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Abstract: This study reports on the highly simple fabrication of green carbon black (GCB) generated
from scrap tires with acetic acid to improve the adsorption efficiency for water purification, which is
thoroughly compared with conventional carbon black (CB) obtained from petrochemicals. Unlike
traditional modification processes with strong acids or bases, the introduction of a relatively mild
acid readily allowed for the effective modification of GCB to increase the uptake capability of metal
ions and toxic organic dyes to serve as effective adsorbents. The morphological features and thermal
decomposition patterns were examined by electron microscopy and thermogravimetric analysis
(TGA). The surface functional groups were characterized by Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS). The structural information (ratio of D-defects/G
band-graphitic domains) obtained by Raman spectroscopy clearly suggested the successful fabrication
of GCB (ID/IG ratio of 0.74), which was distinctively different from typical CB (ID/IG ratio of 0.91).
In the modified GCB, the specific surface area (SBET) gradually increased with the reduction of pore
size as a function of acetic acid content (52.97 m2/g for CB, 86.64 m2/g for GCB, 102.10-119.50 m2/g
for acid-treated GCB). The uptake capability of the modified GCB (312.5 mg/g) for metal ions and
organic dyes was greater than that of the unmodified GCB (161.3 mg/g) and typical CB (181.8 mg/g),
presumably due to the presence of adsorbed acid. Upon testing them as adsorbents in an aqueous
solution, all these carbon materials followed the Langmuir isotherm over the Freundlich model. In
addition, the removal rates of cationic species (>70% removal of Cu2+ and crystal violet in 30 min)
were much faster and far greater than those of anionic metanil yellow (<40% removal in 3 h), given
the strong electrostatic interactions. Thus, this work demonstrates the possibility of recycling waste
tires in the powder form of GCB as a cost-effective and green adsorbent that can potentially substitute
traditional CB, and the modification strategy provides a proof of concept for developing simple
fabrication guidelines of other carbonaceous materials.

Keywords: green carbon black; scrap tire; adsorbent; cation and anion dye; metal ion

1. Introduction

Carbon black (CB) is pure elemental carbon in a powder form that is typically produced
by the incomplete combustion of heavy petrochemicals under controlled conditions [1–5].
Given its unique physicochemical properties, CB has served as an essential filler for tires,
plastics, protective materials, electronic devices, and purification systems. In contrast
to conventional CB, green carbon black (GCB) has been extracted from scrap tires via
sequential anaerobic pyrolysis and a controlled pulverization process, but has shown
somewhat inferior overall physical properties for practical applications [6–10]. To overcome
one of the properties associated with limited surface areas, developing a simple strategy to
regulate the structural features of the GCB helps to improve the uptake capability to serve
as a potential absorbent. Thus, investigating the effective modification and examining
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its removal efficiency for organic and inorganic species can allow for the continuous
recyclability of GCB as a sustainable product (i.e., eco-friendly CB) in water purification.

In this study, GCB obtained from waste passenger car tires is fabricated to possess
an uptake capability as good as or better than conventional CB to serve as an effective
adsorbent for metal ions and toxic organic dyes in water. Along with CB, the most popular
carbon-based adsorbent or filter material is activated carbon (AC) generated from natural
mineral products (e.g., coconut, coal, and animal bones) because of its high surface area
and removal efficiency of various contaminants [11–14]. Due to the relatively high cost of
AC, much less expensive adsorbents are being investigated for the surface modification
of carbonaceous materials [6,15,16]. As scrap tires are a serious waste product that are
generated on a global scale, demonstrating the possibility of employing GCB as an adsor-
bent can provide a method for recycling an almost unlimited resource that can replace
the conventional CB and AC in water purification. Thus, the proper modification of GCB
can offer several attractive aspects over CB, allowing for the development of economical
(i.e., cheaper), green (i.e., significantly reducing CO2 emission during production), and
sustainable sources of adsorbent materials.

Instead of utilizing conventional fabrication approaches for carbonaceous materials
with strong acids or bases [8,17–19], GCB is treated with varying concentrations of a mild
acid to alter its physicochemical properties and was tested as an adsorbent to remove
various contaminants in water [14,20]. After the acid treatment, the structural features and
compositional properties were thoroughly compared with CB and GCB. Subsequently, the
adsorption capability of the acid-modified GCB was also evaluated with several adsorbates
(e.g., metal ions, and cationic/anionic organic dyes). In addition, comparing the adsorption
isotherm with CB and GCB allows for understanding their intrinsic roles as absorbents. As
such, this study offers a simple strategy for upcycling troublesome waste tires in the form
of adsorbing materials that are cost-efficient, green, and sustainable in water purification.

2. Materials and Methods

2.1. Materials
The traditional carbon black (CB) and green carbon black (GCB) used in the study

were the non-polluting and high modulus types of semi-reinforcing furnace black, respec-
tively (N774, OCI Co. and 774G-equivalent to conventional CB, LD Carbon Co., Seoul,
Republic of Korea). Acetic acid and CuSO4·5H2O, crystal violet (CV), and metanil yellow
(MY) were used as purchased.

2.2. Modification of GCB
The modification of GCB was carried out in batch experiments using the following

conditions: 20 g of GCB was suspended and mixed in 500 mL of acetic acid solutions
(e.g., 0.1 M, 0.2 M, and 0.5 M). Upon complete incubation overnight, GCB was then fully
precipitated. After decanting the top solution, the precipitate was vacuum filtered and
washed with pure water. The resulting black powder was placed in an oven at 100 �C
overnight to serve as an adsorbent.

2.3. Adsorption Test for CB, GCB, and Acid Treated GCB
The CB-based materials were used as adsorbents in the removal of metal ions (i.e.,

Cu2+) and toxic dyes (i.e., CV, a recalcitrant dye existing in the environment, and MY, a
yellow azo dye possessing toxicity to the liver, brain, and reproductive organs) [21,22]
via batch adsorption experiments. A standard solution was prepared by dissolving
each compound in water. A serial dilution was performed to prepare additional stan-
dard solutions for calibration curves. For the adsorption test, a series of CB materials
(0.1 g–1.0 g) was suspended and mixed in 40 mL of dye solution (e.g., 80 ppm for CV)
to initially determine the proper amount of the adsorbents as a function of time. For the
precise determination and comparison of the removal (%) in a short period of time, the
process was completed using a 10-fold lower concentration of dyes (or Cu2+ ions). An
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aliquot of solution was taken at fixed time intervals and filtered through a cellulose acetate
membrane prior to analysis. The resulting absorbance (measured with UV-Vis or atomic
absorption spectrometry) was compared to the corresponding standard curve using the
Beer-Lambert law [11,12,23].

2.4. Characterization
Fourier transform infrared spectra (QATR-S FTIR Spectrometer, Shimadzu, Kyoto,

Japan) of CB-based materials were obtained in the scan range of 600–4000 cm�1 using
an attenuated total reflection (ATR) sampling device. Raman spectrometry (ProRaman-
L-785B, Enwave Optronics, Irvine, CA, USA) was used to acquire additional vibrational
spectra. The 785 nm laser excitation source at ~10 mW was focused on the CB powder
mounted on gold nanoparticle-loaded plasmonic filter paper. Spectra were obtained
with a 30 s integration time, and the auto-baseline function was turned on during the
measurements. The thermal degradation pattern of the CB powder was also examined with
a dual thermogravimetric analyzer and differential scanning calorimetry (TGA-DSC, SDT
Q600, TA Instruments, New Castle, DE, USA). A small quantity (3–5 mg) of the powder
was loaded onto an alumina pan for the measurements using the following conditions (pre-
heated at 80 �C for 10 min, ramping temperature of 20 �C/min under 50 mL/min N2 gas).
The distribution and morphology of the CB powder was examined using a field emission
scanning electron microscope (FESEM, Zeiss Sigma 300 VP, Carl Zeiss, White Plains, NY,
USA) equipped with a Gemini column, capable of operating at low voltages (i.e., 1–2 kV).
The powder samples were firmly mounted onto carbon tape prior to the measurement.
X-ray photoelectron spectrometers (XPS, Nexsa G2, Thermo Scientific, Waltham, MA, USA)
equipped with a monochromatic Al X-ray source (1486.6 eV) was used to examine the
chemical compositions of the CB powder samples. As the powder samples were loaded
onto a clean tape, all spectra were calibrated using the C 1s peak at 285 eV. The surface
charge of CB-based powder was examined by a zeta potential analyzer (Zetasizer Nano,
Malvern Panalytical Ltd., Malvern, UK). The sample solution (~20 mg in 30 mL water)
was placed in disposable folded capillary cells and equilibrated for 2 min at 25 �C prior
to analysis. The data were collected using an average of five measurements. The specific
surface area of the CB powder was determined by Brunauer-Emmett-Teller (BET) analysis
using the N2-based adsorption and desorption isotherms (Quadrasorb-SI, Quantachrome
Instruments, Boynton Beach, FL, USA). An atomic absorption spectrophotometer (AAnalyst
200, Perkin Elmer, Waltham, MA, USA) equipped with a copper hollow cathode lamp
(324.8 nm) was used to determine Cu2+ ions before and after the treatment with CB-based
adsorbents. Based on the calibration curve using standard solutions of CuSO4·5H2O in
water (1 ppm–100 ppm), the amount of Cu2+ ions was determined as a function of time.
An UV-Visible spectrophotometer (Agilent 843, Agilent Technologies, Santa Clara, CA,
USA) was used to collect absorption spectra of dyes and metal ions (300 nm–1100 nm). The
three analytes we selected possess distinctively different absorption maxima to avoid any
spectral overlaps. Based on the absorption patterns, adsorption isotherms were calculated
to quantify the affinity degree of the adsorbate for the adsorbent using the following
two representative models (i.e., Langmuir and Freundlich) [24–26].

The Langmuir isotherm is presented as following.

1
qe

=
1

KLqmax
⇥ 1

Ce
+

1
qmax

(1)

where qe: adsorption capacity (mg/g), KL: Langmuir constant, qmax: maximum adsorption
capacity (mg/g), and Ce: equilibrium concentration (mg/L). The qmax and KL constant
values were determined from the linear regression line of Langmuir isotherm graph. In
addition, the separation factor (RL) was calculated using the following equation:

RL =
1

1 + Ci + KL
(2)



Coatings 2024, 14, 389 4 of 11

where, RL: dimensionless Langmuir constant and Ci: initial concentration.
The Freundlich isotherm is presented as following.

Log qe = Log Kf +
1
n

Log Ce (3)

where qe adsorption capacity (mg/g), Kf: Freundlich’s constant, and 1/n: adsorption
intensity, and Ce: the equilibrium concentrations of adsorbate (mg/L).

These models can describe the relationships between the amount of adsorbate on an
adsorbent and the concentration of adsorbate in solution at equilibrium conditions.

3. Results

3.1. Structural and Compositional Properties of CB, GCB, and Acid-Treated GCB
Prior to characterizing acetic acid-treated GCB, the structural characteristics of CB

and GCB were examined in digital photos and FE-SEM images (Figure 1). The incom-
plete combustion of heavy petroleum products in a conventional furnace black process
resulted in relatively uniform and sub-millimeter particulate CB with a smooth surface that
can be easily popped open. The GCB sample obtained from the waste tires via thermal
pyrolysis exhibited a somewhat coarse and detectably less-uniform powder. The SEM
images generally showed that the CB powder appeared to be more porous than the GCB.
The surface of GCB was slightly rougher and had a smaller particulate form than that
of the CB powder. Upon treatment with acetic acid, the GCB powder seemed to have a
somewhat finer appearance, but the coagulated particles displayed a slightly smaller pore
size. Overall, these CB-based materials generally exhibited some cavities, cracks, and pores
that could potentially possess high surface areas.
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An FTIR/ATR vibrational spectrophotometer was used to examine the surface func-
tional groups of CB, GCB, and acid-treated GCB (Figure 2a). Interestingly, strong peaks
were hardly observed for the conventional CB powder except the adventitious CO2 peak
at 2200–2300 cm�1, which is very close to that described in previous literature [7,27,28].
Although the GCB powder exhibited similar vibration patterns [7,29], the acid-treated GBC
displayed a few additional peaks: at 2950 cm�1 (CH3 stretching), 1623 cm�1 (C=C asymmet-
rical stretching), 1520 cm�1 for the acyl species (COO-anti-symmetrically stretching), and
1350–1420 cm�1 (CH3 symmetric deformation and COH bending) [14,30]. The presence
of these detectable peaks evidently suggested the presence of relatively strong physical
interactions between acetic acid and GCB, where the acid molecules could play an impor-
tant role in inducing attractive interactions with metal ions and dye molecules. Raman
spectra were also collected to evaluate the main graphitic backbone of carbon-based mate-
rials (Figure 2b). All three powder samples exhibited very similar patterns of D band
(1330 cm�1 for disordered/defective aromatic rings) and G band (1590 cm�1 for the
graphitic C=C stretching of sp2 hybridized carbon) [10,31–33]. Although these bands
appeared to be mostly unchanged, the relative intensities (i.e., ratios) of the D and G bands
(ID/IG) could explain the disordered degree of carbon material (i.e., graphitization of car-
bons) [32,34]. Generally, the CB powder showed a slightly higher ID/IG (0.91) value than
that of GCB (0.74), implying a higher amorphous feature. The ratio of the acid-treated
GCB appeared to be marginally decreased (0.65), indicating a slight change in the graphitic
structure of the GCB.
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Figure 2. Vibrational spectra of CB, GCB, and acid-tread GCB (0.5 M acetic acid) using: (a) FTIR;
(b) Raman, spectrophotometers.

Furthermore, XPS analysis was carried out to confirm the presence of acetic acid on
GCB (Figure 3 and Supplementary Figure S1). From the survey scans, the conventional CB
only showed two peaks at 284.0 eV (C 1s) and 532 eV (O 1s), but GCB and acid-treated GCB
displayed several additional peaks corresponding to Zn 2p, Mn 2P, S 2p, and Si 2p [35,36].
The presence of these distinctively different peaks confirmed that the recycled CB (i.e.,
GCB) contains a small amount of other chemical elements from scrap tires. The subsequent
treatment of GCB with 0.1 M, 0.2 M, and 0.5 M acetic acid gradually resulted in an increase
in oxygen (O) content around the GCB surface. Due to the adsorption of acetic acid onto
GCB, the O 1s peak has two components at ~532 eV and ~533 eV assigned to oxygen
in the CB backbone and acetic acid, respectively [37,38]. Likewise, an additional peak
appeared at ~288 eV for carboxyl carbons from acetic acid, along with the original carbon
peak at ~284 eV (slightly shifted) for the methyl and CB backbones. The introduction of
relatively hydrophilic molecules onto GCB can potentially improve the overall dispersion
in an aqueous solution, which was supported by the changes of surface charges examined
by zeta potential measurements (Figure S2).
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Figure 3. XPS survey and detail scans of CB, GCB, and acid-treated GCB (0.5 M acetic acid).

3.2. Thermal and Adsorption Properties of CB, GCB, and Acid-Treated GCB
Thermogravimetric analysis (TGA) was additionally carried out in an N2 gas environment

to monitor the weight loss patterns of CB, GCB, and acid-treated GCB (Figures 4a and S3). The
CB powder showed barely any reduction in weight as the temperature increased up to
800 �C, which was comparable to other conventional CB [2,39–41]. However, the GCB
power initially displayed similar thermal decomposition patterns but discernible weight
loss (~2 wt%) starting around 600 �C, presumably due to the presence of a complex mixture
of materials (e.g., Al, Cl, Zn, and Si) during the recovering process from scrap passenger
tires [8,42]. The acid-treated GCB powder showed much greater thermal decomposition
starting over 420 �C where the char amount was approximately 9 wt% higher than the
initial GCB. This notable weight loss could be associated with the acid-induced fabrication
of CB reported by other groups [8,43,44]. To confirm the modification of GCB with acetic
acid, several parameters (e.g., surface area, pore size, pore volume) [13,25] were examined
by the Brunauer-Emmett-Teller (BET) measurements using N2 gas adsorption-desorption
isotherms (Figure 4b and Table S1).The specific surface areas (SBET) of the CB, GCB, and acid-
treated GCB were examined to be 52.97 m2/g, 86.64 m2/g, and 119.50 m2/g, respectively.
On the other hand, the average pore sizes (33.31 nm for CB, 25.91 nm for GCB, and
20.51 nm for 0.5 M acid-treated GCB) were inversely proportional to the SBET values, which
supported the observations of the SEM images above. The representative isotherm curves
(i.e., type IV with mesoporous features) were slightly different with comparable hysteresis
loops, suggesting that the acid treatment moderately influenced the overall surface area
and pore structure of GCB.
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3.3. Removal of Organic Dyes and Metal Ions Using CB, GCB, and Acid-Treated GCB (0.5 M
Acetic Acid)

After thoroughly examining their physicochemical properties, these CB derivatives
were tested for the removal of common metal ions and toxic dyes in an aqueous solution
(Figures 5 and S4). The removal (%) of the cation (i.e., crystal violet, CV), the anion (i.e.,
metanil yellow dyes, MY), and metal ions (i.e., Cu2+) was monitored by examining their
molecular and atomic absorption peaks (CV at 591 nm, MY at 449 nm, and Cu(II) at
324.8 nm), which were compared to the standards (Figures S5 and S6). Given the diverse
functional groups of CB-based materials, these adsorbents could effectively remove various
adsorbates from water. As expected, the overall removal (%) of CV dye and Cu2+ ions
(cationic species) were notably faster than MY dye (anionic species). Particularly, the acid-
treated GCB (i.e., 0.5 M acetic acid) clearly showed much quicker removal and higher uptake
capability, presumably caused by the physically adsorbed acetic acid to induce electrostatic
interactions across the surface of the GCB [14]. Specifically, GCB has shown a slightly
higher SBET value than that of the conventional CB, but CB displayed a moderately faster
removal rate than the GCB, probably due to the somewhat different surface compositions
(e.g., slightly fewer C-OH groups) and absence of counter ions (shown in XPS in Figure 3).
The degree of removal rate was detectably faster for the acid-treated GCB compared to that
of other CB materials. These experimental results evidently suggested the possibility of
utilizing the acid-treated GCB obtained from scrap tires that can replace the conventional
CB-based filter material in water purification.
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Furthermore, the equilibrium adsorption isotherms of the cationic CV dye were
examined using CB, GCB, and acid-treated GCB (Figure 6). The adsorption of the ad-
sorbates increases as a function of the adsorbent amount, where the acid-treated GCB
(qmax = 312.5 mg/g) uptakes a much greater amount than CB (qmax = 181.8 mg/g) and GCB
(qmax = 161.3 mg/g). Among many adsorption parameters, two representative Langmuir
and Freundlich isotherms were compared by calculating the slope and intercept of the
linear plots of Ce/qe vs. Ce and lnqe vs. lnCe (Table S2). The correlation coefficient for
these CB-based materials indicated slightly better agreement with the Langmuir isotherm
than the Freundlich model. The Langmuir isotherm assumes that these CB-based materials
induce monolayer adsorption of the dye on somewhat homogeneous sites, mainly due to
the physical adsorption process between the negatively-charged surface functional groups
and the positive characteristics of adsorbates.
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Similarly, the overall removal (%) of anion MY dye and Cu2+ ions were examined
using the CB, GCB, and acid-treated GCB (Figure S7). As the molar absorptivity of MY
and Cu2+ was detectably lower than CV [26,45], the initial concentrations used in the
experiment were slightly higher for accurate measurements. However, the UV-Vis analysis
of Cu2+ ions at high concentrations before and after the treatment using the CB-based
adsorbents made it difficult to obtain meaningful information under our experimental
conditions. Thus, an atomic absorption spectrometer (AAS) was employed for the accurate
determination of Cu2+ ions. The removal (%) of the conventional CB was relatively greater
than that of the GCB due to the presence of more anionic functional groups without
counter metal ions. With the use of the acid-treated GCB, the removal of Cu2+ ions were
promoted by the stronger interactive forces. All CB-based adsorbents displayed similar
removal patterns of Cu2+ ions, where the degree of removal (%) for the acid-treated GCB
was faster than the CB and GCB. In the case of the anion MY, all CB adsorbents showed
notably slower removal rates and possessed relatively poor adsorption capacity given
the anionic nature of the MY adsorbate. Particularly, the acid-treated GCB displayed
the worst performance, presumably due to the presence of strong electrostatic repulsions
(zeta potential changes shown in Figure S2). Although these CB-materials with abundant
anionic carboxylate groups induced an unfavorable adsorption process, it appears that
attractive driving forces associated with hydrogen and ⇡-⇡ interactions still exist between
the adsorbent and adsorbate at instantaneous equilibrium conditions [46,47]. More in-
depth studies are underway. Although the GCB obtained from passenger scrap tires has a
limited surface area and functionality, the introduction of mild acid successfully induced
the preferential adsorption of various contaminants, particularly cationic species. Thus,
the surface modification of the GCB-based adsorbent plays an important role in water
purification [48]. As the pH of an aqueous solution can easily be regulated (pH > pKa
of acetic acid) with inorganic bases, negatively charged surfaces can readily promote the
strong adsorption of cationic species via attractive electrostatic interactions in addition to
typical attractive forces (e.g., van der Waals, hydrogen bonding, and ⇡-⇡ interactions).

4. Conclusions

Unlike conventional CB, GCB obtained from waste tires initially exhibited slightly
poor dispersion and limited surface area. Proper treatment of GCB with a mild acid resulted
in structural and compositional changes. SEM and BET characterizations confirmed the
gradual changes in overall morphology, specific surface areas, and pore size distributions.
FTIR, Raman, TGA, and XPS clearly explained the distinctively different compositional
information. In addition, the relative dispersity and wettability of the modified GCB
appeared to increase in water. Strategical property changes for GCB played an important
role in positively influencing the degree of uptake capability for organic dyes and heavy
metal ions. However, the equilibrium adsorption isotherms for all CB-based materials
followed the Langmuir model regardless of the modification. The ability to effectively
regulate GCB to possess adsorption properties as good as or better than conventional
CB will allow for the development of a new alternative for water purification. Therefore,
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strategically regulating the physical properties of GCB could potentially provide guidelines
to upcycle scrap tires as a highly economical, green, and sustainable adsorbent material.
The study not only underscores the scientific aspects of CB treatment but also provides
eco-conscious endeavors for industrial applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings14040389/s1, Figure S1: XPS survey and detail scans of
CB, GCB, and acid-treated GCB (0.1 M, 0.2 M, and 0.5 M acetic acid); Figure S2: Digital photo and
zeta potential of CB, GCB, and acid-treated GCB (20 mg) in 30 mL water; Figure S3. Derivative TGA
curves of CB, GCB, and acid-treated GCB as a function of time; Figure S4. UV-Vis spectra of CV as a
function of concentration and the corresponding calibration curve; Figure S5. UV-Vis spectra of MY
as a function of concentration and the corresponding calibration curves (digital photos show the dye
solutions before and after treatment with CB-based adsorbents overnight); Figure S6. Calibration
curve of Cu2+ ions obtained by atomic absorption spectroscopy (AAS) and the representative Cu2+

solution after the treatment with CB-based adsorbents; Figure S7. Removal (%) of MY (a) and Cu2+

(b) using CB, GCB, and acid-treated GCB (0.03 g) as a function of time; Table S1. Specific surface
area (SBET), pore volume, and pore size analysis of CB, GCB, and acetic acid-treated GCB via N2 gas
adsorption-desorption isotherms; Table S2. Langmuir and Freundlich isotherm parameters for the
removal of CV using CB, GCB, and acid-treated GCB.
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