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Abstract: This research focuses on valorising waste burnt tires (BTs) through a two-phase oxidation
process, leading to the production of onion-like carbon-based nanostructures. The initial carbonization
of BTs yielded activated carbon (AC), denoted as “BTSA”, followed by further oxidation using the
modified Hummer’s method to produce onion-like carbon designated as “BTHM”. Brunauer—
Emmett-Teller (BET) surface area measurements showed 5.49 m?/g, 19.88 m? /g, and 71.08 m?/g
for raw BT, BTSA, and BTHM, respectively. Additional surface functionalization oxidations were
observed through Fourier-Transform Infrared (FTIR), X-ray diffraction (XRD), Scanning Electron
Microscopy (SEM), and Transmission Electron Microscopy (TEM) analyses. Raman spectroscopy
indicated an increased graphitic nature during each oxidation stage. BTHM was assessed in batch
adsorption studies for cupric wastewater remediation, revealing a two-phase pseudo-first-order
behaviour dominated by mass transfer to BTHM. The maximum adsorption capacity for Cu>* on
BTHM was determined as 136.1 mg/g at 25 °C. Langmuir adsorption isotherm best described BTHM
at a solution pH of 6, while kinetics studies suggested pseudo-second-order kinetics. Furthermore,
BTHM, laden with Cu®*, served as a catalyst in a model coupling reaction of para-idoanisole and
phenol, successfully yielding the desired product. This study highlights the promising potential of
BTHM for both environmental remediation and catalytic reuse applications to avoid the generation
of secondary environmental waste by the spent adsorbent.

Keywords: carbon-based nanostructures; copper adsorption; used car tyres; coupling reactions;
wastewater; spent adsorbent reuse

1. Introduction

Copper, as the third most widely utilized metal across diverse industries, plays a
pivotal role in economic activities. However, the established correlation between copper
mining and adverse effects on surrounding water sources, including groundwater aquifers,
wildlife, and farmland, raises significant environmental and health concerns [1]. Epidemi-
ological studies have linked copper mining activities to various health issues, ranging
from headaches to serious conditions such as cirrhosis, kidney failure, and cancer [2—4].
The substantial waste production, with approximately 99% of mined rock ending up as
waste, contributes significantly to copper contamination [1]. Additionally, copper refining
demands substantial water input, leading to massive production of copper-contaminated
wastewater that requires effective treatment [5]. Current treatment technologies necessitate
further research to develop sustainable and efficient methods for copper recovery from
aqueous streams [2].
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Activated carbon (AC), a versatile material, can be derived from various sources,
including high-purity carbon feedstocks or low-cost agricultural waste such as fruit seeds,
nut shells, vegetable waste, and wheat straw [6,7]. However, traditional methods for AC
synthesis are often energy-intensive and involve high temperatures, catalysts, and expen-
sive chemicals [8]. Carbon nanostructured materials (CNs), encompassing materials like
carbon nanotubes (CNTs), carbon fibres, graphene, fullerenes, and onion-like carbon (OLC),
offer unique properties but are typically produced using energy-intensive and expensive
methods [9]. Some of these methods include hydrothermal carbonisation (HTC) [10], chem-
ical vapour deposition (CVD), and thermal activation [11]. OLCs are usually produced
through high-temperature annealing under a vacuum [12]. Graphene is produced using
mechanical cleavage of graphite crystals, exfoliation of graphite through its intercalation
compounds, CVD on various substrates, or utilising an organic synthesis process [13,14].
Synthetic design is crucial for CNs, enabling the fine-tuning of properties, but the associated
methods are often costly and environmentally hazardous [15]. Natural materials such as
agricultural waste, tyre waste, plastics, eggshells, leaves, newspaper, vegetable and fruit
waste, agricultural waste, and sewage waste have been explored for CN [11], CNT [15],
and graphene [16] production.

The wastewater treatment industry, a key source of recycled water globally, employs
various techniques to ensure water safety [17]. Current wastewater treatment technologies
have limitations [18], prompting the exploration of CN adsorbents for their economic and
environmental benefits. CN adsorbents, with metal ion-attracting functional groups on
their surfaces, exhibit enhanced sensitivity and specificity in the removal of toxic heavy
metals from wastewater [19]. These adsorbents are expected to efficiently remove metal
ions and allow for multiple reuse cycles.

However, the saturated adsorbent often presents an environmental problem when it
loses its adsorption efficiency and is discarded back into the environment. Hence, it has
become imperative to explore reuse applications of the spent adsorbent. Among such reuse
applications, catalysis has become increasingly attractive since heavy metals have been
effectively used as catalysts in industrial reactions.

Coupling reactions in organic chemistry, facilitated by metal-containing catalysts,
produce valuable compounds by joining two fragments. Carbon-supported copper catalysts
have proven effective in various coupling reactions, including Grignard, Sonagashira,
Suzuki, and Ullmann coupling reactions [20,21].

This study therefore aims to synthesise CNs via a sophisticated two-step oxidation
process, utilizing an economically viable carbonaceous precursor—burnt tyre residue. The
procedure commences with a low-temperature carbonization of the residue employing
a strong acid, resulting in the production of activated carbon (AC) [22]. Subsequently, a
refined Hummer’s method is applied for further oxidation [23,24], followed by treatment
with hydrogen peroxide to eradicate any lingering contaminating ions, culminating in the
creation of CNs. Notably, the innovation presented transcends conventional AC synthesis
methods, addressing the energy-intensive and environmentally detrimental characteristics
associated with prevalent approaches to CN production. This investigation underscores
the potential of harnessing natural waste materials, including agricultural and tyre waste,
for the synthesis of CNs. By reimagining abundant and economical precursors, the study
introduces an ecologically sound strategy, harmonizing with the principles of sustainable
material synthesis.

The innovative thrust further extends to the practical application of the synthesized
CNs in batch adsorption studies for the treatment of synthetic cupric wastewater, thereby
highlighting their promise in overcoming the limitations inherent in prevailing wastewater
treatment technologies.

Finally, the assessment of the copper-ion laden material as a catalyst in model cou-
pling organic reactions accentuates the multifaceted nature of the synthesized CNs. This
inventive exploration of their catalytic potential introduces a fresh dimension to the myriad
applications of CNs, transcending the conventional realm of wastewater treatment.
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2. Materials and Methods
2.1. Materials and Reagents

Burnt tyre residue (collected from a recycling site where old tyres are recycled or
burnt), 98% H,SO4 and NaHCOs3, NaNOj3, 98% H,S0O4, KMnO,4, and HCl were used in this
study. All materials (except for the burnt tyre residue) were of analytical grade and were
obtained in <90% purity from Sigma Aldrich (Burlington, MA, USA).

2.2. Preparation of Sulfuric Acid Modified Burnt Tyre Material

The burnt tyre residue underwent multiple washes with deionized water and was
subsequently dried in a vacuum oven at 60 °C. The resulting residue, now in fine powder
form (5 g), was subjected to treatment with 98% H,5O4 at a 1:1 ratio (tyre waste to HySOy,
w/w) and placed in a vacuum oven at 100 °C for 24 h for carbonization. Following this, the
material was mixed with deionized water and agitated for 2 h to eliminate any excess acid,
followed by filtration through a vacuum. The material underwent repeated washings with
deionized water until a clear filtrate was obtained and was then immersed in a 1% NaHCO;
solution to eliminate any residual acid. The carbonized adsorbent was subsequently dried
in a vacuum oven at 100 °C, ground, and stored in an airtight container [25].

2.3. Oxidation via Modified Hummer’s Method

A total of 2 g of carbonized burnt tyre and 2 g of NaNO3 were combined in a 1000 mL
Erlenmeyer flask containing 100 mL of 98% H,SO4, where continuous stirring was main-
tained overnight. Subsequently, the mixture underwent stirring for 4 h at temperatures
ranging from 0 to 5 °C, facilitated by an ice bath. During this process, 12 g of KMnOy
was slowly introduced into the suspension, ensuring that the temperature remained below
15 °C to prevent overheating. The mixture was then gradually diluted by adding 100 mL of
water, with stirring continuing for an additional 2 h. After removing the ice, the stirring
persisted at 35 °C for another 2 h. The temperature was then raised to 98 °C for 10-15 min,
gradually lowered, and then maintained at 35 °C for a final 2 h.

To complete the process, 6 mL of HyO, (30%), diluted in 200 mL of water, was divided
into beakers, with equal portions poured and stirred for 1 h. Subsequently, the solution was
left unstirred for the remaining 34 h, allowing particles to settle, and was then subjected
to filtration. The particles underwent repeated washing via centrifugation with 10% HCI
and deionized water. Following centrifugation, the particles were vacuum-dried at 60 °C
for a duration of 12 h [26].

2.4. Characterisation

The visualization of surface morphology and structure of the materials was conducted
using a JEOL JSM 7500F microscope (JEOL, Tokyo, Japan) and a Zeiss field emission
scanning electron microscope (FE-SEM) (FE-SEM, LEO Zeiss SEM, ZEISS, Oberkochen,
Germany). For more in-depth size and morphology studies, a high-resolution transmission
electron microscope (HR-TEM), specifically the JEOL JEM-2100 instrument (JEOL, Tokyo,
Japan) with a LABG6 filament, operated at 200 kV.

The determination of surface area, pore volume, and pore diameter for each synthe-
sized material was carried out using the Brunauer, Emmett, and Teller (BET) method. This
analysis utilized a Micromeritics ASAP 2020 gas adsorption apparatus (Micromeritics,
Norcross, GA, USA). Crystalline behaviour of all the powdered samples was explored by
employing a PANalytical X'Pert PRO diffractometer (Malvern Panalytical, Malvern, UK).
X-ray diffraction (XRD) patterns were obtained using CuK« radiation with a generator
voltage of 45 kV along with a turbo current of 40 mA. The diffractograms were recorded in
the range of 26 = 5-90° with a scanning step size of 0.026°.

Functional groups present on the surfaces of the various materials were identified through
Fourier-Transform Infrared Spectroscopy (FTIR), which was performed using a PerkinElmer
Spectrum 100 spectrometer in the range of 600-4000 cm ! with spectral resolution.
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For the evaluation of vibrational, rotational, and other low-frequency modes resulting
from the materials’ structure, Raman spectroscopy was employed. The elemental composi-
tion of the materials before and after adsorption was determined using X-ray photoelectron
spectroscopy (XPS) (PHOIBOS 150, SPECS, Berlin, Germany). Inductively coupled plasma
mass spectrometry (ICP-MS) (iCAP RQplus, ThermoScientific, Waltham, MA, USA) was
utilized to assess the remaining concentration of the solution after the adsorption pro-
cess. Lastly, Nuclear Magnetic Resonance (NMR) was performed on a Bruker Fourier
300 MHz spectrometer (Bruker, Billerica, MA, USA) for the comprehensive analysis of the
synthesized compounds.

2.5. Batch Adsorption Studies

A solution stock was prepared by dissolving 3.8019 g of copper(Il) nitrate trihydrate
in deionized water, resulting in a 1000 mg/L solution in a flask. Experimental solutions
containing Cu?* ions for adsorption studies were then derived by diluting the stock solution
(1000 mg/L) to various concentrations, such as 20, 50, 100, and 200 mg/L. Adsorption
equilibrium studies were conducted in a thermostatic shaker at 200 rpm for 24 h. This
involved introducing a known quantity of BTHM into 50 mL glass bottles containing a
pre-determined concentration of Cu?* solution. Subsequently, the solutions were analysed
using ICP-MS to determine the remaining concentration post adsorption.

To investigate the impact of pH on Cu?* adsorption, the pH of the initial Cu?* solution
was varied between pH 1 and 6. pH adjustments were made using prepared solutions
of HCl or NaOH at concentrations ranging from 1 M to 0.1 M. The quantity of BTHM
adsorbent was systematically varied from 10 mg to 100 mg to assess the optimal dose for
maximum adsorbate removal. The Cu?* percentage removal and adsorption capacity were
calculated using Equations (1) and (2):

Y%oremoval = (COC_ Ce) x 100 (1)

0

o= (22 )o ®

where Cy and C, are the initial and equilibrium Cu?* concentrations in mg/L, respectively.
The adsorption kinetics studies were carried out by varying the initial Cu?* concentration
(20, 50, 100 mg/L). The adsorbents and Cu?* solution were stirred in a 1 L beaker for 24 h
at 200 rpm, while pH and dose were kept at a constant optimum amount. At allocated time
intervals, aliquots of 2 mL were collected and filtered using a 0.45 um syringe filter. The
filtrate was analysed for residual Cu?* concentration. Furthermore, to analyse the adsorp-
tion kinetics for the adsorption of Cu?* ion by the adsorbents, the experimental data were
then fitted to the models: the pseudo-first-order, pseudo-second-order [27], and two-phase
pseudo-first-order [28] models represented in Equation (3) to Equation (5), respectively.

9t = qe[1 — exp(—kit)] 3)
kot
q(t) = T+ okt 4)
qt = qz{‘)bfast[l - exp(_kl,fastt)] =+ [1 - (Pfast} [1 - exp(_kl,slowt)]} (5)

where g, (mg/g) and g; (mg/g) are the adsorption capacity at equilibrium and at a deter-
mined time ¢ (min), respectively; k; (1/min), k; (g/mg/min) are the pseudo-first-order
and pseudo-second-order rate constants, respectively; ¢y is the fraction of g, that ad-
sorbs rapidly; kq g5 and ky sj4 are the rapid and slow first order reaction rate constants in
Equation (5).
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The rate determining step for adsorption can be determined Using the Crank and We-
ber and Morris intra-particle models [27]. The Crank model is represented by Equation (6)
and the simplified solution of this model can be calculated using Equation (7).

o [o(3) [t () ()], & <os "
e 1-— %exp(%fzt), Z—é >0.8
The intra-particle model makes use of Equation (8):
gt = kit*> +C,
ki = 64c (%)05 ©

where D, is the effective diffusivity of the adsorbate within the adsorbent intraparticle space,
R is the radius of the agglomerated particle, k; is the intra-particle diffusion rate constant
(mg/g/min%?), and C is the intercept related to boundary layer thickness (mg/g). The
Webber and Morris model can be interpreted using a plot of g¢ vs. > which is represented
as 3 linear regions separated from the curve [29].

The isotherm experiments were conducted where the pH, concentration, and dose
were kept constant while the temperature was varied at 25, 35, and 45 °C. The mixtures
were shaken in a temperature-controlled thermostat at 200 rpm in 50 mL solutions for 24 h.
The effect of temperature on the Cu?* adsorption capacity of the adsorbents was studied
by fitting the data from the adsorption equilibrium studies to two models: Langmuir and
Freundlich, represented by Equations (9) and (10), respectively [30].

de bCe

gm 1+ bC,

©)

ge = KpCol'" (10)

where g;; is the maximum adsorption capacity, and b is the Langmuir constant. The
Freundlich constants kr (mg/g) and 1/n signify the adsorption capacity and adsorption
intensity.

To determine the thermodynamic parameters in the adsorption process, the isotherm
studies were used. The Gibbs free energy change (AG°®), enthalpy change (AH®), and en-
tropy change (AS°) parameters can be used to determine the nature of the thermodynamics
observed in the adsorption of Cu?* by BTHM. These make use of Equations (11) and (12):

AG°® = —RTInK, (11)
AST AHT Mg

R RT ° VC
where K, is the equilibrium constant (L/mol), R is the ideal gas constant (J/mol/K), m/V is
the adsorbent concentration (g/L), and T is temperature (K).

InK. =

(12)

2.6. Catalysis

The copper catalyst was used for C-O cross coupling reaction as presented in Scheme 1.
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Scheme 1. Cross coupling reaction of para-idoanisole and phenol.

In a 25 mL two-neck round-bottom flask, a mixture comprising 1 mmol of para-
idoanisole, 1.2 mmol of phenol, and 10 mg of copper adsorbed BTHM (Cu@BTHM) was
stirred. Subsequently, K;CO3 (3 mmol) and 5 mL of DMF were added once stirring
commenced. The entire reaction mixture was stirred at 120 °C for 24 h, with continuous
monitoring using thin-layer chromatography. Upon completion of the reaction, the mixture
was cooled to room temperature, and the catalyst was filtered using Whatman A filter
paper. The filtrate was quenched with water (15 mL), and the product was subjected to
extraction with ethyl acetate (3, 10 mL).

The combined organic layers underwent washing with saturated sodium bicarbon-
ate, a brine solution, and, finally, the organic layer was dried using anhydrous sodium
sulphate. The solution was then concentrated under vacuum at 45 °C to obtain the crude
product. Purification of the crude product was achieved through column chromatography
(60-120 silica gel) using hexane and ethyl acetate as the mobile phase in a ratio of 9:1,
resulting in the recovery of the pure compound [31].

3. Results and Discussion
3.1. Characterisation of Carbonaceous Adsorbents before and after Adsorption

The SEM images of the raw burnt tyre material “raw BT” are shown in Figure 1a; it was
carbonised at 100 °C using a strong acid to obtain clumps of AC, shown in Figure 1b, de-
noted as “BTSA”. The AC was then further oxidised using the modified Hummer’s method
to produce amorphous, smooth and homogenous, nanostructured spheres, “BTHM”,
shown in Figure 1c. The images shown in Figure 1d—f of all the materials depict the
change from micro-size spheres of the BT to nanostructured spheres observed after the
oxidation steps. The spheres were analysed to determine the average particle size and are
graphically represented in a histogram in Figure 1g; an average particle size of 25.3 nm was
calculated from the particle size distribution. The diffraction pattern in Figure 1h confirms
the amorphous structure of the nanostructured spheres.

The characterisation using Raman spectroscopy shown in Figure 2a depicts the D
band’s increasing intensity from raw BT to BTHM with each oxidation stage until it was
equal to the G band, indicating an increase in graphitic nature. The active D- and G-bands
from BTHM at ~1340 cm~! and ~1590 cm ™!, respectively, were due to the planar graphite.
This is further indicative of the presence of sp2 hybridised carbons [32]. Illustrated in
Figure 2b are the diffraction patterns using XRD for the materials. The Raw BT, BTSA,
and BTHM included a prominent broad amorphous hump at 20 ~ 20° and a broad peak
around 20 = 43°, which are indicative of the amorphous carbonaceous structure of the
burnt tyre material [33,34]. In addition, the Raw BT XRD pattern included the characteristic
XRD patterns for CuCl and ZnS, as identified using the built in database (obtained from
the “Crystallography Open Database” (COD)) within the Match! Phase Analysis software
published by Crystal Impact (Bonn, Germany). This is likely a result of the inherent heavy
metal content of tyres [35]. However, these metals were likely leached out during the
sulphuric acid treatment step in which BTSA was obtained.
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Size distribution of BTHM (g)
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Figure 1. SEM images of (a) raw BT, (b) BTSA, and (c¢) BTHM. (d—f) Show TEM of the adsorbents.
(g) Size distribution of BTHM and (h) HR-TEM nanostructure with diffraction pattern inserted.

RawBT A Raw BT
——BTSA (1) ——BTSA

——BTHM BTHM

A CuCl
A o ZnS

A A

(3%3) (242)

T T
r T T T T 1
0 500 1000 1500 2000 2500 3000 0 20 40 60 80 100
20 (degree)

Wavenumber (cm™)

(a) (b)
Figure 2. (a) Raman shifts and (b) XRD patterns of all the materials.

The BET analysis is shown in Table 1. The materials all followed a trend of increasing
surface area and pore volume after each oxidation synthetic step, while the pore diameters
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varied after oxidation. Shown in Table 1 is the analysis of the raw BT, with 5.49 m?/g,
0.035 cm3/g, and 25.55 nm, BTSA, with 19.88 m?/g, 0.088 cm?®/g, and 17.77 nm, and
BTHM with 71.08 m?/g, 0.380 cm®/g, and 21.42 nm surface area, pore volume, and pore
diameter, respectively. This indicates the mesoporous nature of the adsorbent. Analyses
of the FTIR before adsorption of the raw BT, BISA, and BTHM are shown in Figure S1
(Supporting Information). BTSA and BTHM before adsorption show the C-O stretching vi-
bration (1633-1705 cm 1), C-C from sp? C-C bonds (1596-1633 cm~!), and C-O vibrations
(1100-1144 cm™1) [36].

Table 1. BET analysis of Raw BT, BTSA, and BTHM.

Surface Area (m?/g)  Pore Volume (cm3/g)  Pore Diameter (nm)

Raw BT 5.49 0.035 25.55
BTSA 19.88 0.088 17.77
BTHM 71.08 0.380 21.42

For characterisation before the adsorption of Cu, the XPS analysis, with the data
illustrated in Figure 3, was conducted. The BTHM survey that scanned the spectrum before
adsorption, shown in Figure 3a,b, displayed clear signals of C 1s and O 1s. Before adsorp-
tion, the high-resolution XPS spectrum, shown in Figure 3a, of C 1s, was deconvoluted
to four peaks due to the different chemical states of the C atom. The characteristic peaks
located at ~284.8, ~286.1, ~287.8, and ~289.9 eV are contributions by carbons in C—C, C=0,
C—-0, O—-C=0, respectively. Figure 3b represents the O 1s spectrum prior to adsorption.
This O 1s spectrum can be divided into four major peaks situated at ~530.7, ~531.6, ~532.4,
~533.4, and ~534.1 eV, which correspond to oxygen water, organic O—C=0, C=0, C—OH,
C-0O-C, and organic O, respectively.

(a) C1s (b) O1s

Intensity (a.u)
Intensity (a.u)

297 294 291 288 285 282 279 538 536 534 532 530 528
Binding energy (eV) Binding energy (eV)

Figure 3. XPS of BTHM before adsorption showing (a) the C 1s peaks, (b) the O 1s peaks.

To evaluate the thermal stability, the materials BTSA and BTHM were tested under
an air atmosphere from room temperature to 800 °C, and the TGA curve is presented in
Figure S2 (Supporting Information). A small fraction of weight was lost between 23 °C
and 100 °C, which can be attributed to the removal of surface-adsorbed water from the
materials. From 100 to 200 °C, there was no observable significant mass loss. The majority
of the decomposition took place in the range of 200 to 800 °C, where there was primary
carbonization which presented a considerably greater weight loss for both BTSA and
BTHM, due to the elimination of large amounts of volatile matter. Both materials have
significant thermal stability, which is a great property for adsorption applications.

After adsorption, the Cu?* laden BTHM was characterised using XPS, SEM-EDS, and
HR-TEM to visualise or quantify the presence of Cu in the material. The BTHM survey
which scanned the spectrum after adsorption is shown in Figure 4. It displayed clear signals
of C1s, O 1s, and S 2p at 164, 284, and, 530 eV, respectively.
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Figure 4. XPS spectra after adsorption for Cu@BTHM and BTHM for (a) the survey scan, (b) the C 1s
peaks, (c) the O 1s peaks and (d) the Cu 2p3/2 peaks.

The high-resolution XPS spectrum of C 1s after adsorption is shown in Figure 4b. The
characteristic peaks located at 284.8, 285.7, 287.4, and 288.8 eV are contributions by carbons
in C—-C, C=0, C-0, and O—-C=0, respectively. After adsorption, the O 1s spectrum,
shown in Figure 4c, can be divided into three major peaks situated at 530.7, 531.8, and
532.4 corresponding to oxygen O—C=0/C=0, O—H, and C-C-O, respectively. Finally,
in Figure 4d, the high-resolution XPS spectrum with a binding energy of 368.2 eV, which
corresponds to the Cut and Cu’ valence state of deposited Cu, respectively, is shown. The
spin energy separation of 6.0 eV is representative of the ionic copper (Cu*). The after
adsorption characterisation of materials using HR-TEM and SEM-EDS is shown in Figure 5.
The HR-TEM in Figure 5a shows the Cu particles in the carbonaceous structure of BTHM.
In Figure 5b, the SEM-EDS of Cu@BTHM was determined to contain majority carbon and
oxygen groups with some sulphur, aluminium, and silicon contaminants; however, most
importantly, it confirms the incorporation of Cu into the adsorbent.

3.2. Batch Adsorption Studies
Effect of pH and Dosage

The pH where maximum adsorption occurs was investigated by varying the pH of the
copper ion-containing solution from 1 to 8. The dose, initial concentration, and temperature
were kept constant at 20 mg, 200 mg/L, and 25 °C, respectively. The pH studies determined
that the optimum pH for maximum adsorption for BTHM was pH 6 at 25 °C, as shown
in Figure 6a. The observed increase in adsorption in pH values above 6 is a result of
precipitation that is known to occur to heavy metals in solutions such as Cu?* ions at a
higher pH where there is an increase in the concentrations of Cu(OH)* and Cu(OH); as the
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pH of the solution increases. The amount of adsorbent for optimum adsorption of Cu?* ions
from solution was investigated. The ideal dosage of the adsorbent amount was between 10
and 100 mg, while the initial Cu?* ions concentration was kept at 200 mg/L, at the solution
pH of 4.3 at 25 °C. It was observed that the removal of the Cu?" ions increases with an
increase in adsorbent dosage for BTHM until 75 mg, and then the observed absorbance
decreases. The optimum absorbance was determined to be 75 mg (Figure 6b). This can

be explicated by the increase in active sites available at higher doses for the adsorbents to
attach to.

Full scale counts: 7277 Sample4(2)

8000

6000

4000

2000

keV

Figure 5. The images of (a) HR-TEM of Cu@BTHM and (b) SEM-EDS of Cu@BTHM.

100 BTHM BTHM
P 40 Cu?*
200 ppm 200 ppm
- 0.02g - pH4.3
3 99 5 20
:
(a) (b)
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Figure 6. (a) pH and (b) dose studies for BTHM.
3.3. Adsorption Kinetics

The dynamic relationship between contact time and adsorbed Cu?* ions at varying
initial concentrations (50, 100, and 200 mg/L) at pH 6 and 25 °C was explored and is
illustrated in Figure 7. The adsorbent amount was kept constant for BTHM as 1.5 g in
1 L solution. The adsorption kinetics were studied only at 25 °C. The pseudo-first-order
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(PFO) model is based on the adsorption of Cu?* ions onto BTHM following the first-
order mechanism [37], the pseudo-second-order (PSO) model, which is based on the solid
adsorbent capacity being proportional to adsorbate Cu?* ions in the solution [38], and the
two-phase pseudo-first-order model (2 phase PFO), which assumes the parallel rapid and
slow adsorption processes taking place on the surface of the adsorbent [28]. Figure 7a—c
show the fits of the kinetic data to the pseudo-first-order, pseudo-second-order, and two-
phase pseudo-first-order kinetic models for Cu?* removal by BTHM, respectively. In
addition, Figure 7 shows the 95% prediction bands for the fitted models. The 95% prediction
bands provide the area within which there is a 95% probability of future observations [39];
therefore, the greater the prediction band, the less accurate the model.

(a) PFO (b) PSO (c) 2 Phase PFO

150 150

150

-
=3
o
=
o
o
-
o
o

G ) C)

o o o

E E E

S 50-¢ S 50 S 50

0 0 0
0 50 100 150 0 50 100 150
t (min) t (min) t (min)
-~ 50 ppm
— Model 50 ppm
== 100 ppm
— Model 100 ppm
=% 200 ppm
— Model 200 ppm
(d) Crank Mass Transfer i
(e) Webber Morris

150

a (mglg)
g

o
o
qt (mg/g)

0 50 100 150
t (min) t"2 (min"?)

Figure 7. Graphical representation of the effect of contact time on Cu?* adsorption by BTHM at 25 °C
for different initial concentrations of Cu?* ions and fits of kinetic data to the (a) pseudo-first-order

(PFO), (b) pseudo-second-order (PSO), (c) 2 phase PFO, (d) Crank mass transfer and (e) Webber and
Morris kinetic models.

The kinetic parameters obtained for the fittings are presented in Table 2. Table 2 shows
that higher R? values and lower Sy.x and RMSE values were obtained for the 2 phase
PFO model than either the PFO or PSO models, suggesting that the former model fits the
data better; his observation is mirrored in the size of the 95% predictions bands shown
in Figure 7. These results indicate that the adsorption shows a two-phase behaviour in
which the adsorption takes place as two parallel adsorption phenomena, one fast and one
slow, likely as a result of heterogenous surface interactions with the adsorbate. In addition,
the 2 phase PFO model parameters are independent of the adsorbate concentration, with
the ge predicted by equilibrium conditions and constant values for ¢, k1 fast, and ky sigzp-
Therefore, this model could provide the basis for the design and scaling of the system to
continuous operation [40].
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Table 2. Kinetics model constants and goodness of fit values for Cu>* adsorption of BTHM.
Kinetic Model Initial Cu Concentration
50 mg/L 100 mg/L 200 mg/L
Pseudo-first-order
e 44.55 87.84 99.96
ky 0.3418 0.5151 0.3477
R? 0.8788 0.9105 0.8696
Absolute Sum of 392.7 867.1 1999
Squares
Sy.x 4.546 6.755 10.26
RMSE 4431 6.584 9.997
Pseudo-second-order
e 47.40 91.42 105.9
ko 0.009826 0.009487 0.004677
R? 0.9455 0.9750 0.9504
Absolute Sum of 176.6 242.4 760.3
Squares
Sy.x 3.049 3.572 6.326
RMSE 2971 3.481 6.166
Two-phase
pseudo-first-order
e 47.89 96.74 107.7
Prast 0.6319
k1, fast 1.078
kl,slow 0.03732
R? 0.9922
Absolute Sum of 4393
Squares
Sy.x 2.776
RMSE 2.662
Crank mass transfer
Qmax 47.40 91.42 105.9
D, 3.7 x 10710
R? 0.9264
Absolute Sum of 1365
Squares
Sy.x 6.531
RMSE 6.531
Webber and Morris
D¢ 3.70 x 10710
D 6.15 x 10~11
D3 1.43 x 10~11
R? 0.9934
Absolute Sum of 368.0
Squares
Sy.x 2.587
RMSE 2.437

Units: g.: mg/g, ki, klfastr k1 slow: 1/min, kp: g/mg.min, D¢, D,1, D, Des: m?/s.

Figure 7d and e show the resulting fits for the Crank and Webber and Morris mod-
els [27], respectively. The results from the fits are summarised in Table 2. From Figure 7d,
it can be seen that a good fit can be obtained of the data exhibiting a relatively small
95% prediction interval—especially considering that a single parameter D, was fitted for
all three initial concentrations. Comparing the estimated D, of 3.7 x 10710 m?/s to the
molecular diffusivity of Cu(Il) ions in an aqueous solution at 25 °C-1.2 x 10~? m?/s [41], it
is clear that significant internal diffusional resistance is experienced by the Cu(Il) ion as it
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diffuses to the adsorbent. This further results in the formation of thermodynamically stable
structures due to the large time that Cu?>* must roam the surface of the adsorbents and
attain minimum energy configuration before attaching to the growing island nuclei [42].

In Figure 7e, the first region is where the initial adsorption was observed to be fast
and to interact with the boundary of the BTHM material. This was followed by a slower
adsorption where the nanostructure pores took up more Cu?*, and then, finally, the third
region equilibrium was reached. It is interesting that the same D, was estimated for the
initial phase of adsorption by the Webber and Morris model as for the Crank model.

Using a plot of In Kc vs. 1/T, shown in Figure 8, the slope and intercept were AH® and
AS°, respectively. The thermodynamic parameters are presented in Table 3. The analysis
of the plotted data shows that the adsorption process was endothermic and spontaneous,
due to the positive AH® value and increasingly negative value of AG® with temperature,
respectively [43]. The positive value of AS° shows that there was an increase in disorder at
the adsorbent and Cu solution interface throughout the adsorption process [44].

0.60+

0.50+

InK_
»

0.40 +

0.35

000315 0.00320 0.00325  0.00330  0.00335
1T (K)

Figure 8. Thermodynamic plot of Cu?* adsorption by BTHM.

Table 3. Thermodynamic parameter estimation for Cu?* adsorption on BTHM.

Temperature (°C) AG° AH° AS°
25 —0.95175
35 —1.25742 8.161679 0.030567
45 —1.56308

Units: AG®: kJ/mol, AH®: k] /mol, AS°: kJ/mol.K.

3.4. Equilibrium Adsorption Isotherm

The effect of an initial concentration of Cu?* ions on the adsorbent capacity was
determined at fixed doses for BTHM, including 75 mg at pH 6. These adsorption isotherm
studies were carried out at three different temperatures: 25 °C, 35 °C, and 45 °C. The initial
concentration for Cu?* varied from 20 to 200 mg/L. The fits of the equilibrium isotherm
data for Cu®* removed by BTHM to the Langmuir and Freundlich models are presented in
Figure 9.
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Figure 9. Adsorption equilibrium isotherms for Cu?* adsorption by BTHM at different temperatures
and fits of data to the Langmuir and Freundlich isotherm models.

The associated Langmuir and Freundlich isotherm parameters obtained for the fittings
are presented in Table 4. The R? values are higher and they Sy.x and RMSE values are
lower for the Langmuir model fitting, suggesting that this model fits the data better than
the Freundlich model. The Langmuir maximum adsorption capacity of BTHM for Cu?*,
136.1 mg/g (25 °C), is relatively high when compared to the other materials reported in the
literature that were studied regarding Cu?* adsorption, as shown in Table 5.

Table 4. Langmuir and Freundlich isotherm constants for Cu?** removal by BTHM.

Isotherm Model Temperature
25°C 35°C 45°C
Langmuir
Best-fit values
Gm 136.1 143.9 149.5
b 0.07744 0.07693 0.09670
Std. Error
Gm 15.98 17.39 15.86
b 0.03072 0.03068 0.03495
Goodness of Fit
R? 0.8923 0.8926 0.9067
Absolute Sum of 783.8 880.6 856.3
Squares
Sy.x 14.00 14.84 14.63
Freundlich
Best-fit values
Kr 30.38 31.12 36.22
N 3.297 3.208 3.391
Std. Error
Kr 12.08 12.18 12.89
N 1.088 1.023 1.061
R? 0.7550 0.7678 0.7713
Absolute Sum of 1784 1905 2098
Squares
Sy.x 21.12 21.82 22.90
R? 0.7550 0.7678 0.7713

Units: g, mg/g, b: L/mg, Kp: ((mg-g_l)(mg.L—l)—Vn),
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Table 5. Comparison of the gmax values for Cu removal by waste-derived activated carbon (AC) and
modified activated carbon (MAC)-based adsorbents.

Adsorbents Jqmax (mg/g) Ref
Banana leave AC 66.2 [45]
Green vegetable AC 75.0 [46]
Date stone AC 31.3 [47]
Sawdust AC 2.23 [48]
Grape bagasse AC 43.5 [49]
Used tire AC 20.0 [50]
Dried tree fibre MAC 80.2 [51]
Waste wood MAC 84.5 [52]
Mill Waste MAC 44 [53]
Orange Peels, TiO, MAC 14.0 [54]
BTHM 136.1 Current study

3.5. Adsorption Mechanism

The before and after adsorption FTIR and XPS results were used to determine a
credible adsorption mechanism for BTHM. As discussed, the BTHM material analysed
using pHy, is negatively charged at isoelectric point of pH 4 and above; thus, the surface
of the material at the selected optimum pH 6 is negative. The positively charged Cu?*
ions, therefore, have an opportunity for surface charge interaction. The high-resolution
XPS spectra of various elements present in BITHM before adsorption (Figure 3) compared
to the XPS spectra after adsorption (Figure 4) corroborate this proposed mechanism as
the presence of a Cu energy peak in the survey scan of BTHM confirmed the successful
adsorption of a Cu?* ion onto the surface, along with the potential bonds indicated by the
intensity and energy shift changes observed and discussed in the XPS spectra before and
after adsorption.

3.6. Catalysis: Coupling Reactions

Finally, the spent adsorbent was then used as a catalyst in the coupling reaction to
evaluate its ability to produce valuable coupled organic compounds. The catalyst denoted
Cu@BTHM was air-dried in the fume hood overnight and stored in a glass container. The
formation of the desired products was monitored using thin-layer chromatography (TLC)
and the compounds formed were analysed using NMR. Coupling reactions are critical in
organic synthesis of various pharmaceutical, cosmetic, and other important compounds.
The synthesised compound was analysed using NMR and the spectra are illustrated in
Figure 10. 1H NMR dissolved in deuterated DMSO, Bruker 400 MHz, had peaks appearing
at 7.54 (CH30-Ar-C-H), 7.50 (CH30-Ar-C-H), 7.0 (C-H), 6.70 (CH30-Ar-C-H), 3.85 (CH3),
and 0.8-1.5 (O-Ar-C-H). These results confirm the successful coupling of iodobenzene with
a phenol (as predicted in Scheme 1).
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Figure 10. 'H NMR of synthesised coupling compound.

4. Conclusions

The synthesis of the materials started with a low-cost carbon source, BT, which was
then modified through a two-step synthesis. The synthesis resulted in the production
of amorphous AC, BTSA, which was used as a precursor for the synthesis of oxidised
BTHM. The materials were characterized using SEM, HR-TEM, XRD, and Raman and FTIR
spectroscopy to determine their structure as well as chemical composition. The Raman
active D- and G-bands at ~1340 cm~! and ~1590 cm ™! from the planar graphite arising
from sp® hybridised carbons consist of defects and sp? hybridized carbon, respectively.
We observed an increase in intensity after each stage of synthesis, while the Raman shift
remained the same. Each stage of modification changed the size, structure, and morphology
of the material as well as functional groups available on the surface (active sites) of the
materials. The raw and modified materials were then used in batch adsorption studies.
The kinetic analysis of the Cu?* adsorption to BTHM was found to exhibit two-phase
pseudo-first-order behaviour (compartmentalized fast and slow adsorption) dominated
by mass transfer to BTHM. It was further determined that BTHM exhibited increased
adsorption capacity with the optimum pH at 6 with a 136.1 mg/g capacity. The application
of carbonaceous materials for water treatment is, therefore, a promising venture and the
modification of these materials and their capacity for Cu?* removal from wastewater need
to be studied. Furthermore, the catalytic ability of the materials to promote the synthesis of
the coupling reaction, which is important in organic chemistry, will be studied and further
catalytic studies will be conducted to evaluate the selectivity, sensitivity, and recyclability
of the catalysts. The Cu@BTHM material’s catalytic ability was confirmed using coupling
reactions where an iodobenzene was coupled with a phenol in a classic organic coupling
reaction, which successfully yielded the coupled compound. This verified that the Cu-
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laden adsorbent is reusable as a catalyst and secondary waste generation can be avoided in
this manner.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/min14030302/s1, Figure S1. FTIR before adsorption for Raw BT, BTSA and,
BTHM,; Figure S2. Thermogravimetric analysis of BISA and BTHM.
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