; (2) S2–S3: Yieldfurnace and YieldAWTC
decrease 12.7%/30.1% while AWTC proportion decreases 7.3%, suggesting that the re-
action strongly occurs when AWTC is obviously consumed with inorganic matter (IM)
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being partly decomposed; (3) S3–S4: Yieldfurnace and YieldAWTC decrease 0.6%/8.8% while
AWTC proportion decreases 3.0%, revealing that AWTC partly converts to IM; (4) S4-S5:
Yieldfurnace and YieldAWTC decrease 20.2%/10.2% while AWTC proportion keeps nearly
unchanged, telling that activation reaction strongly proceeds when AWTC and IM are
simultaneously reacted; (5) S5–S6: Yieldfurnace and YieldAWTC decrease 17.8%/1.6% while
AWTC proportion increases 3.4%, reflecting that IM is massively decomposed.

Besides, from the detailed specific capacitance values, it can be clearly seen that the
specific capacitances of AWTCs are 0.2 F/g, 0.8 F/g, 5.3 F/g, and 12.4 F/g at S1, S2, S3,
and S4 respectively. However, it would be obviously improved to 62.8 F/g at S5, and
further increased to 112.5 F/g when the char undergoes heat treatment from S5 to S6. The
phenomenon directly suggests that effective activation process occurs after S4 (650

◦
C).

3.2. Structural Evolution of Char during Activation Treatment Process
3.2.1. Evolution of Physical Structure

The physical structure basically refers to textural properties, and they can be ana-
lyzed by specific surface area, pore volume, and average pore diameter [23]. Besides,
according to the pore diameter, the pores can be divided into micropores (<2 nm), meso-
pores (2–50 nm), and macropores (>50 nm) [26]. In order to know the detailed textural
properties evolution during activation treatment process, AWTCs were analyzed using
a N2 adsorption-desorption analyzer and calculated with BET, t-plot, and BJH methods
respectively [28], whose results are exhibited in Table 2.

Table 2. Textural properties of AWTCs at six stages.

Sample
SA (m2/g) V (cm3/g) D (nm)

SBET Smicro Smeso+macro Vtotal Vmicro Vmeso+macro Dtotal Dmeso+macro

S1 54.79 N/A 73.75 0.62 N/A 0.64 45.38 34.50
S2 56.57 N/A 74.92 0.58 N/A 0.60 41.31 31.90
S3 71.55 N/A 88.28 0.60 N/A 0.62 33.65 27.85
S4 69.59 N/A 84.99 0.58 N/A 0.59 33.11 27.65
S5 242.57 100.25 168.37 0.66 0.05 0.63 10.91 14.98
S6 207.53 68.01 167.97 0.58 0.04 0.56 11.19 13.42

SA: specific surface area (m2/g); V: pore volume (cm3/g); D: average pore diameter (nm); SBET: by the BET
method; Smicro and Vmicro: by the t-plot method; Smeso+macro, Vmeso+macro, and Dmeso+macro: by the BJH method.

Based on the textural property evolution at six stages, the whole activation treatment
process can be generally divided into two typical processes because of their totally different
characteristics. The first one is S1–S4, and the second is S4–S6 since the specific surface area
is hugely improved from S4 to S6. In detail, from S1 to S4, it is obvious that there are nearly
no micropores in AWTCs and the textural properties evolution tendencies of whole pores
are consistent with mesopores+macropores no matter specific surface area, pore volume
or average pore diameter: (1) S1–S2: Smeso+macro increases 1.17 m2/g, Vmeso+macro and
Dmeso+macro decrease 0.04 cm3/g and 2.60 nm respectively, indicating that weak reaction
and few smaller pores form; (2) S2–S3: Smeso+macro and Vmeso+macro increase 13.36 m2/g and
0.02 cm3/g respectively, Dmeso+macro decreases 4.05 nm, telling smaller pores further gen-
erate; (3) S3-S4: Smeso+macro, Vmeso+macro, and Dmeso+macro decrease 3.29 m2/g, 0.03 cm3/g,
and 0.20 nm respectively, suggesting few char structures are slightly destroyed and smaller
pores convert to larger. However, when the activation temperature is over 650 ◦C (S4),
the pores including micropores and mesopores+macropores would all massively pro-
duce: (1) S4–S5: Smicro/Smeso+macro and Vmicro/Vmeso+macro increase 100.25/83.38 m2/g
and 0.05/0.04 cm3/g respectively, while Dtotal/Dmeso+macro decrease 22.20/12.67 nm, il-
lustrating large quantities of pores generate and activation strongly proceeds; (2) S5–S6:
Smicro/Smeso+macro and Vmicro/Vmeso+macro decrease 32.24/0.40 m2/g and 0.01/0.07 cm3/g
respectively, while Dtotal increases 0.28 nm and Dmeso+macro decreases 1.56 nm, suggesting
that smaller pores partly form to larger as for micropores, while larger pores fractionally
convert to smaller for mesopores+macropores. Therefore, from the textural properties
evolution, it can be found that during the whole activation treatment process, the effective
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activation only occurs when the temperature exceeds 650 ◦C, which could verify the analy-
sis results in our previous work [17]. In this situation, K2FeO4 would act as an activation
agent and oxidize the char to generate more pores and improve specific surface area, thus
obviously promoting the specific capacitance of product chars.

3.2.2. Evolution of Carbon Skeleton Structure

The first-order Raman spectrum (800–1800 cm−1) can effectively reflect carbon skeleton
structures of carbon materials [29,30], and thus it was used to achieve characterization
of AWTCs at six stages during the activation treatment process and their spectrums are
shown in Figure 2a. It can be clearly seen that there are both two typical peaks, while their
peak intensities are almost equal whatever for S1–S6, suggesting the graphitization degree
has not be significantly improved with activation treatment process proceeding [31,32].
The phenomenon suggests that WTC is a kind of hard carbon that could not be easily
graphitized to possess high graphitization degree. In order to further investigate carbon
skeleton structures of AWTCs deeply, the Raman spectrums were deconvoluted into
10 peaks using the method in previous studies [16,30,33].

Figure 2. Raman spectrums (a) and their corresponding band area ratios (b) of AWTCs.

With the assistance of 10-peak method, the key band area ratios of AD/AG, AD/
A(VR+VL+GR), AS/AG of the chars at six stages were calculated and drawn in Figure 2b.
From AD/AG and AS/AG, it is clear that they take on two evolution characteristics during
activation treatment process. When the char undergoes heat treatment from S1 to S4,
AD/AG and AS/AG both gradually increase, it tells concentrations of aromatic ring systems
having six or more fused benzene rings increase with alkyl-aryl C-C bonds gradually
forming. Besides, at the same time, AD/A(VR+VL+GR) has been decreasing, indicating the
decreased ratio of large aromatic ring systems (≥6 rings) and small aromatic ring systems,
which illustrates that generation of small aromatic ring systems from the increase extent
compared with AD/AG. The phenomenon indicates that during this process, at higher
temperature, many aliphatic chain structures decompose, recombine, and polymerize
to form aromatic ring systems. This is consistent with the published work about the
char chemical structure evolution of carbonization process [30]. However, as the char is
constantly heat-treated (S4–S6), AD/AG and AS/AG both significantly decrease, it suggests
that large aromatic ring systems (≥6 rings) obviously decrease along with alkyl-aryl C-C
bonds gradually decomposing. While AD/A(VR+VL+GR) has still been decreasing, signaling
consumption of small aromatic ring systems during the process. The variations of them
indicate that aromatic char turns to be highly ordered. This is mainly caused by the
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catalytic graphitization of Fe pieces decomposed by K2FeO4 when the temperature exceeds
650 ◦C [21,34]. Besides, the carbon skeleton structure changes are consistent with the
characteristics during effective activation process [16]. Therefore, the Raman results in
this section also verify the analysis of textural properties that whole activation treatment
process consists of two typical processes, and further illustrate that they are carbonization
process (S1–S4) and effective activation process (S4–S6) respectively.

In addition, the XPS spectrums of C 1s for AWTCs at six stages were deconvoluted into
five peaks as Figure 3a shows to further illustrate the carbon skeleton structure evolution
during activation treatment process. Five peaks are C=C at 284.8 eV, C-C at 285.4 eV, C-O
and C-S at 285.8 eV, C=O at 286.6 eV, and O=C-OH at 288.8 eV, respectively [16,27], whose
relative contents are drawn in Figure 3b. It is obviously shown that the element carbon
mainly exists in the form of C=C because their relative contents are highest, which suggests
that AWTCs mainly hold highly ordered sp2 carbon skeleton structure [16]. Furthermore,
incorporating with the element carbon contents, the absolute contents (wt%, absolute
content = element carbon content × relative content) can be acquired. The absolute content
of C=C would firstly decrease during S1–S4, this is because that carbon atoms would
arrange to form more aromatic ring systems and alkyl-aryl C-C bonds during carbonization
process, thus resulting in a more amorphous carbon structure. Subsequently, the absolute
content of C=C would increase after S4 and it is led by the phenomenon that aromatic
ring systems and alkyl-aryl C-C bonds transform to be highly ordered with the help of
activation agent, which is also consistent with Raman results above. Besides, the rest
carbons exist as C-C, C-O/S, C=O, and O=C-OH, and most of them are mainly oxidized
due to oxygen decomposed from K2FeO4.

Figure 3. Deconvoluted XPS spectrums of C 1s into different chemical states for AWTCs (a), and their corresponding relative
contents (b) and absolute contents (c).

3.2.3. Evolution of Sulfur Doping Structure

Except for the textural properties and carbon skeleton structure, sulfur doping struc-
ture is also key, by which some defects in carbon structures would generate and the
physicochemical properties could be significantly improved [35,36]. Thus, this section
would concentrate on deep investigations into sulfur doping structures for AWTCs at six
typical stages. Figure 4a shows that element sulfur has been effectively doped into carbon
skeleton structure and their characteristics are varied at different stages, because their S 2p
spectrums are significantly distinct. Commonly, there are two sulfur pieces in the AWTCs
and they are S 2p3/2 (163.8–164.2 eV and 165.1–165.5 eV) and S 2p5/2 (168.6–169.1 eV and
169.9–170.4 eV) respectively [16,27]. Further, the relative contents of two sulfur pieces are
85.78%/14.22%, 78.26%/21.74%, 67.07%/32.93%, 42.42%/57.58%, 48.43%/51.57%, and
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53.13%/46.87% at S1–S6 respectively. Incorporating with the element sulfur contents mea-
sured by EA, the absolute contents (wt%, absolute content = element sulfur content ×
relative content) of two sulfur pieces can be calculated and shown in Figure 4b.

Figure 4. Deconvoluted XPS spectrums of S 2p into different chemical states for AWTCs (a), and their corresponding
absolute contents (b).

It can be clearly seen that at S1–S4, the absolute content of S 2p3/2 would decrease from
2.71 wt% to 0.59 wt% with absolute content of S 2p5/2 taking on an increase tendency wholly,
and corresponding relative content of S 2p3/2 has been decreasing with S 2p5/2 increasing.
The phenomena suggests that huge consumption of S 2p3/2 with partial transformation of
S 2p3/2 to S 2p5/2 during carbonization process, which can be inferred to be mainly led by
the oxidation reactions on sulfur doping structure since S 2p5/2 possesses more oxygen
atoms than S 2p3/2 from their chemical structures [16,17,27].

However, S 2p3/2 then keeps almost unchanged from S4 to S5 since the contents are
0.59 wt% and 0.52 wt%, and finally significantly increases to 1.35 wt% at S6. As for S 2p5/2,
its absolute content has decreased slightly from S4 to S5 and obviously increases from 0.55
wt% to 1.20 wt% (S6) subsequently. The results illustrate the enrichment of both S 2p3/2
and S 2p5/2 after S5 during effective activation process. Incorporating with AWTCs yields
at S5 and S6 (nearly equal), it can be inferred that the enrichment of S 2p3/2 and S 2p5/2
can be resulted by their transformation from IM to AWTC like other inorganic salts [37,38].

3.3. Correlation Analysis of Structural Parameters and Specific Capacitance

During activation treatment process, WTC is heat-treated when the physical/chemical
structures and specific capacitance would evolve to be shown to researchers. Unexpectedly,
the structural parameters are multitudinous and complex, causing serious obstacles in
further understanding the effects of different structures on the specific capacitance during
activation treatment process. In this section, the correlations between specific capacitance
and diversiform structural parameters would be systematically discovered to comprehend
the effects of various structures with Pearson’s correlation analysis method. According
to experimental results above, the specific capacitances are still nearly the equal at S1–
S4 (carbonization process), and only increase obviously from S4–S6 (effective activation
process). Thus, as for correlation analysis, it can be inferred that the relevant errors would be
big and seriously affect the conclusions during carbonization process. However, the specific
values of specific capacitances during effective activation process are significantly and
largely different from each other. Therefore, the relevant data are although not too many,
but can be still representative. Thus, in order to understand the different roles of structures
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on specific capacitance, we firstly reasonably simplified the structural parameters and saved
the independent parts. Then, Pearson’s correlation coefficients (r) of diverse independent
structural parameters with specific capacitance during effective activation process were
calculated and shown in Table 3. Admittedly, the correlation effect extent can be expressed
as ‘strong’, ‘moderate’, ‘weak’, and ‘no’ when the absolute values of r are 0.8–1.0, 0.5–0.8,
0.3–0.5, and 0–0.3, respectively, and the positive and negative effects on larger specific
capacitance depend on whether the coefficients are positive or negative. In addition, from
the specific values of corresponding r, the dominant factors for higher specific capacitance
can be acquired. In detail, when r is positive and over 0.5, the corresponding factor can
be regarded as a dominant role in promoting specific capacitance. In addition, when r is
bigger, the factor is more dominant.

Table 3. Effects of structures on specific capacitance during effective activation process.

Parameter Smicro Smeso+macro Vmicro Vmeso+macro Dmeso+macro

r 0.67 0.87 0.76 −0.42 −0.91
Extent moderate strong moderate weak strong

Parameter AD/AG AD/A(VR+VL+GR) AS/AG

r −0.86 −0.87 −0.89
Extent strong strong strong

Parameter S 2p3/2 S 2p5/2

r 0.82 0.61
Extent strong moderate

According to the results in Table 3, Smeso+macro and S 2p3/2 are both strongly positive;
Smicro, Vmicro, and S 2p5/2 are all moderately positive. Thus, it can be reasonably inferred
that during effective activation process, Smicro, Vmicro, Smeso+macro, S 2p3/2, and S 2p5/2 all
account for the huge improvement of specific capacitance. Further, these dominant ‘strong’
factors for larger specific capacitance obey the order: Smeso+macro > S 2p3/2 > Vmicro > Smicro
> S 2p5/2. Focusing on the textural properties, it can be concluded that no matter micropores
or mesopores+macropores can all promote specific capacitance. While the smaller pore
diameter of mesopores+macropores possesses stronger promotion effect than micropores
since Dmeso+macro is strongly negative. The carbon skeleton structures are jointly described
by AD/AG, AD/A(VR+VL+GR), and AS/AG, all decreases of them indicate a more ordered
sp2 graphitic carbon. In consideration of sulfur doping structure, doped sulfur composed
by two sulfur pieces can both promote specific capacitance, and S 2p3/2 possessed stronger
ability than S 2p5/2. It has been proved that larger specific surface, more ordered sp2

graphitic carbon, and higher sulfur doping content can all promote the specific capacitance
of carbon material based on the published works [21,34], which verifies the reasonability
of the analysis results above. Besides, this work also takes on more specific information
about improving specific capacitance than before.

Summarizations of waste tire char chemical treatment and their relevant specific
capacitances are shown in Table 4. It is clear that K2FeO4-assited activation of WTC in
this work can help to achieve similar specific capacitance at lower activation agent content
than published works [12,39]. Therefore, in order to further improve specific capacitance
of AWTCs, the efficient activation agent should be firstly selected, then the activation
treatment process can be adjusted, and the targets are as below: (1) larger specific surface
area, mesopores+macropores possess stronger promotion effect than micropores; (2) more
highly ordered sp2 carbon; (3) more doped sulfur—S 2p3/2 possesses stronger promotion
effect than S 2p5/2



Processes 2021, 9, 1622 10 of 12

Table 4. Summarizations of waste tire char chemical treatment and relevant results.

Activation Agent and Content Temperature Specific Capacitance Ref.

H3PO4 (H3PO4/WTC = 5) 900 ◦C 106.4 F/g at 1 A/g [12]
K2CO3 (K2CO3/WTC = 8) 800 ◦C 111.0 F/g at 0.25 A/g [39]

The content represents the mass ratio of activation agent to waste tire char.

4. Conclusions

K2FeO4-assisted activation mechanisms of WTC were deeply revealed by operando
experimental method successfully. The main conclusions were shown as below:

(1) The whole activation treatment process can be divided into six typical stages, and
consisted of carbonization process (S1–S4) and effective activation process (S4–S6),
the activation effect worked obviously after 650 ◦C.

(2) During carbonization process: aromatic ring systems and alkyl-aryl C-C bonds gener-
ated; sulfur (mainly S 2p3/2) was gradually consumed. During effective activation
process: aromatic ring systems and alkyl-aryl C-C bonds turned to be graphitic or-
dered chars; pores massively produced from S4 to S5, and micropores partly formed
to larger with mesopores+macropores fractionally converting to smaller from S5 to
S6; sulfur transformed from IM to AWTC, leading to enrichments of S 2p3/2 and S
2p5/2 after S5.

(3) The key structural parameters for huge improvement of specific capacitance were sys-
tematically found, it further revealed that mesopores+macropores possessed stronger
promotion effect than micropores and S 2p3/2 was more beneficial than S 2p5/2.
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